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Methods and Means for enhancing RNA production

The present invention relates inter alia to a method for synthesizing an RNA molecule of a

given sequence, as well as to reactors for performing said method.

Therapeutic ribonucleic acid (RNA) molecules represent an emerging class of drugs. RNA-
based therapeutics include mRNA molecules encoding antigens for use as vaccines (Fotin-
Mleczek et al. 2012. J. Gene Med. 14(6):428-439). In addition, it is envisioned to use RNA
molecules for replacement therapies, ¢.g. providing missing proteins such as growth factors
or enzymes to patients (Kariké et al., 2012. Mol. Ther. 20(5):948-953; Kormann et al.,.
2012. Nat. Biotechnol. 29(2):154-157). Furthermore, the therapeutic use of noncoding
immunostimulatory RNA molecules (W02009/095226) and other noncoding RNAs such
as microRNAs and long noncoding RNAs is considered (Esteller, 2011. Nat. Rev. Genet.
12(12):861-74).

Successful protein expression from transfected RNA depends on transfection efficiency,
RNA stability and translation efficiency. The 5° cap structure and the 3’ poly(A) tail ‘are
important features for the efficient translation of mRNA and protein synthesis in
eukaryotic cells. Newly synthesized mRNAs are modified with a cap structure when the
transcript reaches a length of 20 to 30 nucleotides. First, the 5’ terminal nucleotide pppN is
converted to 5° GpppN by a bi-functional capping enzyme containing both RNA 5°-
triphosphatase and guanylyltransferase activities. Then the GpppN part is methylated by a
second enzyme with (guanine-7)-methyltransferase activity to form the monomethylated
m7GpppN type O cap structure. The type 0 cap is then converted to an m7GpppN type 1
structure in the nucleus by 2’-O-methylation (Tcherepanova et al., 2008. BMC Mol. Biol.
9:90).
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Short RNA molecules can be synthesized by chemical methods whereas long RNAs are
typically produced by in vitro transcription reactions containing a suitable DNA template
with a bacteriophage-derived promoter, an RNA polymerase, for example bacteriophage
SP6, T3 or T7 RNA polymerase and ribonucleoside triphosphates (NTPs). Principally, 5°

cap structures can be introduced by two protocols into in vitro transcribed RNA.

In the first protocol, capping occurs concurrently with the initiation of transcription (co-
transcriptional capping). In this approach, a dinucleotide cap analog such as
m7G(5)ppp(5°)G (m7G) is to be added to the reaction mixture. The DNA template is
usually designed in such a way that the first nucleotide transcribed is a guanosine. The cap
analog directly competes with GTP for incorporation as initial nucleotide (start nucleotide),
and is incorporated as readily as any other nucleotide (W02006/004648). To favor the
incorporation of the cap analog, a molar excess of the cap analog over GTP is typically
used (e.g. at a 4:1 ratio) and the GTP concentration is reduced compared to the other
ribonucleoside triphosphates ATP, CTP and UTP. Under these conditions GTP usually
becomes the limiting factor for the synthesis of RNA molecules. Consequently, a high
proportion of the other NTPs (usually between 40 to 70%) are not used for RNA synthesis
but wasted. With this approach, the RNA yield is typically limited to about 1 mg/ml
(W02006/004648).

In the second protocol, capping is done in a separate enzymatic reaction after in vitro
transcription (post-transcriptional or enzymatic capping). Vaccinia Virus Capping Enzyme
(VCE) possesses all three enzymatic activities necessary to synthesize a m7G cap structure
(RNA 5 -triphosphatase, guanylyltransferase, and guanine-7-methyltransferase). Using
GTP as substrate the VCE reaction yields RNA caps in the correct orientation. In addition,
a type 1 cap can be created by adding a second Vaccinia enzyme, 2° O methyltransferase,

to the capping reaction (Tcherepanova et al., 2008. BMC Mol. Biol. 9:90).

It has been reported that RNA transcribed in vitro by phage polymerases can contain

multiple contaminants, including double-stranded RNA molecules generated by self-
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complementary 3’ extension and short RNA molecules produced by abortive transcription

initiation events.

RNA molecules synthesized by T7 RNA polymerase during run-off transcription of
linearized DNA templates can be longer than the coded RNA (Triana-Alonso et al., 1995,
JBC; 270(11): 6298-6307). After leaving the DNA template, the RNA polymerase can bind
a transcript to the template site and the 3’-end of the transcript to the product site and
extend it, if the 3’-end is not part of a stable secondary structure (self-complementary 3’
extension). This effect seems to be especially sensitive to the UTP concentration and a
reduction exclusively of the UTP concentration leads to faithful transcription. However,
lowering the UTP concentration can also affect the RNA yield. Especially if RNA contains
a poly(A) tail, as is common in RNAs such as mRNAs, an excess of unincorporated UTP
in the transcription reaction can result in RNA-template dependent incorporation of uridine
nucleotides opposite of the poly-A-sequence, resulting in double-stranded RNA molecules
which can activate the innate immune response and decrease protein synthesis (Kariko et

al., 2011, Nucleic Acids Res.; 39(21): e142).

In addition to the desired full-length RNA molecule, in vitro transcription reactions can
also yield smaller oligoribonucleotides which are the result of abortive transcription
initiation events (Milligan, et al., 1987. Nucleic Acid Res. 15(21): 8783-8798). These
abortive (premature) transcripts are short RNA molecules prematurely released from the
ternary complex consisting of RNA polymerase, DNA template, and nascent RNA chain.
Typically, most abortive transcripts are two to eight nucleotides in length and are formed
due to abortive cycling during initiation. Interestingly, an increase in abortive transcription
was observed when NTP concentrations are lower than approximately 2 mM (Kern et al.,
1999. Biotechnol. Prog. 15, 174-184). Abortive transcripts are undesirable because their

synthesis consumes valuable NTPs and reduces the yield of full-length product.

For the successful development of RNA therapeutics the production of RNA molecules as
active pharmaceutical ingredients must be efficient in terms of yield, quality, safety and
costs, especially when RNA is produced at a large scale and full-length or full-length

capped RNA molecules are required. Several approaches were described for increasing the
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production of RNA molecules by in vitro transcription. The use of high NTP
concentrations is expected to increase the yield of RNA molecules. Alternatively, for the
efficient synthesis of capped RNA molecules the adjustment of the ratio of the cap analog

to GTP has been suggested.

Standard nucleotide concentrations for in vitro transcription reactions typically range from
1.5 to 16 mM (Milligan, et al., 1987. Nucleic Acid Res. 15(21): 8783-8798; Sampson &
Uhlenbeck, 1988. Proc. Natl. Acad. Sci. USA 85(4):1033-7; Cunningham & Ofengand
1990. Biotechniques 9(6):713-4; Weitzmann et al. 1990, Nucleic Acids Res. 18(12):3515-
20; Gurevich et al., 1991. Anal. Biochem. 195(2):207-13). NTP concentrations up to 40
mM have been reported to be possible if Mg™ concentrations are adjusted accordingly,

resulting in increased RNA yield (US5256555).

Several high yield transcription kits are commercially available, e.g. T7 High Yield RNA
synthesis kit (New England Biolabs, Ipswich, MA, USA), TranscriptAidTM T7 High
Yield Transcription kit (Thermo Scientific, Waltham, MA, USA), MEGAscript® High
Yield Transcription Kit (Life Technologies, Carlsbad, CA, USA), or AmpliCap-MaxTM
T7 High Message Maker kit (Epicentre, Madison, WI, USA). For all kits, high total NTP
working concentrations of 30 to 40 mM are suggested for standard transcription reactions.
For the synthesis of capped mRNAs, GTP concentrations range between 1.5 mM and 2
mM GTP.

Although generally high nucleotide concentrations are recommended in order to maximize
the RNA vyield of in vitro transcription reactions, the use of high NTP concentrations can
also have disadvantages. For example, with high initial NTP concentrations and
sufficiently high Mg"™ concentrations (e.g. Mg(OAc)2) high RNA yields can be obtained.
However, at these high concentrations a higher fraction of NTPs may be incorporated into

short abortive transcripts (Kern et al., 1997. Biotechnol. Prog. 13, 747-756).

To produce capped mRNA co-transcriptionally in the presence of cap analog, economic
reasons require lower NTP working concentrations, as cap analog has to be used in excess

over GTP and is a major cost factor. Higher cap analog to GTP ratios will lead to a higher
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proportion of capped RNA but for yield and economic reasons, a 4:1 ratio is usually
suggested (New  England Biolabs, Capped RNA  synthesis (E2040),
https://www.neb.com/protocols/1/01/01/capped-rna-synthesis-€2040).

For example, for the transcription of capped RNAs, the manufacturer’s instructions for the
T7 High Yield RNA synthesis kit suggest using 2 mM GTP with a 4:1 excess of cap
analog over GTP. Yields per 20 pl reaction are indicated as 40-50 ug RNA, corresponding
to 2-2.5 mg/ml, with approximately 80% capped RNA transcripts (New England Biolabs,
Capped RNA synthesis (E2040), https://www.neb.com/protocols/1/01/01/capped-rna-
synthesis-€2040).

To compensate for the limited yield resulting from the low GTP concentrations, yields of
capped RNA have been increased by supplementing the reaction with the competing
nucleotide (GTP, or ATP in case A-cap is used) in such a way that a ratio between 1:1 and
1:50 GTP to cap analog is maintained. With this approach the amount of capped RNA
produced per reaction could be doubled (W02006/004648).

In vitro transcription reactions are typically performed as batch reactions in which all
components are combined and then incubated to allow the synthesis of RNA molecules
until the reaction terminates. In addition, fed-batch reactions were developed to increase
the efficiency of the in vitro transcription reaction (Kern et al., 1997. Biotechnol. Prog. 13,
747-756; Kern et al., 1999. Biotechnol. Prog. 15, 174-184). In a fed-batch system all
components are combined, but then additional amounts of some of the reagents are added
over time (e.g. NTPs and magnesium) to maintain constant reaction conditions. The fed-
batch strategy yielded a 100% improvement in RNA per unit of RNA polymerase or DNA
template for a very short 38 base pair DNA template. This method was only used for the

synthesis of non-capped RNA molecules with a triphosphate at the 5° terminus.

The use of a bioreactor (transcription reactor) for the synthesis of RNA molecules by in
vitro transcription has been reported (W01995/08626). The bioreactor is configured such

that reactants are delivered via a feed line to the reactor core and RNA products are
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removed by passing through an ultrafiltration membrane (having a nominal molecular
weight cut-off, e.g., 100,000 daltons) to the exit stream.

In summary, the yield of capped RNA molecules from in vitro transcription reactions
mainly dependents on two factors, the total NTP concentration available for incorporation
into the RNA molecule and the cap analog:GTP ratio. For co-transcriptional capping, GTP
concentrations are usually reduced compared to the other NTPs. This fact limits the

possible transcription yield, especially for templates with high GC-content.

In view of the above, there is a continued need for improved and economical means and
methods of RNA production, especially for the production of full-length capped RNA

molecules that can be translated into proteins.

SUMMARY OF THE INVENTION

The present invention relates inter alia to a method for synthesizing an RNA molecule of a

given sequence, comprising the following steps:

a) determining the fraction (1) for each of the four nucleotides G, A, C and U

in said RNA molecule, and

b) synthesizing said RNA molecule by in vitro transcription in a sequence-
optimized reaction mix, wherein said sequence-optimized reaction mix
comprises the four ribonucleotides GTP, ATP, CTP and UTP, wherein the
fraction (2) of each of the four ribonucleotides in the sequence-optimized
reaction mix corresponds to the fraction (1) of the respective nucleotide in

said RNA molecule, a buffer, a DNA template, and an RNA polymerase.

The present invention also relates to a bioreactor for synthesizing RNA molecules of a
given sequence, the bioreactor having a reaction module for carrying out in vitro RNA
transcription reactions in a sequence-optimized reaction mix, a capture module for
temporarily capturing the transcribed RNA molecules, and a control module for controlling

the infeed of components of the sequence-optimized reaction mix into the reaction module,
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wherein the reaction module comprises a filtration membrane for separating nucleotides
from the sequence-optimized reaction mix, and the control of the infeed of components of

the sequence-optimized reaction mix by the control module is based on a measured

concentration of separated nucleotides.

DEFINITIONS

For the sake of clarity and readability the following definitions are provided. Any technical
feature mentioned for these definitions may be read on each and every embodiment of the
invention. Additional definitions and explanations may be specifically provided in the

context of these embodiments as discussed and explained further below.

5°-Cap _structure: A 5' cap is typically a modified nucleotide, particularly a guanine

nucleotide, added to the 5' end of an RNA molecule. Preferably, the 5° cap is added using a
5'-5'-triphosphate linkage. A 5> cap may be methylated, e.g. m7GpppN, wherein N is the
terminal 5° nucleotide of the nucleic acid carrying the 5° cap, typically the 5’-end of an

RNA. The naturally occurring 5° cap is m7GpppN.

Further examples of 5’cap structures include glyceryl, inverted deoxy abasic residue
(moiety), 4,5’ methylene nucleotide, 1-(beta-D-erythrofuranosyl) nucleotide, 4’-thio
nucleotide, carbocyclic nucleotide, 1,5-anhydrohexitol nucleotide, L-nucleotides, alpha-
nucleotide, modified base nucleotide, threo-pentofuranosyl nucleotide, acyclic 3°,4’-seco
nucleotide, acyclic 3,4-dihydroxybutyl nucleotide, acyclic 3,5 dihydroxypentyl nucleotide,
3’-3’-inverted nucleotide moiety, 3’-3’-inverted abasic moiety, 3’-2’-inverted nucleotide
moiety, 3’-2’-inverted abasic moiety, 1,4-butanediol phosphate, 3’-phosphoramidate,
hexylphosphate, aminohexyl phosphate, 3’-phosphate, 3’phosphorothioate,
phosphorodithioate, or bridging or non-bridging methylphosphonate moiety.

Particularly preferred 5° cap structures are CAP1 (methylation of the ribose of the adjacent
nucleotide of m7G), CAP2 (methylation of the ribose of the 2" nucleotide downstream of
the m7G), CAP3 (methylation of the ribose of the 3™ nucleotide downstream of the m7G),
CAP4 (methylation of the ribose of the 4™ nucleotide downstream of the m7G),
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A 5’ cap structure may be formed by a cap analog.

Cap analog: A cap analog refers to a non-extendable di-nucleotide that has cap
functionality which means that it facilitates translation or localization, and/or prevents
degradation of the RNA molecule when incorporated at the 5’ end of the RNA molecule.
Non-extendable means that the cap analog will be incorporated only at the 5’terminus
because it does not have a 5° triphosphate and therefore cannot be extended in the 3’

direction by a template-dependent RNA polymerase.

Cap analogs include, but are not limited to, a chemical structure selected from the group
consisting of m7GpppG, m7GpppA, m7GpppC; unmethylated cap analogs (e.g., GpppG);
dimethylated cap analog (e.g., m2,7GpppG), trimethylated cap analog (e.g.,
m2,2,7GpppG), dimethylated symmetrical cap analogs (e.g., m7Gpppm7G), or anti reverse
cap analogs (e.g., ARCA; m72'0meGpppG, m7,2'dGpppG, m7,3'OmeGpppG,
m7,3'dGpppG and their tetraphosphate derivatives) (Stepinski et al., 2001. RNA
7(10):1486-95). Examples of cap analogs are shown in Table 1.

Table 1: Cap analogs (D1 and D2 denote counterpart diastereoisomers)

Triphosphate cap analog | Tetraphosphate cap analog

m’Gp3G m’GpsG
m2? OGpsG b’GpsG
b/GpsG b'm’ OGpsG
e'GpsG m;%’GpsG
m>'GpsG m3>4'GpsG
m32%'GpsG b'm?’GpsG
m’Gp32°dG m7Gp*m’G
m’Gpsm? °G

m’Gpsm’G

m27,2’-OGp3G

m,"2 OGpppsG (D1)

m2"* ©CGpppsG (D2)

m,"? °GppspG (D1)

my "2 OGppspG (D2)

m, "2 OGpsppG (D1)

m,"2 OGpsppG (D2)

Further cap analogs have been described previously (US7074596, W(02008/016473,
WO02008/157688, W02009/149253, WO02011/015347, and WO2013/059475). The
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synthesis of N7-(4-chlorophenoxyethyl) substituted dinucleotide cap analogs has been
described recently (Kore et al., 2013. Bioorg. Med. Chem. 21(15):4570-4).

Particularly  preferred cap analogs are  G[5’]ppp[5’°]G, m’G[5’1ppp[5°]G,
ms>27G[5’Ippp[5°1G, m2’*"°G[5"Ippp[5°1G (3-ARCA), my’?¥°GpppG (2'-ARCA),
m2"2OGppspG D1 (B-S-ARCA D1) and m,"*°GppspG D2 (B-S-ARCA D2).

Nucleic _acid: The term nucleic acid means any DNA- or RNA-molecule and is used
synonymous with polynucleotide. Furthermore, modifications or derivatives of the nucleic
acid as defined herein are explicitly included in the general term “nucleic acid”. For

example, peptide nucleic acid (PNA) is also included in the term “nucleic acid”.

Monocistronic RNA: A monocistronic RNA may typically be an RNA, preferably an

mRNA, that comprises only one open reading frame. An open reading frame in this context
is a sequence of several nucleotide triplets (codons) that can be translated into a peptide or

protein.

Bi-/multicistronic RNA: RNA, preferably mRNA, that typically may have two (bicistronic)

or more (multicistronic) open reading frames (ORF). An open reading frame in this context
is a sequence of several nucleotide triplets (codons) that can be translated into a peptide or

protein.

Immunostimulatory RNA: An immunostimulatory RNA (isRNA) in the context of the

invention may typically be a RNA that is able to induce an innate immune response. An
isSRNA usually does not have an open reading frame and thus does not provide a peptide-
antigen but elicits an innate immune response, e.g. by binding to pathogen-associated
molecular patterns (PAMP) receptors (e.g. Toll-like-receptor (TLR) or other intracellular
RNA sensors (e.g. RIG-I, MDA-5 or PKR).

Nucleotide analogs: Nucleotide analogs are nucleotides structurally similar (analog) to

naturally occurring nucleotides which include phosphate backbone modifications, sugar

modifications, or modifications of the nucleobase.
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Nucleic acid synthesis: Nucleic acid molecules used according to the invention as defined

herein may be prepared using any method known in the art, including synthetic methods
such as e.g. solid phase synthesis, in vivo propagation (e.g. in vivo propagation of viruses),

as well as in vitro methods, such as in vitro transcription reactions.

According to the invention the RNA molecule is prepared by in vitro transcription of a
corresponding DNA molecule. This DNA template preferably comprises a suitable
promoter, e.g. a T7 or SP6 promoter, for in vitro transcription, which is followed by the
desired nucleotide sequence coding for the RNA molecule to be prepared and a termination
signal for in vitro transcription. The DNA molecule, which forms the template of the at
least one RNA of interest, may be prepared by fermentative proliferation and subsequent
isolation as part of a plasmid which can be replicated in bacteria. Plasmids which may be
mentioned as suitable for the present invention are e.g. the plasmids pUCI18, pUCI19,
pBR322, pT7Ts (GenBank accession number U26404; Lai et al., Development 1995, 121:
2349 to 2360), pGEM® series, e.g. pPGEM®-1 (GenBank accession number X65300; from
Promega) and pSP64 (GenBank accession number X65327); cf. also Mezei and Storts,
Purification of PCR Products, in: Griffin and Griffin (ed.), PCR Technology: Current
Innovation, CRC Press, Boca Raton, FL, 2001.

RNA: RNA is the usual abbreviation for ribonucleic acid. It is a nucleic acid molecule, i.e.
a polymer consisting of nucleotides. These nucleotides are usually adenosine-
monophosphate, uridine-monophosphate, guanosine-monophosphate and  cytidine-
monophosphate monomers which are connected to each other along a so-called backbone.
The backbone is formed by phosphodiester bonds between the sugar, i.e. ribose, of a first
and a phosphate moiety of a second, adjacent monomer. The specific succession of the

monomers is called the RNA-sequence.

Messenger RNA (mRNA): In eukaryotic cells, transcription is typically performed inside

the nucleus or the mitochondria. /n vivo, transcription of DNA usually results in the so-
called premature RNA which has to be processed into so-called messenger RNA, usually

abbreviated as mRNA. Processing of the premature RNA, e.g. in eukaryotic organisms,
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comprises a variety of different posttranscriptional modifications such as splicing, 5’-
capping, polyadenylation, export from the nucleus or the mitochondria and the like. The
sum of these processes is also called maturation of mRNA. The mature messenger RNA
usually provides the nucleotide sequence that may be translated into an amino acid
sequence of a particular peptide or protein. Typically, a mature mRNA comprises a 5° cap,
a 5’UTR, an open reading frame, a 3°UTR and a poly(A) sequence. In the context of the
present invention, an mRNA may also be an artificial molecule, i.e. a molecule not
occurring in nature. This means that the mRNA in the context of the present invention
may, e.g., comprise a combination of a 5’UTR, open reading frame, 3’UTR and poly(A)

sequence, which does not occur in this combination in nature.

‘Self-replicating RNA (Replicons): Self-replicating RNA are delivery vectors based on

alphaviruses which have been developed from Semliki Forest virus (SFV), Sindbis (SIN)
virus, and Venezuelan equine encephalitis (VEE) virus. Alphaviruses are single stranded
RNA viruses in which heterologous genes of interest may substitute for the alphavirus’
structural genes. By providing the structural genes in trans, the replicon RNA is packaged
into replicon particles (RP) which may be used for gene therapy purposes or genetic
vaccination (see for example Vander Veen et al., 2012. Alphavirus replicon vaccines.
Animal Health Research Reviews, p. 1-9). After entry into the host cell, the genomic viral
RNA initially serves as an mRNA for translation of the viral nonstructural proteins (nsPs)
required for initiation of viral RNA amplification. RNA replication occurs via synthesis of
a full-length minus-strand intermediate that is used as the template for synthesis of
additional genome-length RNAs and for transcription of a plus-strand subgenomic RNA
from an internal promoter. Such RNA may then be considered as self-replicating RNA,
since the non-structural proteins responsible for replication (and transcription of the
heterologous genes) are still present in such replicon. Such alphavirus vectors are referred

to as “replicons.”

Sequence of a nucleic acid molecule: The sequence of a nucleic acid molecule is typically

understood to be the particular and individual order, i.e. the succession of its nucleotides.
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Open reading frame: An open reading frame (ORF) in the context of the invention may

typically be a sequence of several nucleotide triplets which may be translated into a peptide
or protein. An open reading frame preferably contains a start codon, i.e. a combination of
three subsequent nucleotides coding usually for the amino acid methionine (ATG or
AUGQG), at its 5’-end and a subsequent region which usually exhibits a length which is a
multiple of 3 nucleotides. An ORF is preferably terminated by a stop codon (e.g., TAA,
TAG, TGA). Typically, this is the only stop codon of the open reading frame. Thus, an
open reading frame in the context of the present invention is preferably a nucleotide
sequence, consisting of a number of nucleotides that may be divided by three, which starts
with a start codon (e.g. ATG or AUG) and which preferably terminates with a stop codon
(e.g., TAA, TGA, or TAG or UAA, UAG, UGA, respectively). The open reading frame
may be isolated or it may be incorporated in a longer nucleic acid sequence, for example in
a vector or an mRNA. An open reading frame may also be termed “protein coding region”

or “coding region”.

Sequence-optimized reaction mix: A reaction mix for use in an in vifro transcription

reaction of an RNA molecule of a given sequence comprising the four nucleoside
triphosphates (NTPs) GTP, ATP, CTP and UTP, wherein the fraction (2) of each of the
four nucleoside triphosphates (NTPs) in the sequence-optimized reaction mix corresponds
to the fraction (1) of the respective nucleotide in said RNA molecule, a buffer, a DNA
template, and an RNA polymerase. If a ribonucleotide is not present in said RNA
molecule, the corresponding nucleoside triphosphate is also not present in the sequence-

optimized reaction mix.

Sequence-optimized nucleoside triphosphate  (NTP) mix: A mixture of nucleoside

triphosphates (NTPs) for use in an in vitro transcription reaction of an RNA molecule of a
given sequence comprising the four nucleoside triphosphates (NTPs) GTP, ATP, CTP and
UTP, wherein the fraction (2) of each of the four nucleoside triphosphates (NTPs) in the
sequence-optimized nucleoside triphosphate (NTP) mix corresponds to the fraction (1) of
the respective nucleotide in said RNA molecule. If a ribonucleotide is not present in the
RNA molecule, the corresponding nucleoside triphosphate is also not present in the

sequence-optimized nucleoside triphosphate (NTP) mix.
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Modified nucleoside triphosphate: The term “modified nucleoside triphosphate” as used

herein refers to chemical modifications comprising backbone modifications as well as
sugar modifications or base modifications. These modified nucleoside triphosphates are

also termed herein as (nucleotide) analogs.

In this context, the modified nucleoside triphosphates as defined herein are nucleotide
analogs/modifications, e.g. backbone modifications, sugar modifications or base
modifications. A backbone modification in connection with the present invention is a
modification, in which phosphates of the backbone of the nucleotides are chemically
modified. A sugar modification in connection with the present invention is a chemical
modification of the sugar of the nucleotides. Furthermore, a base modification in
connection with the present invention is a chemical modification of the base moiety of the
nucleotides. In this context nucleotide analogs or modifications are preferably selected

from nucleotide analogs which are applicable for transcription and/or translation.

Sugar Modifications

The modified nucleosides and nucleotides, which may be used in the context of the present
invention, can be modified in the sugar moiety. For example, the 2' hydroxyl group (OH)
can be modified or replaced with a number of different "oxy" or "deoxy" substituents.
Examples of "oxy" -2' hydroxyl group modifications include, but are not limited to, alkoxy
or aryloxy (-OR, e.g., R = H, alkyl, cycloalkyl, aryl, aralkyl, heteroaryl or sugar);
polyethyleneglycols (PEG), -O(CH2CH20)nCH2CH20R; "locked" nucleic acids (LNA) in
which the 2' hydroxyl is connected, e.g., by a methylene bridge, to the 4' carbon of the
same ribose sugar; and amino groups (-O-amino, wherein the amino group, e.g., NRR, can
be alkylamino, dialkylamino, heterocyclyl, arylamino, diarylamino, heteroarylamino, or

diheteroaryl amino, ethylene diamine, polyamino) or aminoalkoxy.

"Deoxy" modifications include hydrogen, amino (e.g. NHy; alkylamino, dialkylamino,
heterocyclyl, arylamino, diaryl amino, heteroaryl amino, diheteroaryl amino, or amino
acid); or the amino group can be attached to the sugar through a linker, wherein the linker

comprises one or more of the atoms C, N, and O.
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The sugar group can also contain one or more carbons that possess the opposite
stereochemical configuration than that of the corresponding carbon in ribose. Thus, a
modified nucleotide can include nucleotides containing, for instance, arabinose as the

sugar.

Backbone Modifications

The phosphate backbone may further be modified in the modified nucleosides and
nucleotides. The phosphate groups of the backbone can be modified by replacing one or
more of the oxygen atoms with a different substituent. Further, the modified nucleosides
and nucleotides can include the full replacement of an unmodified phosphate moiety with a
modified phosphate as described herein. Examples of modified phosphate groups include,
but are not limited to, phosphorothioate, phosphoroselenates, borano phosphates, borano
phosphate esters, hydrogen phosphonates, phosphoroamidates, alkyl or aryl phosphonates
and phosphotriesters. Phosphorodithioates have both non-linking oxygens replaced by
sulfur. The phosphate linker can also be modified by the replacement of a linking oxygen
with nitrogen (bridged phosphoroamidates), sulfur (bridged phosphorothioates) and carbon
(bridged methylene-phosphonates).

Base Modifications

The modified nucleosides and nucleotides, which may be used in the present invention, can
further be modified in the nucleobase moiety. Examples of nucleobases found in RNA
include, but are not limited to, adenine, guanine, cytosine and uracil. For example, the
nucleosides and nucleotides described herein can be chemically modified on the major
groove face. In some embodiments, the major groove chemical modifications can include

an amino group, a thiol group, an alkyl group, or a halo group.

In particularly preferred embodiments of the present invention, the nucleotide
analogs/modifications are selected from base modifications, which are preferably selected
from 2-amino-6-chloropurineriboside-5'-triphosphate, 2-Aminopurine-riboside-5'-
triphosphate; 2-aminoadenosine-5'-triphosphate, 2'-Amino-2'-deoxycytidine-triphosphate,
2-thiocytidine-5'-triphosphate, 2-thiouridine-5'-triphosphate, 2'-Fluorothymidine-5'-
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triphosphate, 2'-O-Methyl inosine-5'-triphosphate  4-thiouridine-5'-triphosphate, ~ 5-
aminoallylcytidine-5'-triphosphate, 5-aminoallyluridine-5'-triphosphate, 5-bromocytidine-
5'-triphosphate, 5-bromouridine-5'-triphosphate, 5-Bromo-2'-deoxycytidine-5'-
triphosphate, 5-Bromo-2'-deoxyuridine-5'-triphosphate, 5-iodocytidine-5'-triphosphate, 5-
Iodo-2'-deoxycytidine-5'-triphosphate, S-iodouridine-5'-triphosphate, S-lodo-2'-
deoxyuridine-5'-triphosphate, S-methylcytidine-5'-triphosphate, 5-methyluridine-5'-
triphosphate, 5-Propynyl-2'-deoxycytidine-5'-triphosphate, 5-Propynyl-2'-deoxyuridine-5'-
triphosphate, 6-azacytidine-5'-triphosphate, 6-azauridine-5'-triphosphate, 6-
chloropurineriboside-5'-triphosphate, 7-deazaadenosine-5'-triphosphate, 7-deazaguanosine-
5'-triphosphate, 8-azaadenosine-5'-triphosphate, 8-azidoadenosine-5'-triphosphate,
benzimidazole-riboside-5'-triphosphate, N1-methyladenosine-5'-triphosphate, N1-
methylguanosine-5'-triphosphate, N6-methyladenosine-5'-triphosphate, 06-
methylguanosine-5'-triphosphate,  pseudouridine-5'-triphosphate, ~or  puromycin-5'-
triphosphate, xanthosine-5'-triphosphate. Particular preference is given to nucleotides for
base modifications selected from the group of base-modified nucleotides consisting of 5-
methylcytidine-5'-triphosphate,  7-deazaguanosine-5'-triphosphate,  5-bromocytidine-5'-
triphosphate, and pseudouridine-5'-triphosphate.

In some embodiments, modified nucleosides include pyridin-4-one ribonucleoside, 5-aza-
uridine, 2-thio-5-aza-uridine, 2-thiouridine, 4-thio-pseudouridine, 2-thio-pseudouridine, 5-
hydroxyuridine, 3-methyluridine, 5-carboxymethyl-uridine, 1-carboxymethyl-
pseudouridine, 5-propynyl-uridine, 1-propynyl-pseudouridine, S-taurinomethyluridine, 1-
taurinomethyl-pseudouridine,  5-taurinomethyl-2-thio-uridine,  l-taurinomethyl-4-thio-
uridine, 5-methyl-uridine, 1-methyl-pseudouridine, 4-thio- 1-methyl-pseudouridine, 2-thio-
l-methyl-pseudouridine, 1 -methyl- 1-deaza-pseudouridine, 2-thio- 1 -methyl- 1 -deaza-
pseudouridine, dihydrouridine, dihydropseudouridine, 2-thio-dihydrouridine, 2-thio-
dihydropseudouridine,  2-methoxyuridine, = 2-methoxy-4-thio-uridine,  4-methoxy-

pseudouridine, and 4-methoxy-2-thio-pseudouridine.

In some embodiments, modified nucleosides include 5-aza-cytidine, pseudoisocytidine, 3-
methyl-cytidine, = N4-acetylcytidine, 5-formylcytidine,  N4-methylcytidine, 5-
hydroxymethylcytidine, 1-methyl-pseudoisocytidine, pyrrolo-cytidine, pyrrolo-
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pseudoisocytidine, 2-thio-cytidine, 2-thio-5-methyl-cytidine, 4-thio-pseudoisocytidine, 4-
thio- 1-methyl-pseudoisocytidine, 4-thio-1-methyl-1-deaza-pseudoisocytidine, 1-methyl-1-
deaza-pseudoisocytidine, zebularine, 5-aza-zebularine, 5-methyl-zebularine, 5-aza-2-thio-
zebularine, 2-thio-zebularine, 2-methoxy-cytidine, 2-methoxy-5-methyl-cytidine, 4-

methoxy-pseudoisocytidine, and 4-methoxy-l-methyl-pseudoisocytidine .

In other embodiments, modified nucleosides include 2-aminopurine, 2, 6-diaminopurine,
7-deaza-adenine, 7-deaza-8-aza-adenine, 7-deaza-2-aminopurine, 7-deaza-8-aza-2-
aminopurine, 7-deaza-2,6-diaminopurine, 7-deaza-8-aza-2,6-diaminopurine, 1-
methyladenosine, N6-methyladenosine, Né6-isopentenyladenosine, N6-(cis-
hydroxyisopentenyl)adenosine, 2-methylthio-N6-(cis-hydroxyisopentenyl) adenosine, N6-
glycinylcarbamoyladenosine, N6-threonylcarbamoyladenosine, 2-methylthio-N6-threonyl
carbamoyladenosine, N6,N6-dimethyladenosine, 7-methyladenine, 2-methylthio-adenine,

and 2-methoxy-adenine.

In other embodiments, modified nucleosides include inosine, 1-methyl-inosine, wyosine,
wybutosine, 7-deaza-guanosine, 7-deaza-8-aza-guanosine, 6-thio-guanosine, 6-thio-7-
deaza-guanosine, 6-thio-7-deaza-8-aza-guanosine, 7-methyl-guanosine, 6-thio-7-methyl-
guanosine, 7-methylinosine, 6-methoxy-guanosine, 1-methylguanosine, = N2-
methylguanosine, N2,N2-dimethylguanosine, 8-oxo-guanosine, 7-methyl-8-oxo-guanosine,
I-methyl-6-thio-guanosine, N2-methyl-6-thio-guanosine, and N2,N2-dimethyl-6-thio-

guanosine.

In some embodiments, the nucleotide can be modified on the major groove face and can

include replacing hydrogen on C-5 of uracil with a methyl group or a halo group.

In specific embodiments, a modified nucleoside is 5'-O-(1-Thiophosphate)-Adenosine,
5'-O-(1-Thiophosphate)-Cytidine, 5'-O-(1-Thiophosphate)-Guanosine, 5-0-(1-
Thiophosphate)-Uridine or 5'-O-(I-Thiophosphate)-Pseudouridine.

In further specific embodiments the modified nucleotides include nucleoside modifications

selected from 6-aza-cytidine, 2-thio-cytidine, a-thio-cytidine, Pseudo-iso-cytidine, 5-
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aminoallyl-uridine, 5-iodo-uridine, N1-methyl-pseudouridine, 5,6-dihydrouridine, o-thio-
uridine, 4-thio-uridine, 6-aza-uridine, 5-hydroxy-uridine, deoxy-thymidine, S5-methyl-
uridine, Pyrrolo-cytidine, inosine, o-thio-guanosine, 6-methyl-guanosine, S5-methyl-
cytdine, 8-oxo-guanosine, 7-deaza-guanosine, N1-methyl-adenosine, 2-amino-6-Chloro-
purine, N6-methyl-2-amino-purine, Pseudo-iso-cytidine, 6-Chloro-purine, N6-methyl-

adenosine, a-thio-adenosine, 8-azido-adenosine, 7-deaza-adenosine.

Further modified nucleotides have been described previously (W02013052523).

Yield: Yield, also referred to as a reaction yield, is the amount of product obtained in a
chemical or enzymatic reaction. The absolute yield can be given as the weight in grams or
in moles (molar yield). The relative yield, fractional yield, or percentage yield, which serve
to measure the effectiveness of a synthetic procedure, are calculated by dividing the
amount of the obtained product by the theoretical yield (the unit of measure for both must
be the same).

relative yield = (actual yield)/(theoretical yield)

Actual yield: The actual yield refers to the amount of the product obtained in a chemical

reaction.

Theoretical vield: The theoretical yield is the maximum amount of product that can be

produced in a perfectly efficient chemical or enzymatic reaction. In reality, most reactions
are not perfectly efficient - the reaction's actual yield is usually less than the theoretical
yield. The theoretical yield is calculated based on the molar amount of the limiting
reactant, taking into account the stoichiometry of the reaction. For the calculation it is-
usually assumed that there is only one reaction involved.

RNA yield: The RNA yield is the amount of RNA product obtained in an in vitro
transcription reaction. The RNA yield can be expressed as the RNA concentration (g/ml or
mol/l). Multiplication of the RNA concentration with the reaction volume gives the

absolute amount of RNA (in grams or moles).
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Actual RNA vyield: The actual RNA yield is the experimentally determined amount of

RNA product in an in vitro transcription reaction at a defined time point, e.g. the yield after
completion of the reaction. For example, the RNA concentration can be determined via
absorbance measurement at 260 nm using a spectrophotometer (Kolitz et al., 2013.
Methods Enzymol. 530:331-6). One absorbance unit at 260 nm corresponds to 40 ng/ul of
RNA (1 A260 = 40 ng/ul RNA).

Theoretical RNA vyield: The theoretical RNA yield is the maximal possible RNA yield

based on the available NTPs in the in vitro transcription reaction. In a standard
transcription reaction with equal concentrations of the four NTPs (ATP, GTP, CTP, UTP)
typically the nucleotide which corresponds to the most frequent nucleotide in the RNA
sequence becomes the limiting factor. In a sequence-optimized transcription reaction using
a sequence-optimized NTP mix for the RNA sequence of interest none of the individual

nucleotides becomes the limiting factor.

To calculate the theoretical RNA yield for a transcription reaction, the amount of each
NTP (in mol) present at the start of the transcription reaction is divided by the number of
the respective nucleotide present in the sequence of the RNA molecule resulting in the
possible number of RNA molecules which can be synthesized (in mol). Multiplying by the
molecular mass of the RNA yields the theoretical RNA yield in mass units (gram). In a
standard transcription reaction using equal concentrations of each NTP typically the NTP
which corresponds to the most frequent nucleotide in the RNA sequence becomes the
limiting factor. By contrast, in a sequence-optimized transcription reaction no NTP will
become the limiting factor because all types of NTPs are present at the same ratio as the

corresponding nucleotides in sequence of the RNA molecule.

Relative RNA vyield: The relative RNA yield, fractional RNA yield, or percentage RNA

yield, which serve to measure the efficiency of an in vitro transcription reaction, are
calculated by dividing the amount of the obtained RNA product (actual RNA yield) by the
theoretical RNA yield (the unit of measure for both must be the same):

relative RNA yield = (actual RNA yield)/(theoretical RNA yield)
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To express the efficiency of an in vitro transcription reaction, the percent RNA yield can

be calculated:

% RNA yield = (actual RNA yield)/(theoretical RNA yield) x100

DETAILED DESCRIPTION OF THE INVENTION

In a first aspect, the present invention relates to a method for synthesizing an RNA

molecule of a given sequence, comprising the following steps:

a) determining the fraction (1) for each of the four nucleotides G, A, C and U

in said RNA molecule, and

b) synthesizing said RNA molecule by in vitro transcription in a sequence-
optimized reaction mix, wherein said sequence-optimized reaction mix
comprises the four ribonucleoside triphosphates (NTPs) GTP, ATP, CTP
and UTP, wherein the fraction (2) of each of the four ribonucleoside
triphosphates (NTPs) in the reaction mix corresponds to the fraction (1) of
the respective nucleotide in said RNA molecule, a buffer, a DNA template,

and an RNA polymerase.

In the context of the present invention and as shown in Example 1 and Figures 5 and 6, it
has been found that the use of a sequence-optimized reaction mix containing the four
ribonucleoside triphosphates (NTPs) GTP, ATP, CTP and UTP for the production of an
RNA molecule with a given sequence by in vitro transcription results in higher RNA
product yield and less unincorporated and therefore wasted NTPs compared to a non-
optimized reaction mix with equimolar initial concentrations of all four NTPs. This aspect
is especially valuable when difficult to synthesize and therefore expensive modified
nucleotides are used. In the sequence-optimized NTP mix GTP, ATP, CTP and UTP are

represented at a fraction which corresponds to the fraction of said nucleotides G, A, C and
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U occurring in said RNA sequence. In sequence-optimized in vitro transcription reactions,
it is envisaged that the four NTPs are consumed to the same extent and transcription

continues until the NTPs are used up, thus wasting less material.

Furthermore, it is expected, that the abovementioned possibility of the synthesis of RNA
molecules which are longer than the coded RNA, for example due to self-complementary
3’ extension (Triana-Alonso et al., 1995, JBC; 270(11): 6298-6307), is avoided when using
sequence-optimized NTP mixes because no excess UTP remains at the end of the reaction.
Especially if RNA contains a poly(A) tail, as is common in RNAs such as mRNAs, an
excess of unincorporated UTP in the transcription reaction can result in RNA-template
dependent incorporation of uridine nucleotides opposite of the poly-A-sequence, resulting
in double-stranded RNA molecules which can activate the innate immune response and

decrease protein synthesis (Kariko et al., 2011, Nucleic Acids Res.; 39(21): €142).

As it will be explained in detail below, methods for the production of RNA molecules
using in vitro transcription are known in the art. It is also known to use nucleotide analogs
to improve for example the stability of the RNA molecule. The present invention concerns
the concentration of the ribonucleoside triphosphates (NTPs) in the reaction mix of the in

vitro transcription reaction.

Consequently, in a first step of the method of the present invention, the fraction (1) of each
of the four nucleotides G, A, C and U in said RNA molecule is determined. This can be
performed by any method known in the art, e.g. by simple counting of the number of

nucleotides or by using computer-based methods.

The fraction (1) of each of the nucleotides can then be expressed by any suitable term,
including number, percentage, mole fraction or molar percent. The mole fraction or molar
fraction (x;) is defined as the amount of a constituent (expressed in moles), ni, divided by
the total amount of all constituents in a mixture, nwpt. The sum of all the mole fractions is
equal to 1. The same concept expressed with a denominator of 100 is the mole percent or

molar percentage (mol%).
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Based on the determination of the fraction of each of the nucleotides in said RNA
molecule, in a further step of the method of the present invention, said RNA molecule is
synthesized by in vitro transcription in a sequence-optimized reaction mix, wherein said
sequence-optimized reaction mix comprises the four ribonucleoside triphosphates (NTPs)
GTP, ATP, CTP and UTP or analogs thereof, and wherein the fraction (2) of each of the
four ribonucleoside triphosphates (NTPs) in the sequence-optimized reaction mix

corresponds to the fraction (1) of the respective nucleotide in said RNA molecule.

In a preferred embodiment, step b) of the method of the invention comprises the steps of

bl)  preparing a sequence-optimized ribonucleoside triphosphate (NTP) mix
comprising the four ribonucleoside triphosphates (NTPs) GTP, ATP, CTP
and UTP, wherein the fraction (2) of each of the four ribonucleoside
triphosphates  (NTPs) in the sequence-optimized ribonucleoside
triphosphate (NTP) mix corresponds to the fraction (1) of the respective

nucleotide in said RNA molecule, and

b2) synthesizing said RNA molecule by in vitro transcription in a sequence-
optimized reaction mix comprising the sequence-optimized ribonucleoside
triphosphate (NTP) mix of step (bl), a buffer, a DNA template, and an
RNA polymerase.

Consequently, in this preferred embodiment, a sequence-optimized ribonucleoside
triphosphate (NTP) mix is prepared based on the determination of fraction (1), which is
then added to the reaction mix. All definitions indicated above with respect to the
sequence-optimized reaction mix, and especially those made with respect to the issue
“fraction (1) corresponds to fraction (2)” also apply to the sequence-optimized

ribonucleoside triphosphate (NTP) mix.

In this context, the person skilled in the art will understand that if said RNA molecule does

not contain all nucleotides G, A, C, and U, respectively, the same will also apply to the
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sequence-optimized ribonucleoside triphosphate (NTP) mix and to the sequence-optimized

reaction mix.

According to the invention, “fraction (1) corresponds to fraction (2)” means that the
fraction of the ribonucleoside triphosphates (NTPs) in the sequence-optimized NTP mix or
in the sequence-optimized reaction mix has been adapted to the fraction of the nucleotides
in the RNA molecule. The skilled person will understand that there is no need that fraction
(2) exactly mirrors fraction (1), but that it is required that the individual fraction (2) of each
ribonucleoside triphosphate in the sequence-optimized NTP mix or in the sequence-
optimized reaction mix reflects the fraction (1) of the corresponding nucleotide in said

RNA molecule.

For assessing in more detail the relationship between fraction (1) and fraction (2), the
following may be considered for the definition of the term “fraction (1) corresponds to

fraction (2):

a) With respect to the fraction of the ribonucleoside triphosphate in the sequence-
optimized NTP mix or in the sequence-optimized reaction mix which corresponds
to the first nucleotide of the RNA molecule to be synthesized, it is, according to one
embodiment of the present invention, possible that fraction (2) is in the range of
fraction (1), e.g. that fraction (1) and fraction (2) differ by not more than 25%, 20%,
15%, 10 %, 7 %, 5 % or by a value between 0.1 % and 5 %.

b) With respect to the other ribonucleoside triphosphates present in the sequence-
optimized NTP mix or in the sequence-optimized reaction mix which do not
correspond to the first nucleotide of said RNA molecule, fraction (2) is preferably
in the range of fraction (1), e.g. fraction (1) and fraction (2) differ by not more than

25%, 20%, 15%, 10 %, 7 %, 5 % or by a value between 0.1 % and 5 %.

In a preferred embodiment of the invention, a start nucleotide is added to the sequence-
optimized NTP mix or to the sequence-optimized reaction mix before the start of the in

vitro transcription. A start nucleotide is a nucleotide which corresponds to the first
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nucleotide of said RNA molecule (+1 position). The start nucleotide may be especially
added to increase the initiation rate of the RNA polymerase. Said start nucleotides are also
known in the art and include a nucleoside monophosphate, a nucleoside diphosphate, a
nucleoside triphosphate. The start nucleotide can be a mononucleotide, a dinucleotide or a
trinucleotide. In case that the first nucleotide of said RNA molecule is a G, the start

nucleotide is preferably GTP or GMP.

In a preferred embodiment of the invention, said start nucleotide is a dinucleotide. In an

even more preferred embodiment the start nucleotide is a cap analog.

In a preferred embodiment, the cap analog is selected from the group consisting of
G[5’Ippp[5°1G, m'G[5’Tppp[5°1G, ms*>*'G[5’Ippp[5°]G, m2™°G[5’Ippp[5'1G (3’
ARCA), ma"?OGpppG (2°-ARCA), m2"? °GppspG D1 (B-S-ARCA D1) and m"*"
OGppspG D2 (B-S-ARCA D2).

According to another, preferred embodiment, however, in the sequence-optimized NTP
mix or in the sequence-optimized reaction mix, the start nucleotide corresponding to the
first nucleotide of said RNA molecule is added in excess compared to the fraction of that
nucleotide in said RNA molecule which is found at the first position of said RNA

molecule.

Preferably the start nucleotide is added with an initial concentration in the range of about 1
to20mM, 1 to 17.5mM, 1 to 15 mM, 1 to 12.5mM, 1 to 10 mM, 1 to 7.5 mM, | to 5 mM
or 1 to 2.5 mM. Even more preferred the start nucleotide is added with an initial

concentration of about 5 to 20 mM or 7.5 to 17.5 mM.

In a preferred, exemplary embodiment of the above, the first nucleotide of the RNA
molecule is G, the start nucleotide is a cap analog of G and the corresponding
ribonucleoside triphosphate is GTP. In this embodiment, the cap analog is present in the
reaction mix in an excess, in comparison to GTP. Preferably the cap analog is added with
an initial concentration in the range of about 1 to 20 mM, 1 to 17.5 mM, 1 to 15 mM, 1 to

125mM, 1 to 10 mM, 1 to 7.5 mM, 1 to 5 mM or 1 to 2.5 mM. Even more preferred the
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cap analog is added with an initial concentration of about 5 to 20 mM, 7.5 to 20 mM, 10 to
20 mM or 12.5 to 20 mM.

Methods for in vitro transcription are known in the art (Geall et al., 2013. Semin. Immunol.
25(2): 152-159; Brunelle et al., 2013. Methods Enzymol. 530:101-14). Reagents used in
said method typically include:

1) a linearized DNA template with a promoter sequence that has a high binding affinity for
its respective RNA polymerase such as bacteriophage-encoded RNA polymerases,

2) ribonucleoside triphosphates (NTPs) for the four bases (adenine, cytosine, guanine and
uracil);

3) a cap analog as defined above (e.g. m7G(5)ppp(5°)G (m7G));

4) a DNA-dependent RNA polymerase (e.g. T7, T3 or SP6 RNA polymerase);

5) aribonuclease (RNase) inhibitor to inactivate any contaminating RNase;

6) a pyrophosphatase to degrade pyrophosphate, which may inhibit transcription;

7) MgCly, which supplies Mg?* as a co-factor for the polymerase;

8) a buffer to maintain a suitable pH value, which can also contain antioxidants and

polyamines such as spermidine at optimal concentrations.

According to a preferred embodiment, the sequence-optimized reaction mix used for the
inventive method for synthesizing an RNA molecule of a given sequence comprises a
buffer  selected from the group  consisting of  4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) and tris(hydroxymethyl)aminomethane (Tris).
Preferably the buffer is used at a concentration from 10 to 100 mM, 10 to 75 mM, 10 to 50
mM, 10 to 40 mM, 10 to 30 mM or 10 to 20 mM. The pH value of the buffer can be
adjusted with, for example, NaOH, KOH or HCI. Preferably the buffer has a pH value
from 6 to 8.5, from 6.5 to 8.0, from 7.0 to 7.5, even more preferred 7.5. Most preferred is a
buffer selected from the group consisting of 80 mM HEPES/KOH, pH 7.5 and 40 mM
Tris/HCI, pH 7.5.

According to a preferred embodiment of the invention, the RNA polymerase comprised in
the sequence-optimized reaction mix is selected from the group consisting of T3, T7 and

SP6 RNA polymerase. Preferably, the concentration of the RNA polymerase is from about
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1 to 100 nM, 1 to 90 nM, 1 to 80 nM, 1 to 70 nM, 1 to 60 nM, 1 to 50 nM, 1 to 40 nM, 1 to
30 nM, 1 to 20 nM, or about 1 to 10 nM. Even more preferred, the concentration of the
RNA polymerase is from about 10 to 50 nM, 20 to 50 nM, or 30 to 50 nM. Most preferred
is a RNA polymerase concentration of about 40 nM. In this context a concentration of 500
to 10000 U/ml of the RNA polymerase is preferred. More preferred is a concentration of
1000 to 7500 U/ml and most preferred is a concentration of 2500 to 5000 Units/ml of the
RNA polymerase. The person skilled in the art will understand that the choice of the RNA

polymerase concentration is influenced by the concentration of the DNA template.

According to a preferred embodiment of the invention, the concentration of the DNA
template comprised in the sequence-optimized reaction mix is in a range from about 1 to
50 nM, 1 to 40 nM, 1 to 30 nM, 1 to 20 nM, or about 1 to 10 nM. Even more preferred the
concentration of the DNA template is from about 10 to 30 nM. Most preferred the
concentration of the DNA template is about 20 nM. In this context it is particularly
preferred to have a concentration of the DNA template of about 1 to 200 pg/ml and more
preferably of about 10 to 100 pg/ml, and most preferably of about 20 to 50 pg/ml (e.g. 25
or 50 pg/ml).

According to a preferred embodiment of the invention, the sequence-optimized reaction
mix comprises pyrophosphatase. Preferably, the concentration of the pyrophosphatase is
from about 1 to 20 units/ml, 1 to 15 units/ml, 1 to 10 units/ml, 1 to 5 units/ml, or 1 to 2.5
units/ml. Even more preferred the concentration of the pyrophosphatase is about 1 unit/ml

or is about 5 units/ml.

According to a preferred embodiment of the invention, the sequence-optimized reaction
mix comprises Mg ions. Preferably, the Mg"™" ions are provided in the form of MgCl or
Mg(OAc),. Preferably, the initial free Mg™" concentration is from about 1 to 100 mM, 1 to
75 mM, 1 to 50 mM, 1 to 25 mM, or 1 to 10 mM. Even more preferred the initial free Mg"™
concentration is from about 10 to 30 mM or about 15 to 25 mM. Most preferred is an
initial free Mg™ concentration of about 24 mM. The person skilled in the art will
understand that the choice of the Mg"™" concentration is influenced by the initial total NTP

concentration.
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According to a preferred embodiment of the invention, the sequence-optimized reaction
mix comprises a reducing agent to keep the RNA polymerase in its active state. Preferably,
the reducing agent is selected from the group consisting of dithiothreitol (DTT),
dithioerythritol (DTE), Tris(2-carboxyethyl)phosphine (TCEP) and B-mercaptoethanol.
Preferably the concentration of the reducing reagent is from about 1 to 50 mM, 1 to 40
mM, 1 to 30 mM, or 1 to 20 mM, or 1 to 10 mM. Even more preferred the concentration of
the reducing reagent is from 10 to 50 mM or 20 to 40 mM. Most preferred is a sequence-

optimized reaction mix comprising 40 mM of DTT.

According to a preferred embodiment of the invention, the sequence-optimized reaction
mix comprises a polyamine. Preferably, the polyamine is selected from the group
consisting of spermine and spermidine. Preferably the concentration of the polyamine is
from about 1 to 25 mM, 1 to 20 mM, 1 to 15 mM, 1 to 10 mM, 1 to 5 mM, or about 1 to
2.5 mM. Even more preferred the concentration of the polyamine is about 2 mM. Most

preferred is a sequence-optimized reaction mix comprising 2 mM of spermidine.

According to a preferred embodiment of the invention, the sequence-optimized reaction
mix comprises a ribonuclease inhibitor. Preferably, the concentration of the ribonuclease
inhibitor is from about 1 to 500 units/ml, 1 to 400 units/ml, 1 to 300 units/ml, 1 to 200
units/ml, or 1 to 100 units/ml. Even more preferred the concentration of the ribonuclease

inhibitor is about 200 units/ml.

According to a preferred embodiment of the invention, the initial total NTP concentration
in the sequence-optimized NTP mix or sequence-optimized reaction mix is less than 20
mM, less than 15 mM, less than 10 mM, less than 7.5 mM, less than 5.0 mM or less than
2.5 mM.

According to the invention, the term initial total nucleotide concentration means the total
concentration of NTPs, e.g. the sum of the concentrations of ATP, GTP, CTP and/or UTP,
present initially in the sequence-optimized NTP mix or sequence-optimized reaction mix

when the various components of the sequence-optimized reaction mix have been



10

15

20

25

30

WO 2015/188933 PCT/EP2015/001164

-27-

assembled in the final volume for carrying out the in vitro transcription reaction. Naturally,
as the reaction proceeds, the nucleotides will be incorporated into the RNA molecule and
consequently the concentration of the total nucleotides will be progressively reduced from

its initial value.

An important aspect of the present invention is that the use of a sequence-optimized NTP
mix or sequence-optimized reaction mix leads to an increased efficiency of RNA synthesis
even at low initial total nucleotide concentrations (e.g. at 2 mM). By contrast, it has
previously been suggested that for an increased RNA yield high concentrations of total

nucleotides, in the order of 12 mM to 40 mM, are necessary (US6586218).

Furthermore, it is expected that the synthesis of short abortive RNA molecules is decreased
when low initial total nucleotide concentrations (e.g. 2.5 mM) in a sequence-optimized
NTP mix or sequence-optimized reaction mix are used. By contrast, an increase in abortive
transcription was observed when NTP concentrations of a standard equimolar NTP mix
were lowered below approximately 2 mM (Kern et al., 1999. Biotechnol. Prog. 15, 174-
184).

Another preferred embodiment of the invention relates to the form in which the NTPs are
added to the sequence-optimized NTP mix or sequence-optimized reaction mix. The
ribonucleoside triphosphates (NTPs) GTP, ATP, CTP and UTP or analogs thereof may be
provided with a monovalent or divalent cation as counterion. Preferably the monovalent
cation is selected from the group consisting of Li* , Na" , K" , NH¢" or
tris(hydroxymethyl)-aminomethane (Tris). Preferably, the divalent cation is selected from

the group consisting of Mg™, Ba™ and Mn™".

According to a most preferred embodiment of the invention, the NTP counter ion is

tris(hydroxymethyl)-aminomethane (Tris).

Bacteriophage RNA polymerases are known to be sensitive to salt inhibition. The negative
impact of high NaCl concentrations on RNA yields has been described (e.g. Kern & Davis,
1997. Biotechnol. Prog., 13, 747-756; US 6,586,218 B2). High concentrations of Na-NTPs,
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especially as consequence when pursuing a NTP feeding strategy, could therefore result in
decreased RNA yields. This limitation can be circumvented by using Tris-nucleotides,
because the RNA polymerase activity is less affected by high Tris concentrations
compared to high Na concentrations. As shown in Example 5 and Figure 12, the RNA

yield is more sensitive to the addition of Na compared to Tris.

It is known in the art that instead of the ribonucleoside triphosphates GTP, ATP, GTP and
UTP, respectively, modified nucleoside triphosphates (analogs) can also be used in in vitro
transcription reactions, e.g. to enhance the stability of the RNA. As shown in Example 3
and Figure 8, part or all of the UTP in a sequence-optimized NTP mix or in a sequence-

optimized reaction mix can be replaced by pseudo-UTP.

Consequently, according to a preferred embodiment of the invention, a part or all of at
least one ribonucleoside triphosphate in the sequence-optimized NTP mix or in the

sequence-optimized reaction mix is replaced by a modified nucleoside triphosphate.

In a preferred embodiment of the invention, said modified nucleoside triphosphate is
selected from the group consisting of pseudouridine-5’-triphosphate, 1-
methylpseudouridine-5’-triphosphate, ~ 2-thiouridine-5’-triphosphate,  4-thiouridine-5’-
triphosphate and 5-methylcytidine-5’-triphosphate.

The person skilled in the art will understand that it is only possible before the start of the in
vitro transcription to exactly establish the concentrations of the individual components of
the sequence-optimized NTP mix or of the sequence-optimized reaction mix.
Consequently, in a preferred embodiment of the present invention, the numbers and
fractions as defined above reflect the initial conditions present in the sequence-optimized

reaction mix or in the sequence-optimized NTP mix before the start of the transcription.

According to another preferred embodiment of the invention, in the course of the in vitro
transcription the sequence-optimized reaction mix is supplemented with the sequence-

optimized ribonucleoside triphosphate (NTP) mix as defined herein.
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In the context of the present invention, it has been found that the RNA yield can be further
increased by feeding additional amounts of the sequence-optimized NTP mix into the in
vitro transcription reaction (NTP feed). As shown in Example 1 and Figure 6, adding

additional sequence-optimized NTP mix significantly increases the RNA yield.

The fresh sequence-optimized NTP mix is added in such a way that the desired ratio of the
cap analog to the corresponding nucleotide e.g. GTP (e.g. 4:1) is maintained. Preferably,
the fresh sequence-optimized NTP mix is added at the end of the in vifro transcription
reaction, when all nucleotides in the sequence-optimized reaction mix are consumed. The
ratio of the remaining cap analog to the freshly added corresponding nucleotide e.g. GTP
(e.g. 4:1) can be approximately maintained because close to 100% of the cap analog
remains at the end of the transcription reaction because only one cap analog can be
incoporporated per RNA molecule. This strategy results in the same capping efficiency,
increased yields (>4.5-fold, depending on RNA sequence) and dramatically reduced costs.
In addition, the increased NTP content prevents precipitation of RNA molecules during
transcription, as is commonly seen for standard NTP concentrations (both in standard and

sequence-optimized reactions).

The sequence-dependent incorporation of NTPs also allows monitoring of the progress of
the in vitro transcription reaction. As shown in Example 6 and Figure 13, the progress of
the in vitro transcription reaction can be monitored by separating the unincorporated
nucleotides from the in vitro transcription reaction and measuring the absorbance at 260
nm. The reason is that the decrease in the total concentration of all four NTPs directly
correlates with the amount of RNA synthesized. This approach would not be possible as
straightforwardly if a standard NTP mix with the same ratio of nucleoside triphosphates is
used. A decrease in absorption at 260 nm can directly be translated into RNA molecules
produced if NTPs are separated from RNA and DNA to avoid interference, e.g. by

filtration through a membrane with a low molecular weight cut-off.

Methods for the quantification of nucleic acids and nucleotides are known in the art.
Spectroscopic methods for nucleic acid quantification include traditional absorbance

measurements (Kolitz et al., 2013. Methods Enzymol. 530:331-6) and more sensitive
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fluorescence techniques using fluorescent dyes such as ethidium bromide and a fuorometer
with a suitable excitation wavelength (e.g. 302 or 546 nm) (Gallagher, 2011. Current
Protocols in Molecular Biology. 93:A.3D.1-A.3D.14). Consequently, in a preferred
embodiment of th; invention, the synthesizing of said RNA molecule by in vitro

transcription is followed by separating and quantifying the unincorporated NTPs.

According to a preferred embodiment of the invention, said RNA molecule is selected

from the group consisting of non-coding and coding RNA molecules.

A non-coding RNA (ncRNA) molecule is a functional RNA molecule that is not translated

into a peptide or protein. Non-coding RNA molecules include highly abundant and

. functionally important RNAs such as transfer RNA (tRNA) and ribosomal RNA (rRNA),

as well as RNAs such as snoRNAs, microRNAs, siRNAs, snRNAs, exRNAs, and piRNAs
and the long ncRNAs that include examples such as Xist and HOTAIR (Esteller, 2011.
Nat. Rev. Genet. 12(12):861-74). Furthermore non-coding RNA molecules include

immunostimulatory RNA (isSRNA) molecules.

Preferably, the immunostimulatory RNA may be a linear single-stranded RNA. Even more
preferred, the immunostimulatory RNA may be a long linear single-stranded non-coding
RNA. In this context it is particularly preferred that the iSRNA carries a triphosphate at its
5’-end.

The immunostimulatory RNA (isSRNA) may comprise any RNA sequence known to be
immunostimulatory, including, without being limited thereto, RNA sequences representing
and/or encoding ligands of TLRs, preferably selected from human family members TLR1
to TLR10 or murine family members TLR1 to TLR13, more preferably selected from
human family members TLR1 to TLR10, even more preferably from TLR7 and TLRS,
ligands for intracellular receptors for RNA (such as RIG-I, MDA-5 or PKR) (Meylan and
Tschopp, 2006. Mol. Cell 22, 561-569), or any other immunostimulatory RNA sequence.
Furthermore, immunostimulatory RNA molecules may include any other RNA capable of
eliciting an innate immune response. Without being limited thereto, such an

immunostimulatory RNA may include ribosomal RNA (rRNA), transfer RNA (tRNA),
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messenger RNA (mRNA), and viral RNA (VRNA). Preferably the immunostimulatory
RNA is a non-coding RNA. Such an immunostimulatory RNA may comprise a length of
1000 to 5000, of 500 to 5000, of 5 to 5000, or of 5 to 1000, 5 to 500, 5 to 250, of 5 to 100,
of 5 to 50 or of 5 to 30 nucleotides.

According to a further particularly preferred embodiment, such immunostimulatory RNA

molecules consist of or comprise RNA of formula (I):

(NuGIXmGnNV)a ’ (formula (I))
wherein:

G is guanosine (guanine), uridine (uracil) or an analog of guanosine (guanine) or

uridine (uracil), preferably guanosine (guanine) or an analog thereof;

X is guanosine (guanine), uridine (uracil), adenosine (adenine), thymidine (thymine),
cytidine (cytosine), or an analog of these nucleotides (nucleosides), preferably

uridine (uracil) or an analog thereof;

N is a nucleic acid sequence having a length of about 4 to 50, preferably of about 4 to
40, more preferably of about 4 to 30 or 4 to 20 nucleic acids, each N independently
being selected from guanosine (guanine), uridine (uracil), adenosine (adenine),

thymidine (thymine), cytidine (cytosine) or an analog of these nucleotides

(nucleosides);
a is an integer from 1 to 20, preferably from 1 to 15, most preferably from 1 to 10;
1 is an integer from 1 to 40,

wherein when 1 = 1, G is guanosine (guanine) or an analog thereof,
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when 1> 1, at least 50% of these nucleotides (nucleosides) are guanosine

(guanine) or an analog

thereof;
m is an integer and is at least 3;
5 wherein when m = 3, X is uridine (uracil) or an analog thereof, and

when m > 3, at least 3 successive uridines (uracils) or analogs of uridine

(uracil) occur;
n is an integer from 1 to 40,
wherein when n = 1, G is guanosine (guanine) or an analog thereof,

10 when n > 1, at least 50% of these nucleotides (nucleosides) are guanosine

(guanine) or an analog
thereof;
u,v  may be independently from each other an integer from 0 to 50,
preferably wherein whenu=0,v2>1, or
15 whenv=0,u>1;

wherein the nucleic acid molecule of formula (I) has a length of at least 50 nucleotides,
preferably of at least 100 nucleotides, more preferably of at least 150 nucleotides, even

more preferably of at least 200 nucleotides and most preferably of at least 250 nucleotides.

20  According to a most preferred embodiment, the RNA molecule according to formula (I)

may be selected from e.g. the following sequence:
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GGGAGAAAGCUCAAGCUUAUCCAAGUAGGCUGGUCACCUGUACAACGUAGC
CGGUAUUUUUUUUUUUUUUUUUUUUUUGACCGUCUCAAGGUCCAAGUUAGU
CUGCCUAUAAAGGUGCGGAUCCACAGCUGAUGAAAGACUUGUGCGGUACGG
UUAAUCUCCCCUUUUUUUUUUUUUUUUUUUUUAGUAAAUGCGUCUACUGAA
UCCAGCGAUGAUGCUGGCCCAGAUCUUCGACCACAAGUGCAUAUAGUAGUC
AUCGAGGGUCGCCUUUUUUUUUUUUUUUUUUUUUUUGGCCCAGUUCUGAGA
CUUCGCUAGAGACUACAGUUACAGCUGCAGUAGUAACCACUGCGGCUAUUG
CAGGAAAUCCCGUUCAGGUUUUUUUUUUUUUUUUUUUUUCCGCUCACUAUG
AUUAAGAACCAGGUGGAGUGUCACUGCUCUCGAGGUCUCACGAGAGCGCUC
GAUACAGUCCUUGGAAGAAUCUUUUUUUUUUUUUUUUUUUUUUGUGCGACG
AUCACAGAGAACUUCUAUUCAUGCAGGUCUGCUCUAG (R2025; SEQ ID NO: 4)

A coding RNA is a functional RNA molecule that can be translated into a peptide or
protein. Preferably the coding RNA molecule comprises at least one open reading frame

coding for at least one peptide or protein.

In this context the coding RNA molecule can comprise one (monocistronic), two
(bicistronic) or more (muilticistronic) open reading frames (ORF). The coding RNA
molecule can be a messenger RNA (mRNA) molecule, viral RNA molecule or self-

replicating RNA molecule (replicon). Preferably the RNA molecule is an mRNA.

According to a preferred embodiment of the invention, said RNA molecule is longer than
100 nucleotides. It is equally preferred that the RNA has a length between 100 and 15.000
nucleotides, 100 and 12.500 nucleotides, , 100 and 10.000 nucleotides, 100 and 7.500
nucleotides, 100 and 5.000 nucleotides, 100 and 2.500 nucleotides, 100 and 1.500

nucleotides, or 100 and 1.000 nucleotides.

In a preferred embodiment of the invention, said synthesizing of an RNA molecule of a
given sequence is performed as a large scale synthesis.
According to the present invention, the term “large scale” refers to a reaction yield of said

RNA molecule in the order of milligram quantities, preferably of at least one gram.

According to a preferred embodiment of the present invention, the in vitro transcription
reaction is carried out in a bioreactor, also referred to as a transcription reactor or RNA
reactor for large-scale synthesis of RNA. Therefore, the bioreactor can be adapted to carry

out the above described method of the present invention.
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According to the present invention, such a bioreactor for synthesizing RNA molecules of a
given sequence, preferably on a large scale, is a modularly designed in vitro transcription
reactor system, comprising a reaction module for carrying out in vitro RNA transcription
reactions in a sequence-optimized reaction mix, a capture module for temporarily capturing
the transcribed RNA molecules, and a control module for controlling the infeed of
components of the sequence-optimized reaction mix into the reaction module. Here, the
reaction module comprises a filtration membrane for separating nucleotides from the
reaction mix, and the control of the infeed of the components of the sequence-optimized
reaction mix by the control module is based on a measured concentration of separated

nucleotides.

The term bioreactor or transcription reactor as used herein refers to a chamber or test tube
or column wherein an in vitro transcription reaction is carried out under specified
conditions. The bioreactor may be thermally regulated to maintain accurately a specific
temperature, usually between 4 and 40 °C. The bioreactor may be configured with an
inflow or feed line and an exit port. The bioreactor may be a stirred-cell with provision for

variable rates of stirring.

According to the present invention, the bioreactor comprises a filtration membrane for
separating nucleotides from the reaction mix, in particular for separating nucleotides and
other low molecular weight components from the sequence-optimized reaction mix. The
introduction of a filtration membrane in such a flow system, for example an ultrafiltration
membrane, is used for separation of high molecular weight components, such as e.g.
proteins and/or polynucleotides, from low molecular weight components, such as
nucleotides. The filtration membrane serves to selectively retain the immobilized DNA
template, the RNA polymerase and the synthesized RNA molecules in the reactor core of
the reaction module whereas smaller molecules such as nucleotides (NTPs) can pass the
filtration membrane into a separate smaller compartment of the reaction module, i.e. the
filtration compartment. The nucleotide concentration can then be measured, for example,
by spectroscopic analysis in the separated fluid containing the low molecular weight

components. Alternatively, the nucleotide concentration can be measured by an online
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HPLC system. The application of a sequence-optimized NTP mix in this reactor system
allows the real-time measurement of the nucleotide concentration during the in vitro

transcription reaction to monitor the progress of the in vitro transcription reaction.

Suitable filtration membranes can consist of various materials known to a person skilled in
the art (van de Merbel, 1999. J. Chromatogr. A 856(1-2):55-82). For example, membranes
may consist of regenerated or modified cellulose or of synthetic materials. The latter
include polysulfone (PSU), polyacrylo-nitrile (PAN), polymethylmethacrylate (PMMA),
mixtures of  polyarylether-sulfones,  polyvinylpyrrolidone  and  polyamide
(Polyamix.RTM.). For example, The polysulfones include polyethersulfone [poly(oxy-1,4-
phenylsulfonyl-1,4-phenyl), abbreviated PES]. In some exemplary embodiments,
polyethersulfone may be utilized as a semipermeable membrane for the use according to
the disclosure. In some cases PES membranes include increased hydrophilicity (and/or the
improved wettability of the membrane with water) compared to PSU membranes. In some
embodiments, the wettability of PES membranes can, for example, be further increased by

the inclusion of the water-soluble polymer polyvinylpyrrolidone.

An important parameter that influences the flux of molecules across the filtration
membrane is the pore size or pore-size distribution. A filtration membrane is usually
characterized by its molecular weight cut-off (MWCO) value, i.e. a specific size limitation,
which is defined as the molecular mass of the smallest compound, which is retained for
more than 90%. For each application, a proper MWCO value needs to be selected so that
high molecular weight compounds are sufficiently retained, but at the same time a rapid
transport of the analyte is ensured. The filtration membrane of the bioreactor of the present
invention may have a MWCO in a range from 10 to 100 kDa, 10 to 75 kDa, 10 to 50 kDa,
10 to 25 kDA or 10 to 15 kDa. Even more preferred, the filtration membrane has a MWCO
in a range of approximately 10 to 50 kDa. Preferably, the filtration membrane is selected
from the group of regenerated cellulose, modified cellulose, polysulfone (PSU),
polyacrylonitrile (PAN), polymethylmethacrylate (PMMA), polyvinyl alcohol (PVA) and
polyarylethersulfone (PAES).
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According to a preferred embodiment of the present invention, the bioreactor comprises a
DNA template immobilized on a solid support as basis for the RNA transcription reaction.
The immobilization of the DNA template allows the repeated usage of the template and
reduces the contamination of the RNA product by residual DNA. In addition, the
immobilization makes the use of DNAse dispensable for the removal of the DNA template
from the final RNA product. The DNA template, which is preferably immobilized on a
solid support in the reaction core of the reaction module, can represent a chemically
synthesized DNA molecule, an isolated DNA restriction fragment, a plasmid or an
amplified DNA molecule, for example by an amplification process such as the polymerase
chain reaction (PCR). The DNA template can be a double-stranded duplex or a unit that
comprises a double-stranded promoter region upstream of a single-stranded RNA coding
region. The DNA template may be modified with a ligand for immobilization to a solid

support at the 5° end, the 3” end, or at an internal nucleotide of a DNA strand.

According to the invention, the term “solid support” relates to every undissolved support
being able to immobilize a DNA molecule on its surface. The solid support may be
selected from the group consisting of agarose, modified agarose, sepharose, polystyrene,
latex, cellulose, and ferro- or ferrimagnetic particles. Methods and strategies for choosing
appropriate solid supports and for coupling DNA molecules to said solid supports are
known in the art (see e.g. Arndt-Jovin et al. 1975. Eur. J. Biochem. 54(2):411-8; Kerrigan
et al., 2001. Current Protocols in Molecular Biology. 24:12.10.1-12.10.18;
W01995/08626). The immobilization of the DNA template on the solid support can be via
a covalent linkage or a non-covalent linkage. Preferably, the immobilization of the DNA
template occurs through a non-covalent linkage. For example, the immobilization of a
DNA template to a solid support can occur through a non-covalent biotin-streptavidin
interaction. The non-coding strand of the DNA template can be modified with a 5'-terminal
biotin group which functions to immobilize the DNA strand to a solid support matrix
comprising streptavidin protein. The complementary RNA-coding strand of the DNA
template can remain non-immobilized. It is also possible to immobilize DNA templates to
solid supports through other types of non-covalent linkages, e.g., poly(A)-poly(T), and
poly(G)-poly(C) interactions. Equally preferred, the immobilization of the DNA template

occurs through a covalent linkage, e.g., ester linkage or derivative thereof. In general,
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before coupling, the solid support can contain active groups such as NHS, carbodimide etc.
to enable the coupling reaction with the DNA molecule. The DNA molecule can be
coupled to the solid support by direct coupling (e.g. using functional groups such as amino-
, sulthydryl-, carboxyl-, hydroxyl-, aldehyde-, and ketone groups). The linkage to the solid
support material may involve spacers to optimize the spatial separation of the DNA
template from the support. The spacer may be provided by insertion of additional

nucleotides at the 5” end of the DNA template.

According to a preferred embodiment of the present invention, the capture module of the
bioreactor comprises a resin/solid phase to capture the transcribed RNA molecules and to
separate the transcribed RNA molecules from other soluble components of the sequence-
optimized transcription reaction mix. Preferably, the capture module comprises means for
purifying the captured transcribed RNA molecules, e.g. by a washing process or the like.
Further preferably, the capture module comprises means for eluting the captured

transcribed RNA molecules, preferably by means of an elution buffer.

According to a further preferred embodiment, the bioreactor further comprises a reflux
module for returning the residual filtrated sequence-optimized reaction mix, i.e. the other
soluble components of the sequence-optimized transcription reaction mix besides the
transcribed RNA molecules, to the reaction module from the capture module after
capturing the transcribed RNA molecules, preferably wherein the means for returning the
residual filtrated sequence-optimized reaction mix is a pump. Here, the reflux module
preferably comprises immobilized enzymes, such as pyrophosphatase, or resin to capture

disruptive components, such as phosphate.

In a preferred embodiment, the bioreactor comprises at least one ion-selective electrode. In
the context of the present invention, the term ‘ion-selective electrode’ relates to a
transducer (e.g. a sensor) that converts the activity of a specific ion dissolved in a solution
into an electrical potential, wherein the electrical potential may be measured, for instance,
by using a volt meter or a pH meter. In particular, the term ‘ion-selective electrode’ as used
herein comprises a system, which comprises or consists of a membrane having selective

permeability, wherein the membrane typically separates two electrolytes. An ion-selective
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electrode as used herein typically comprises a sensing part, which preferably comprises a
membrane having selective permeability and a reference electrode. The membrane is
typically an ion-selective membrane, which is characterized by different permeabilities for
different types of ions. Preferably, the at least one ion-selective electrode of the bioreactor
comprises a membrane selected from the group consisting of a glass membrane, a solid

state membrane, a liquid based membrane, and a compound membrane.

In preferred embodiments, the bioreactor as described herein comprises at least one ion-
selective electrode, wherein the at least one ion-selective electrode comprises or consists of
a system comprising a membrane, preferably a membrane as described herein, more
preferably an electrochemical membrane, having different permeabilities for different
types of ions, wherein the membrane, preferably a membrane as described herein, more
preferably an electrochemical membrane, preferably separates two electrolytes. In one
embodiment, the membrane comprises or consists of a layer of a solid electrolyte or an
electrolyte solution in a solvent immiscible with water. The membrane is preferably in
contact with an electrolyte solution on one or both sides. In a preferred embodiment, the
ion-selective electrode comprises an internal reference electrode. Such internal reference
electrode may be replaced in some embodiments, for example by a metal contact or by an

insulator and a semiconductor layer.

An ion-selective electrode permits highly sensitive, rapid, exact and non-destructive
measurement of ion activities or ion concentrations in different media. Apart from direct
measurements of ion activities or ion concentrations they can serve, in particular by using a
calibration curve, for continuous monitoring of concentration changes, as elements for
control of dosage of agents or as very accurate indicator electrodes in potentiometric

titrations.

In preferred embodiments, the bioreactor comprises at least one ion-selective electrode,
preferably as described herein, for measuring the concentration of one or more types of
ions in at least one compartment of the bioreactor. For example, the at least one ion-
selective electrode may be used to measure the concentration of one or more types of ions

in a reaction module, a control module or a reflux module of the bioreactor. Preferably, the
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at least one ion-selective electrode is used for measuring the concentration of one or more
types of ions in the reaction module, more preferably in the reaction core or in the filtration
compartment. Furthermore, the at least one ion-selective electrode may be comprised in a
sensor unit of the bioreactor, preferably as defined herein. The ion-selective electrode may
be located in the bioreactor itself, on the bioreactor or outside of the bioreactor (e.g.
connected to the bioreactor by a bypass). In the context of the present invention, the phrase
‘the bioreactor comprises at least one ion-selective electrode’ may thus refer to a situation,
where the at least one ion-selective electrode is a part of the bioreactor, or to a situation,
where the at least one ion-selective electrode is a separate physical entity with respect to

the bioreactor, but which is used in connection with the bioreactor.

According to some embodiments, the bioreactor comprises at least one ion-selective
electrode, preferably as described herein, for measuring the concentration of one or more
types of ions in a liquid comprised in at least one compartment of the bioreactor, wherein
the ion is preferably selected from the group consisting of H', Na*, K¥, Mg**, Ca**, Cl" and
PO.*.

According to some embodiments, the bioreactor comprises at least one ion-selective
electrode, preferably as described herein, which is connected to a potentiometer, preferably
a multi-channel potentiometer (for instance, a CITSens Ion Potentiometer 6-channel, high-

resolution; C-CIT Sensors AG, Switzerland).

In a preferred embodiment, the bioreactor comprises at least one ion-selective electrode,
wherein the at least one ion-selective electrode is preferably a tube electrode, more
preferably selected from the group consisting of a Mg*" selective tube electrode, a Na*
selective tube electrode, a Cl selective tube electrode, a PO4* selective tube electrode, a
pH-selective tube electrode and a Ca®" selective tube electrode, preferably used in
connection with a potentiometer. Even more preferably, the bioreactor comprises at least
one ion-selective electrode, wherein the at least one ion-selective electrode is preferably
selected from the group consisting of a CITSens Ion Mg”* selective mini-tube electrode, a
CITSens Ion Na' selective mini-tube electrode, a CITSens Ion Cl° selective mini-tube

electrode, a CITSens Ion PO, selective mini-tube electrode, a CITSens Ion pH-selective
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mini-tube electrode and a CITSens Ion Ca®" selective mini-tube electrode (all from C-CIT
Sensors AG, Switzerland), preferably in connection with a potentiometer, more preferably
with a multi-channel ptentiometer, such as a CITSens Ion Potentiometer 6-channel, high-

resolution (C-CIT Sensors AG, Switzerland).

Ion-selective electrodes have numerous advantages for practical use. For example, they do
not affect the tested solution, thus allowing non-destructive measurements. Furthermore,
ion-selective electrodes are mobile, suitable for direct determinations as well as titration
sensors, and cost effective. The major advantage of the use of an ion-selective electrode in
a bioreactor (e.g. a transcription reactor) is the possibility to measure in situ without

sample collection and in a non-destructive manner.

According to a preferred embodiment of the present invention, the bioreactor, or more
precisely the control module of the bioreactor comprises a sensor unit for the analysis of
critical process parameters, such as pH-value, conductivity and nucleotide concentration in
the sequence-optimized reaction mix. Preferably, the sensor unit of the bioreactor
comprises a sensor, such as an UV flow cell for UV 260/280nm, for the real-time
measurement of the nucleotide concentration during the in vitro transcription reaction.
Preferably, the sensor of the sensor unit measures the nucleotide concentration, as a

process parameter, by photometric analysis.

According to a preferred embodiment of the present invention, the bioreactor comprises a
control module. Data collection and analyses by the control module allows the control of
the integrated pump system (actuator) for repeated feeds of components of the sequence-
optimized NTP mix or components of the sequence-optimized reaction mix, €.g. buffer
components, RNA polymerase or nucleotides. Tight controlling and regulation allows to
perform the in vitro transcription reaction under an optimal steady-state condition resulting
in high product yield. Preferably the control module controls the addition of the sequence-
optimized ribonucleoside triphosphate (NTP) mix to the sequence-optimized reaction mix,
preferably wherein said bioreactor comprises an actuator for addition of the sequence-
optimized ribonucleoside triphosphate (NTP) mix to the sequence-optimized reaction mix.

Further, the actuator can also add other reaction components of the sequence-optimized
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reaction mix, such as a buffer components, or Mg™, to the in vitro transcription reaction
mix. According to a further preferred embodiment of the present invention, the bioreactor
operates in a semi-batch mode or in a continuous mode. The term semi-batch as used
herein refers to the operation of the in vitro transcription reaction as a repetitive series of
transcription reactions. For example, the reaction is allowed to proceed for a finite time at
which point the product is removed, new reactants added, and the complete reaction
repeated. The term continuous-flow as used herein refers to a reaction that is carried out
continually in a bioreactor core with supplemental reactants constantly added through an
input feed line and products constantly removed through an exit port. A continuous-flow
reactor controls reagent delivery and product removal through controlled device flow rates,

which is advantageous for reactions with reagent limitations and inhibitory products.

In another aspect, the present invention relates to an RNA molecule obtainable by the
inventive method as disclosed herein. Preferably, the RNA obtained by the inventive
method is characterized by a reduced immunostimulatory activity in comparison to RNA
obtained by prior art methods, in particular as compared to RNA obtained by an in vitro
transcription method, wherein the NTP mix is not optimized with respect to the transcript

sequence, such as a method using a standard equimolar NTP mix.

In a further aspect, the present invention also relates to the use of a sequence-optimized
ribonucleoside triphosphate (NTP) mix optimized for an RNA molecule of a given
sequence for the synthesis of said RNA molecule. All definitions and specific
embodiments relating to the sequence-optimized ribonucleoside triphosphate (NTP) mix
made above with respect to the method of the invention also apply to said use of the

invention.

Especially, according to a preferred embodiment of the invention, the sequence-optimized

NTP mix has been optimized by a method comprising the steps of:

a) determining the fraction (1) of each of the four nucleotides G, A, C and U in
said RNA molecule, and
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b) preparing the sequence-optimized ribonucleoside triphosphate (NTP) mix
comprising the four ribonucleoside triphosphates (NTPs)GTP, ATP, CTP
and UTP, wherein the fraction (2) of each of the four ribonucleoside
triphosphates in the sequence-optimized ribonucleoside triphosphate (NTP)
mix corresponds to the fraction (1) of the respective nucleotide in said RNA

molecule.

In a further aspect, the present invention also relates to a sequence-optimized
ribonucleoside triphosphate (NTP) mix for the synthesis of an RNA molecule of a given
sequence comprising the four nucleoside triphosphates GTP, ATP, CTP and UTP, wherein
the fraction (2) of each of the four nucleoside triphosphates in the sequence-optimized
ribonucleoside triphosphate (NTP) mix corresponds to the fraction (1) of the respective

nucleotide in said RNA molecule.

In a further aspect, the present invention also relates to a kit comprising a sequence-
optimized ribonucleoside triphosphate (NTP) mix optimized for an RNA molecule of a
given sequence as defined above. The sequence-optimized NTP mix can be provided in
one tube containing all four types of NTPs (GTP, ATP, CTP and UTP) or each NTP in a
separate tube. All definitions or specific embodiments made above with respect to the

method of the invention also apply to said kit of the invention.

BRIEF DESCRIPTION OF THE FIGURES

The figures shown in the following are merely illustrative and shall describe the present
invention in a further way. These figures shall not be construed to limit the present

invention thereto.

Figure 1: G/C optimized mRNA sequence of R1871 coding for Homo sapiens prostate
stem cell antigen (HsPSCA), which corresponds to SEQ ID NO: 1.

Figure 2: G/C optimized mRNA sequence of R2988 coding for Photinus pyralis
luciferase (PpLuc), which corresponds to SEQ ID NO: 2.
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G/C optimized mRNA sequence of R1626 coding for Homo sapiens Mucin-1
signal peptide/epidermal growth factor receptor/Mucin-1 fusion protein

(EGFR/Mucin-1), which corresponds to SEQ ID NO: 3.

Non-coding immunostimulatory RNA sequence of R2025, which corresponds

to SEQ ID NO: 4.

RNA yields over time for mRNA encoding HsPSCA (R1871) and
EGFR/Mucin-1 (R1626). mRNAs were synthesized by in vitro transcription as
shown in Example 1.

(A) The RNA yield of standard transcription reactions reaches after about 30
minutes a plateau of approx. 1.4 mg/ml RNA for the 5337 nucleotide long
RNA encoding EGFR/Mucin-1 (R1626) and of approx. 1.8 mg/ml RNA for
the 589 nucleotide long RNA encoding HsPSCA (R1871).

(B) The RNA vyield of sequence-optimized transcription reactions is
significantly higher compared to standard transcription reactions. After 60
minutes (R1626) and 120 minutes (R1871) both RNAs reach a similar plateau
of approximately 3.9 mg/ml RNA. Mean and standard deviation of triplicates

are shown.

Comparison of RNA yields obtained from using standard and sequence-
optimized nucleotide (CapNTP) mixes for mRNA encoding HsPSCA
(R1871), Luciferase (PpLuc, R2988) and EGFR/Mucin-1 (R1626). The
experiment was performed as described in Example 1 (reaction time 5 hours).
The RNA yields for the three different RNA molecules of different lengths are
roughly the same for each type of transcription reaction. However, different
yields are obtained depending on the nucleotide mix used for the in vitro
transcription.

Standard transcription (equal NTP concentration for each NTP) yields about
1.5 mg/ml RNA, transcription with a twofold concentrated Cap-NTP mix
(2xCapNTP) about 3.0 mg/ml RNA, sequence-optimized (seq-opt)
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transcription about 3.9 mg/ml RNA and sequence-optimized transcription with
NTP feed about 6.75 mg/ml RNA. Mean and standard deviation of triplicates

are shown.

Analysis of capping efficiency achieved by standard and sequence-optimized
in vitro transcription of Photinus pyralis Luciferase (PpLuc) mRNA.

RNAs were cleaved with the hammerhead ribozyme HHNUH2d as described
in example 2 and the resulting RNA fragments were separated by denaturing
polyacrylamide gel electrophoresis (dPAGE). Non-capped (no cap) and
enzymatically capped (E-cap) RNAs served as controls.

Comparable capping efficiencies were achieved when using standard and
sequence-optimized NTP mixes for the synthesis of mRNAs encoding

Photinus pyralis Luciferase (PpLuc).

Comparison of RNA yields using UTP and pseudo-UTP in sequence-
optimized CapNTP mixes for Mucin-1 signal peptide/epidermal growth factor
receptor/Mucin-1 fusion protein (EGFR/Mucin-1) mRNA (R1626) and
prostate stem cell antigen (HsPSCA) mRNA (R1871). The experiments were
performed as described in Example 3. In the mixes UTP was replaced with
0%, 10%, or 100% pseudo-UTP (psU) as indicated. The mean and standard

deviation of triplicates are shown.

Comparison of theoretical and actual RNA yields for the noncoding
immunostimulatory RNA R2025 using standard (equal) and sequence-
optimized (seqopt) NTP mixes in the presence of additional nucleotides (13.45
mM total NTP concentration; 13.45 mM cap or GTP for equal mixes (4-fold
excess over GTP); 11.2 mM cap or GTP for sequence-optimized NTP mixes
(4-fold excess over GTP)). White bars: actual yields. Black bars: theoretical
yields. The experiments were performed as described in Example 4. Mean and

standard deviation of triplicates are shown.
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Comparison of theoretical and actual RNA yields for the mRNA encoding
Homo sapiens prostate stem cell antigen (HsPSCA) (R1871) using standard
(equal) and sequence-optimized NTP ratios in the presence of additional
nucleotides (13.45 mM total NTP concentration; 13.45 mM cap or GTP for
equal mixes (4-fold excess over GTP); 13.7 mM cap or GTP for sequence-
optimized NTP mixes (4-fold excess over GTP)). White bars: actual yields.
Black bars: theoretical yields. The experiments were performed as described

in Example 4.

Transcription efficiencies using sequence-optimized NTP mixes of Na-NTPs
or Tris-NTPs, in the presence of respective added salts (NaCl; Tris/HCI,

pH7.5). The experiment was performed as described in Example 5.

Monitoring of the progress of the sequence-optimized transcription reaction by
measuring the amount of produced RNA and the consumption of nucleotide

mix. The experiment was performed as described in Example 6.

RNA yields for mRNA encoding Photinus pyralis luciferase (PpLuc) (R2988)
depending on cap concentration. The mRNA was synthesized by in vitro
transcription using total NTP concentrations of 4 mM and 13.45 mM of the
PpLuc sequence-optimized NTP mix in the presence of varying concentrations
of cap analog. The experiment was performed as described in Example 7. (A)

Actual RNA [mg/ml]. (B) Relative RNA yield [%].

RNA yields for mRNA encoding Homo sapiens prostate stem cell antigen
(HsPSCA) (R1871) depending on cap concentration. The mRNA was

~ synthesized by in vitro transcription using total NTP concentrations of 2 mM,

4 mM and 13.45 mM of the HsPSCA sequence-optimized NTP mix in the
presence of varying concentrations of cap analog. The experiment was
performed as described in Example 7. (A) Actual RNA yield [mg/ml]. (B)
Relative RNA yield [%].
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RNA yields for mRNA encoding Homo sapiens prostate stem cell antigen
(HsPSCA) (R1871) depending on GTP start nucleotide concentration. The
mRNA was synthesized by in vitro transcription using total NTP
concentrations of 13.45 mM of the HsPSCA sequence-optimized NTP mix to
which GTP start nucleotide was added up to a concentration of 20 mM. The
experiment was performed as described in Example 8. (A) Actual RNA yield
[mg/ml]. (B) Relative RNA yield [%].

RNA yields for mRNA encoding Photinus pyralis luciferase (PpLuc) (R2988)
depending on GTP start nucleotide concentration. The mRNA was synthesized
by in vitro transcription using total NTP concentrations of 13.45 mM of the
PpLuc sequence-optimized NTP mix to which GTP start nucleotide was added
up to a concentration of 20 mM. The experiment was performed as described

in Example 8. (A) Actual RNA yield [mg/ml]. (B) Relative RNA yield [%].

RNA yields for mRNA encoding EGFR/Mucin-1 (R1626) depending on GTP
start nucleotide concentration. The mRNA was synthesized by in vitro
transcription using total NTP concentrations of 13.45 mM of the
EGFR/Mucin-1 sequence-optimized NTP mix to which GTP start nucleotide
was added up to a concentration of 20 mM. The experiment was performed as
described in Example 8. (A) Actual RNA yield [mg/ml]. (B) Relative RNA
yield [%].

Bioreactor in a schematic illustration, including modules for continuous or
semi-batch process, with resin-immobilized linear DNA as template for the

transcription reaction.

Reduced immunostimulation by RNA synthesized with a sequence-optimized
NTP mix compared to a standard equimolar NTP mix. Cytokine and

chemokine levels in cell supernatants were measured as described in Example

10.
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G/C optimized mRNA sequence encoding HA from Influenza A HINI
(Netherlands 2009), which corresponds to SEQ ID NO: 6 (Example 11).

RNA yields over time for mRNA encoding HA (Example 11). The RNA yield
at different time points is shown for RNA obtained by in vitro transcription in
a bioreactor using a standard NTP mix (TS(1)), by sequence-optimized
transcription in a bioreactor without feed (TS(2)), by sequence-optimized
transcription in a bioreactor with feed (TS(3)), or by sequence-optimized
transcription in a bioreactor with reduced T7 RNA polymerase concentration

and reduced template concentration (TS(4)), respectively.

Surface expression of the HA protein as determined by using flow cytometric
analysis (Example 11). The geometric mean of fluorescence intensity (GMFT)
was determined for cells transfected with RNA obtained by in vitro
transcription in a bioreactor using a standard NTP mix (TS(1)), by sequence-
optimized transcription in a bioreactor without feed (TS(2)), by sequence-
optimized transcription in a bioreactor with feed (TS(3)), or by sequence-
optimized transcription in a bioreactor with reduced T7 RNA polymerase

concentration and reduced template concentration (TS(4)), respectively.

Immunostimulation by RNA synthesized by in vitro transcription in a
bioreactor using a standard NTP mix (TS(1)), by sequence-optimized
transcription in a bioreactor without feed (TS(2)), by sequence-optimized
transcription in a bioreactor with feed (TS(3)), or by sequence-optimized
transcription in a bioreactor with reduced T7 RNA polymerase concentration
and reduced template concentration (TS(4)), respectively. Cytokine and
chemokine levels in cell supernatants were measured as described in

Example 11.
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EXAMPLES

The examples shown in the following are merely illustrative and shall describe the present
invention in a further way. These examples shall not be construed to limit the present
invention thereto.

Example 1: Preparation of the mRNA

1. Preparation of DNA and mRNA constructs

For the present example DNA sequences encoding Homo sapiens prostate stem cell
antigen (HsPSCA) mRNA (R1871), Photinus pyralis Luciferase (PpLuc) mRNA (R2988)
and Mucin-1 signal peptide/epidermal growth factor receptor/Mucin-1 fusion protein
(EGFR/Mucin-1) (R1626) were prepared and used for subsequent in vitro transcription

reactions.

According to a first preparation, a vector for in vitro transcription was constructed
containing a T7 promoter followed by a sequence coding for the above mentioned proteins.
The constructs were prepared by modifying the wild type coding sequence by introducing
a GC-optimized sequence for stabilization, followed by a stabilizing sequence derived
from the alpha-globin-3’-UTR (muag (mutated alpha-globin-3’-UTR)), a stretch of 64
adenosines (poly-A-sequence), a stretch of 30 cytosines (poly-C-sequence), and a histone

stem loop.

In addition, a vector for in vitro transcription was constructed containing a T7 promoter
followed by the sequence encoding an immunostimulatory RNA (R2025), which does not

encode a protein.

The RNA constructs and their nucleotide compositions are listed in Table 1 and Table 2,

respectively.
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Table 1: RNAs
Description Identifier Sequence SEQ ID No.
(R number)
HsPSCA R1871 Figure 1 1
mRNA
PpLuc mRNA R2988 Figure 2 2
EGFR/Mucin-1 mRNA | R1626 Figure 3 3
Non-coding RNA R2025 Figure 4 4
Table 2: Nucleotide composition of RNAs
RNA Length G C A U
(nt)

HsPSCA 589 150 205 154 80

(25.5%) (34.8%) (26.1%) (13.6%)
PpLuc 1870 571 604 428 267

(30.5%) (32.3%) (22.9%) (14.3%)
EGFR/ 5337 1630 1967 1086 654
Mucin-1 (30.5%) (36.9%) (20.3%) (12.3%)
Non-coding 547 114 111 112 210
RNA (20.8%) (20.2%) (20.5%) (38.4%)
2. In vitro transcription

The respective DNA plasmids prepared according to paragraph 1 were transcribed in vitro
using T7 polymerase. Subsequently the mRNA was purified using PureMessenger®

(CureVac, Tiibingen, Germany; WO2008/077592A1).

The standard transcription reaction volume was 20 pl. For subsequent HPLC purification

of mRNAs, e.g. for cap analysis, 1 ml reactions were set up.

Linearized DNA plasmid templates (50 pg/ml) were transcribed at 37°C for three hours (or
as indicated) in 80 mM HEPES/KOH, pH 7.5, 24 mM MgCl, 2 mM spermidine, 40 mM
DTT, 5 U/ml pyrophosphatase (Thermo Fisher Scientific), 200 U/ml Ribolock RNase
inhibitor (Thermo Fisher Scientific), 5000 U/ml T7 RNA polymerase (Thermo Fisher
Scientific). Ribonucleoside triphosphates (NTPs) were added according to sections 3 to 7



10

16

20

25

30

WO 2015/188933 PCT/EP2015/001164

- 50-

below, respectively. Following transcription, the DNA template was removed by DNasel

digestion (Roche) (100 U/ml, 1 mM CaCl,, 30 minutes at 37°C).

RNAs were precipitated in 2.86 M LiCl in a 3.45-fold reaction volume for 16 hours at —
20°C, followed by centrifugation (30 minutes, 16.000 g, 4°C). Pellets were washed in five
transcription reaction volumes of 75% ethanol (invert tubes, centrifuge 5 minutes, 16.000
g, 4°C), dried and re-dissolved in 2.5 transcription reaction volumes H2O.

RNA yields were determined via absorbance measurement at 260 nm using a NanoDrop®
Spectrophotometer. One absorbance unit at 260 nm corresponds to 40 ng/ul of RNA (1
A260 =40 ng/pl RNA).

To determine the number of incorporated nucleotides, the total amount of RNA produced
was converted to the number of molecules produced by dividing by the molecular mass.
Multiplying by the number of the respective nucleotide present in the sequence yielded the
incorporated nucleotides. To determine the remaining nucleotides (in %) at the end of the
transcription reaction, this number was divided by the number of nucleotides available,

according to:

Equation (1):

FBNA wisld = nuembsr of NTP in mRNA

NTP(remaining) [%] =[1— ] =100

[NTP (starty]ersaction volums
RNA yield indicates the number of molecules produced per reaction (nmol). The NTP
starting concentration [NTP (start)] is indicated in mM, the reaction volume in pl.

To calculate the remaining concentration of the respective nucleotides, NTPs available at
the beginning of the reaction were multiplied by the percentage of remaining NTPs at the

end of a transcription reaction (see above) according to:

Equation (2):

NTP(remaining)[mM] = NTP (start)[mM] = NTP (remaining }[%)]
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3. Standard in vitro transcription in the presence of cap analog

For the production of 5'-capped RNAs using cap analog, standard transcription was carried
out with 5.8 mM m7G(5 )ppp(5')G cap analog, 4 mM ATP, 4 mM CTP, 4 mM UTP, and
1.45 mM GTP (all Thermo Fisher Scientific) (see Table 3). The cap analog and GTP were

used at a ratio of 4:1.

Table 3: Nucleotide concentrations (mM) for standard in vitro transcription reactions

RNA CAP G C A U
HsPSCA 5.8 1.45 4 4 4
PpLuc 5.8 1.45 4 4 4
EGFR/ 5.8 1.45 4 4 4
Mucin-1

Table 4: Amount of nucleotides remaining at the end of standard transcription

reactions (after 2.5 hours, in percent of nucleotides at the start of the reaction)

RNA CAP G C A U
HsPSCA 99,86 17,35 59,05 69,24 84,02
PpLuc 99,96 16,39 67,94 77,28 85,83
EGFR/

Mucin-1 99,99 16,37 63,42 79,80 87,84

Table 5: Nucleotide concentrations (mM) remaining at the end of a standard in vitro

transcription reaction (after 2.5 hours)

RNA CAP G C A U
HsPSCA 5,79 0,25 2,36 2,77 3,36
PpLuc 5,80 0,24 2,72 3,09 3,43
EGFR/

Mucin-1 5,80 0,24 2,54 3,19 3,51

The typical yield of RNA transcripts in a standard transcription is about 1.5 mg/ml

reaction.
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4, In vitro transcription in the presence of cap analog using double concentrations of

cap analog and NTPs (2xCapNTP)

Cap analog and NTP concentrations were doubled compared to standard transcription
conditions, so that reactions were carried out in 11.6 mM m7G(5")ppp(5")G cap analog, 8
mM ATP, 8 mM CTP, 8 mM UTP, and 2.9 mM GTP (all Thermo Fisher Scientific) (see
Table 3). The cap analog and GTP were used at a ratio of 4:1.

Table 6: Nucleotide concentrations (mM) for 2xCapNTP in vitro transcription

reactions

RNA CAP G C A U

HsPSCA 11.6 2.9 8 8 8

PpLuc 11.6 2.9 8 8 8
- EGFR/ 11.6 2.9 8 8 8

Mucin-1

Table 7: Amount of nucleotides remaining at the end of 2xCapNTP transcription

reactions (after 2.5 hours, in percent of nucleotides at the start of the reaction)

RNA CAP G C A U
HsPSCA 99,87 23,45 62,08 71,51 85,20
PpLuc 99,96 17,93 68,53 77,70 86,09
EGFR/

Mucin-1 99,99 20,15 65,07 80,72 88,39

The typical yield of a transcription using double concentrations of cap analog and NTPs is

about 3 mg/ml reaction.

5. Sequence-optimized in vitro transcription in the presence of cap analog

For sequence-optimized in vitro transcription reactions the concentration of ribonucleoside
triphosphates (NTPs) was calculated for each individual sequence according to the
nucleotide composition of the sequence (Table 2) so that the total concentration of all for

NTPs was 13.45 mM as in standard transcription reactions. The concentration of the cap
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analog was four times higher than the calculated concentration for GTP so that a cap / GTP

ratio of 4:1 was obtained.

Table 8: Nucleotide concentrations (mM) for sequence-optimized in vifro

transcription

RNA CAP G C A U
HsPSCA 13.6 3.4 4.7 3.5 1.8
PpLuc 16.4 4.1 4.3 3.1 1.9
EGFR/ 16.4 4.1 5.0 2.7 1.7
Mucin-1

Table 9: Amount of nucleotides remaining at the end of sequence-optimized

transcription (after 2.5 hours, in percent of nucleotides at the start of the reaction)

RNA CAP G C A U
HsPSCA 99,86 14,83 14,71 14,57 14,83
PpLuc 99,96 14,62 14,72 14,76 14,85
EGFR/

Mucin-1 99,99 14,60 14,82 14,51 15,04

Table 10: Nucleotide concentrations (mM) remaining at the end of a sequence-

optimized in vitro transcription reaction (after 2.5 hours)

RNA CAP G C A U
HsPSCA 13,58 0,51 0,69 0,51 0,27
PpLuc 16,39 0,60 0,64 0,45 0,29
EGFR/

Mucin-1 16,40 0,60 0,74 0,40 0,25

The typical RNA yield of a transcription using sequence-optimized cap analog and NTPs is

about 3.9 mg/ml reaction.
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6. Sequence-optimized in vitro transcription in the presence of cap analog with NTP

feed

For sequence-optimized in vitro transcription reactions the concentration of ribonucleoside
triphosphates (NTPs) was calculated for each individual sequence according to the
nucleotide composition of the sequence (Table 2) so that the total concentration of all for
NTPs was 13.45 mM as in standard transcriptions. The concentration of the cap analog was
four times higher than the calculated concentration for GTP so that a cap / GTP ratio of 4:1
was obtained (see Table 7).

For the NTP feed, 13.45 mM NTPs without cap analog were added (in a volume of 2.69
ul) to the reaction mix after 2.5 hours. As at this time point >99% of cap analog was still

present in the transcription reaction, the 4:1 Cap/GTP ratio could be retained.

Table 11: Amount of nucleotides remaining at the end of sequence-optimized

transcription with NTP feed (after Sh, in percent of nucleotides at the start of the

reaction)

RNA CAP G C A U
HsPSCA 99,75 26,3 26,2 26,1 26,3
PpLuc 99,94 26,1 26,2 26,2 26,3
EGFR/

Mucin-1 99,98 26,1 26,3 26,0 26,5

The typical RNA yield of a transcription using sequence-optimized cap analog and NTPs
followed by NTP feed is around 6.75 mg/ml reaction.

7. Standard in vitro transcription of non-capped RNAs

For the production of non-capped, 5' triphosphate RNAs, transcription was carried out in
the presence of 4 mM of each ATP, GTP, CTP and UTP (all Thermo Fisher Scientific).

Non-capped RNAs were used as control in the capping analysis assay (Figure 7).
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8. Enzymatic capping of mRNA

Enyzmatic capping was performed using the ScriptCap™ m’G Capping System
(Cellscript, Madison, WI, USA) according to the manufacturer's instructions. In brief, per
reaction, 60 ug of non-capped RNAs were heat-denatured (10 minutes, 65°C) in a volume
of 68.5 ul and immediately cooled on ice (5 minutes). Following addition of reaction
components (1x ScriptCap Capping buffer, 1 mM GTP, 0.1 mM SAM, 1000 U/ml
ScripGuard RNase Inhibitor, 400 U/ml ScriptCap Capping Enzyme) to a final volume of
100 pl, reactions were incubated for 1 hour at 37°C. RNAs were precipitated in 2.86 M
LiCl in a 3.45-fold reaction volume for 16 hours at —20°C, followed by centrifugation (30
minutes, 16.000 g, 4°C). Pellets were washed in 0.5 reaction volumes 75% ethanol (invert,
centrifuge 5 minutes, 16000 g, 4°C), dried and re-dissolved in H>O. Enzymatically capped

RNAs were used as control in the capping analysis assay (Figure 7).

9. Results
The RNA yield of standard and sequence-optimized in vitro transcription reactions was

determined at defined time points for up to two hours as described above (paragraph 2).

As can be seen from Figure 5A, after about 30 minutes the RNA yield of standard
transcription reactions reaches a plateau of about 1.4 mg/ml for the 5337 nucleotide long
RNA encoding EGFR/Mucin-1 (R1626) and of about 1.8 mg/ml for the 589 nucleotide
long RNA encoding HsPSCA (R1871).

As can be seen from Figure 5B, the RNA vyield of sequence-optimized transcription
reactions is significantly higher compared to standard transcription reactions. After 60
minutes (R1626) and 120 minutes (R1626), respectively, both RNAs reach a similar

plateau of approximately 3.9 mg/ml.

As can be seen from Figure 6, the RNA yields for the three different RNA molecules of
different length are roughly the same for each type of transcription reaction after five
hours.

Standard transcription (equal NTP concentration) yields about 1.5 mg/ml RNA,
transcription with a twofold concentrated Cap-NTP mix (2xCapNTP) about 3.0 mg/ml
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RNA, sequence-optimized transcription about 3.9 mg/ml RNA and sequence-optimized
transcription with NTP feed about 6.75 mg/ml RNA.

Thus, the sequence-optimized transcription reaction results in an about threefold increase
in RNA yield compared to standard transcription reactions. This yield can be further

increased by about twofold by supplementing the reaction with NTP (NTP feed).

Example 2: CAP analysis assay

l. Principle of the assay

The hammerhead ribozyme HHNUH2d (5°-
GCAUGGCUGAUGAGGCCUCGACCGAUAGGUCGAGGCCGAAAAGCUUUCUCC
C-3") (SEQ ID NO: 5) was incubated with the in vitro transcribed RNAs of example 1 and

the cleavage products were separated by denaturing polyacrylamide-gel-electrophoresis

(dPAGE).

2. Ribozyme cleavage reaction

Per reaction, 10 pmol of HHNUH2d and 10 pmol of the respective generation 4 RNA were
annealed in 0.625 mM EDTA in a total volume of 6 pl (2 minutes at 95°C, 0.1°C/seconds
to 25°C, 10 minutes at 25°C). After addition of 4 pl of 100 mM MgCl,, 125 mM Tris/HCI,
pH 7.5 (final concentration 40 mM MgClz, 50 mM Tris/HCI), the reaction was incubated at
25°C for one hour. For analysis via PAGE, the 1x reaction was stopped with 30 pul 95%
formamide, 20 mM EDTA.

3. Gel separation, quantification of cleavage products and calculation of capping

degree

Stopped reactions were heat-denatured (heated to 80°C for 2 minutes, immediately put on
ice for 5 minutes) and separated on a 10 cm x 8 cm x 1.0 mm 20% denaturing
polyacrylamide gel (8 M wurea (AppliChem), 20% acrylamid:bisacrylamid 19:1
(AppliChem), 1x TBE, 1% APS (AppliChem), 0.1% TEMED (AppliChem); 180 V, 2
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hours, Mini-PROTEAN® Tetra Cell (BioRad)). Gels were stained for 10 minutes in
1:10,000 SYBR Gold (Invitrogen) in TBE and documented on a E-BOX VX2 gel
documentation system with 312 nm-UV Transilluminator (Peqlab) (excitation maximum
for SYBR Gold: ~300 nm, emission: ~537 nm).

To determine the capped proportion in the mRNA preparations, bands of the respective 13-
mer (derived from the non-capped fraction) or 14-mer (derived from the capped fraction)
cleavage products were quantified using Quantity One 1-D Analysis Software (BioRad).

The degrees of capped and non-capped RNA, respectively, were calculated according to:

Equation (4):
signal intensity l4mer

d RNA (%) = 100
cappe (%) 2 signal intensities (13mer + 14mer) *

Equation (5):

signal intensity 13mer
non — capped RNA (%) = - - — - %100
¥ signal intensities (13mer + 14mer)

4. Results
As can be seen in Figure 7, comparable capping efficiencies were achieved for standard

and sequence-optimized NTP mixes for Photinus pyralis Luciferase (PpLuc) mRNA.

Example 3: Comparison of RNA yields using UTP and pseudo-UTP in sequence-

optimized nucleotide mixes

In vitro transcription reactions can be performed by replacing one or more of the four
nucleotides ATP, GTP, CTP and UTP by nucleotide analogs. Examples of such modified
NTPs are pseudouridine (psU or ¥) triphosphate and 5-methylcytidine (SmC) triphosphate.
The percentage of the modified nucleotide in the mix can be varied from 0% to 100% of

the natural nucleotide that it replaces.
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To test whether it is possible to use modified nucleotides such as pseudouridine (psU)
triphosphate in sequence-optimized nucleotide mixes, UTP was replaced by 10%, and

100% pseudouridine triphosphate. In a control reaction, 100% UTP was used.

Sequence-optimized in vitro transcription in the presence of cap analog

For sequence-optimized in vitro transcription reactions the concentration of ribonucleoside
triphosphates (NTPs) was calculated for each individual sequence according to the
nucleotide composition of the sequence (Table 2) so that the total concentration of all for
NTPs was 13.45 mM as in standard transcription reactions . The concentration of the cap
analog was four times higher than the calculated concentration for GTP so that a CAP /

GTP ratio of 4:1 was obtained.

Results

As can be seen from Figure 8, using UTP and pseudo-UTP in sequence-optimized
nucleotide mixes with cap analog (CapNTP mixes) results in comparable RNA yields
independent of the pseudo-UTP percentage in the sequence-optimized nucleotide mix. This
was demonstrated for two different mRNAs encoding Mucin-1 signal peptide/epidermal
growth factor receptor/Mucin-1 fusion protein (EGFR/Mucin-1) (R1626) and prostate stem
cell antigen (HsPSCA) mRNA (R1871), respectively. |

Example 4: Comparison of theoretical and actual RNA yields using standard and
sequence-optimized nucleotide mixes

Transcription reactions were assembled as described in Example 1, Section 2. The NTPs
were either equally distributed (equimolar) or distributed according to the sequence of the
produced RNA as described in Example 1, Section 5. For some reactions, an additional

nucleotide (GTP or cap analog) was added at a ratio of 4:1 over GTP.

Results
As can be seen from Figure 9, the actual RNA yield for R2025 can be increased for

sequence-optimized NTP mixes compared to standard NTP mixes (equal NTP mix).
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As can be seen from Figure 10, the actual RNA yield for the mRNA encoding Homo
sapiens prostate stem cell antigen (HsPSCA; R1871) can be increased for sequence-

optimized NTP mixes compared to standard NTP mixes (equal NTP mix).

Example 5: Influence of NTP counter ions on RNA yields

The impact of NTP counter ions on RNA yield was investigated using mRNA encoding
Homo sapiens Mucin-1 signal peptide/epidermal growth factor receptor/Mucin-1 fusion
protein (EGFR/Mucin-1, R1626) as example. Transcription reactions were assembled as
described in Example 1, Section 2, using sequence-optimized NTP ratios and a total NTP
concentration of 13.45 mM. NTPs contained either Na* or Tris™ (both Thermo Scientific)
as counter ions. In addition, Na-NTP reactions were supplemented with different
concentrations of NaCl, Tris-NTP reactions with Tris/HCI. After 2.5 hours of reaction
time, the RNAs were purified and their concentration was determined as described in

Example 1, Section 2.

Results

As can be seen from Figure 11, the RNA yield for Homo sapiens Mucin-1 signal
peptide/epidermal growth factor receptor/Mucin-1 fusion protein (EGFR/Mucin-1, R1626)
using a sequence-optimized NTP mix remained roughly the same up to a concentration of
150 mM Tris-HCI. By contrast, the RNA yield started to decline at NaCl concentrations
above 75 mM.

The negative impact of high NaCl concentrations on RNA yields has been described (e.g.
Kern et al., 1997. Biotechnol. Prog., 13, 747-756; US 6,586,218 B2). High concentrations
of Na-NTPs, especially as consequence when pursuing a NTP feeding strategy, could
therefore result in decreased RNA yields. This limitation should be circumvented with
Tris-NTPs, because the polymerase activity is not affected by high Tris/HCI

concentrations.
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Example 6: Monitoring of the progress of the transcription reaction

Larger-scale transcription reactions (350 pl) of Homo sapiens prostate stem cell antigen
(HsPSCA; R1871) were assembled as described in Example 1 Section 2, using sequence-
optimized NTP ratios and a total NTP concentration of 13.45 mM Tris-NTPs. Cap analog
was present in a 4:1 excess over GTP. At defined time points (15 /30 / 60 / 90 / 120
minutes after reaction start), a 20 ul sample was taken, the RNA purified and its
absorbance at 260 nm determined as described in Example 1, Section 2. A second sample
of 40 ul was taken at the same time point and was filtered through a Microcon YM10
device (Merck Millipore, Darmstadt, Germany) (16000*g, 5 minutes, 17°C). The
absorbance of the flow-through at 260 nm, corresponding to unincorporated cap analog
and NTPs, was determined using a NanoDrop® Spectrophotometer according to the
instructions of the manufacturer (T009-Technical Bulletin NanoDrop 1000 % 8000;
Thermo Fisher Scientific, Wilmington, Delaware, USA).

Results

As can be seen from Figure 12, the use of a sequence-optimized ribonucleotide mix allows
measuring the progress of the in vitro transcription reaction by determining the remaining
total nucleotide concentration at defined time points. The decrease in total NTP

concentration directly correlates with the amount of synthesized RNA.

Thus, the progress of the transcription reaction can be accurately determined as a function
of measured total NTP concentration at a given time point and calculating the moles of
NTPs consumed. Based on this information it becomes possible to calculate the amount of

synthesized RNA.

This procedure is especially useful to continually monitor the progress of a transcription
reaction, for example in a transcription reactor. This would not be possible when a standard
NTP mix is used because the consumption of NTPs would not as easily reflect the amount

of synthesized RNA.
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Example 7: RNA yields for sequence-optimized nucleotide mixes as a function of Cap

concentration

Transcription reactions were assembled as described in Example 1, section 2, and were
carried out at total NTP concentrations of 2 mM, 4 mM, and 13.45 mM NTPs as indicated
in Figures 14 and 15. The NTPs were distributed according to the sequence of the
produced RNA as described in Example 1, section 5 (sequence-optimized ribonucleotide
mix for PpLuc and HsPSCA). The reactions were performed at various concentrations (0,
0.25, 2.0, 10, 16 and 20 mM) of the CAP analog (m7G(5")ppp(5)G) as indicated in
Figures 14 and 15.

Results

As can be seen from Figure 13A, the actual RNA yield for PpLuc mRNA increases with
higher cap analog concentrations. The actual RNA yield is higher for the total NTP
concentration of 13.45 mM compared to 4 mM. Figure 13B shows that the relative RNA
yield for PpLuc mRNA increases up to a cap analog concentration of approximately 16
mM. The increase in relative RNA yield is stronger for the low NTP concentration (4 mM)

than for the high NTP concentration (13.45 mM).

As can be seen from Figure 14A, the actual RNA yield for HSPSCA mRNA increases with
higher Cap analog concentrations. The actual RNA yield is higher for the total NTP
concentration of 13.45 mM compared to 4 mM and 2 mM. Figure 14B shows that the
relative RNA yield for HsSPSCA mRNA increases up to a cap analog concentration of
approximately 16 mM. The strongest increase of the relative RNA yield is observed for the

lowest NTP concentration tested (2 mM).

These results demonstrate that the use of a sequence-optimized ribonucleotide mix leads to
an increased efficiency of capped RNA synthesis even at low initial total nucleotide
concentrations (e.g. at 2mM). By contrast, it has previous been suggested that for an
increased RNA yield high concentrations of total nucleotides, in the order of 12 mM to 40
mM, are necessary (US6586218).
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Comparison of PpLuc mRNA (1870 nucleotides) and HsPSCA mRNA (589 nucleotides)
shows that the relative RNA yields are independent of the RNA lengths for a defined total

NTP concentration.

Example 8: RNA yields for sequence-optimized nucleotide mixes as a function of GTP

start nucleotide concentration

Transcription reactions were assembled as described in Example 1, section 2, and were
carried out at a total NTP concentration of the sequence-optimized nucleotide mix of 13.45
mM for P625, P1040 and P532.

The NTPs were distributed according to the sequence of the produced RNA as described in
Example 1, section 5 (sequence-optimized ribonucleotide mix for PpLuc, HsPSCA and
EGFR/Mucin-1). The reactions were performed by adding defined concentrations (0, 0.25,
2.0, 10, 16 and 20 mM ) of GTP start nucleotide to the sequence-optimized NTP mix as
indicated in Figures 16 to 18.

Results
As can be seen from Figure 15A and 15B, the actual and relative RNA yield for HsSPSCA
mRNA increases up to a GTP start nucleotide concentration of approximately 10 mM and

declines at higher GTP concentrations.

As can be seen from Figure 16A and 16B, the actual and relative RNA yield for PpLuc
mRNA slightly increases up to a GTP start nucleotide concentration of approximately 10

mM and then declines at higher GTP concentrations.

As can be seen from Figure 17A and 17B, the actual and relative RNA yield for
EGFR/Mucin- mRNA increases up to a GTP start nucleotide concentration of

approximately 10 mM and declines at higher GTP concentrations.
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These results demonstrate that the use of a sequence-optimized ribonucleotide mix and an
additional amount of the start nucleotide GTP leads to an increased efficiency of RNA

synthesis up to a GTP start nucleotide concentration of approximately 10 mM.

Example 9: Bioreactor

Figure 18 shows a preferred embodiment of a bioreactor 1 in accordance with the present
invention in a schematic illustration. From Figure 18, the modular structure of the
bioreactor 1 becomes evident. Here, the bioreactor 1 consists of several bioreactor modules
2, 3, 4, 5. Reaction module 1 is a reaction vessel used for a continuous or semi-batch
process for synthesizing RNA molecules of a given sequence. The reaction module 2
contains resin-immobilized DNA used as a template for the RNA transcription reaction.
Here, the immobilization of the DNA allows a repeated usage of the template and reduces
the contamination of the desired RNA product by any kind of residual DNA. In addition,
the immobilization of the DNA template supersedes the use of the enzyme DNAse for
terminal DNA digestion. After transcription, the produced RNA molecules can be released
batch by batch or continuously into the capture module 3. The capture module 3 contains a
resin/solid phase to capture the RNA molecules and to separate the RNA from other
soluble components of the transcription reaction. Thereafter, the RNA molecules can be
dispensed from the bioreactor 1 by means of an exit line or the like (not shown) to a
receiving unit or the like, in which further RNA elution and purification can be carried out.
A washing fluid and/or elution buffer can be provided to the capture module 3 by means of
a respective wash and buffer tank 31 connected to the transfer area between reaction

module 2 and capture module 3.

In order to be able to monitor and control the transcription process in the reaction module
2, an ultrafiltration membrane 21 for separation of high molecular weight components,
such as proteins and polynucleotides, from low molecular weight components, such as
nucleotides, is provided in the reaction module 2. The membrane separates a reaction core
22, in which the RNA transcription reaction is carried out, from a filtration compartment

23, in which the filtered reaction mix is received. Based on the nucleotide concentration in
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the filtrated reaction mix in filtration compartment 23 of the reaction module 2, used as
critical process parameter, the feed of nucleotides, buffer components and/or enzymes into
reaction module 2 from a feed tank 24 can be controlled and regulated by means of a feed
pump 43, which allows performing the RNA transcription reaction in an optimal steady-
state condition yielding high transcriptional performance. As a measuring means, a Sensor
unit 41 is provided for measuring reaction parameters in the reaction mix. Here, the sensor
unit 41 at least comprises a sensor for photometric analysis, such as an UV flow cell for
UV 260/280nm, in the filtrated fluid containing the low molecular weight components,
which filtrated fluid is extracted from the filtration compartment 23, circulated by a
recirculation pump 25 and returned into the filtration compartment 23. In the circulation
line, the sensor of the sensor unit 41 is provided in order to achieve real-time monitoring of
the filtrated fluid inside the filtration compartment 23. The application of a sequence-
optimized ribonucleotide mix in the bioreactor 1 enables a real-time measurement of the
nucleotide concentration in the filtration compartment 23 during the RNA transcription
reaction in the reaction core 22 of reaction module 2. The sensor unit 41 is part of control
module 4, which further comprises a controller 42 and an actuator in the form of feed
pump 43. The sensor unit 41 and the feed pump 43 are connected to the controller 42 in
order to provide measurement signals to and receive instruction signals from the controller
42. Furthermore, other critical process parameters, such as a pH-value of the filtrated fluid,
or a conductivity of the filtrated fluid can be analyzed by further suitable sensors of the
sensor unit 41. Data collection and analyses by the controller 42, usually in the form of a
computer based system or the like, allows the control of the feed pump 43 as an actuator
for repeated feeds of nucleotides, buffer components and/or enzymes into the reaction
module 2, as well as the control of further pumps in the bioreactor 1 in order to adjust key

process parameters in optimal steady-state reaction conditions.

In order to prevent waste, the bioreactor 1 of the preferred embodiment further comprises a
reflux module 5 connected to the capture module 3, which reflux module 5 collects unused
raw materials, such as nucleotides and enzymes, and recirculates the same back into the
reaction module 2 by means of a reflux pump 51. The reflux module 5 contains
immobilized enzymes, such as pyrophosphatase, or resin to capture disruptive components,

such as phosphate or the like.
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The above described embodiments of the present invention and the accompanying
drawings are merely intended to be illustrative and should not be considered as limiting,
since modifications of the described invention can be made within the scope of the

accompanying claims without departing from the scope of the same.

Example 10: Inmunostimulatory activity of RNA molecules

In this example the immunostimulatory properties of RNA molecules synthesized with a
sequence-optimized NTP mix and a standard equimolar NTP mix were compared.
Immunostimulation was determined by measuring cytokine and chemokine levels in the

supernatants of cells transfected with mRNA.

Standard and sequence-optimized in vitro transcription reactions for Luciferase mRNA
(pPluc) were performed as described in Example 1.

Subsequently the mRNA was purified by LiCl precipitation.

Immunostimulation assay

HeLa cells were seeded at a density of 4x10° cells per well in a 6-well plate in 2 ml HeLa
cell culture medium consisting of Gibco® RPMI 1640 medium supplemented with 25 mM
HEPES, 2 mM L-Glutamine and 100 IU/ml penicillin/streptomycin (all Lonza, Basel,
Switzerland) and 10% fetal calf serum (Perbio Science, Bonn, Germany). On the next day
the cells were transfected with 2 pg of RNA or water-for-injection (WFI) as negative
control using Lipofectamine® 2000 (Life Technologies, Darmstadt, Germany, catalog no.
11668-027). Briefly, Lipofectamine® reagent and RNA were each diluted in Opti-MEM®
medium (Life Technologies), combined in a ratio of RNA: Lipofectamine® of 1:1.5 and
incubated for 20 minutes at room temperature. The negative control contained WFI instead
of RNA mixed with Lipofectamine®. In the meantime the cells were washed once with 2
ml Gibco® RPMI 1640 medium supplemented with 25 mM HEPES and 2 mM L-
Glutamine (serum free and penicillin/streptomycin free medium) and 2 ml of the serum

free and penicillin/streptomycin free medium was added to the cells followed by the
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addition of 0.5 ml RNA: Lipofectamine® transfection mix. After incubation for 4 hours at
37°C and 5% CO2, the medium containing the transfection mix was replaced by 2 ml of
HeLa cell culture medium.

After 24 hours, cell-free supernatants were collected and the concentrations of IL-6,
CXCL10 and CCL5 were measured by Cytometric Bead Array (CBA) according to the
manufacturer’s instructions (BD Biosciences) using the following kits: Human Soluble
Protein Master Buffer Kit (catalog no. 558264), Assay Diluent (catalog no. 560104),
Human IL-6 Flex Set (catalog no. 558276), Human CXCL10 Flex Set (catalog no. 558280)
and Human CCL5 Flex Set (catalog no. 558324) (all kits from BD Biosciences). The data
was analyzed using the FCAP Array v3.0 software (BD Biosciences).

Results

As can be seen from Figure 19, the levels of secreted IL-6, CXCL10 and CCLS were lower
for the RNA synthesized with the sequence-optimized NTP mix compared to the same
RNA synthesized with a standard equimolar NTP mix indicating a lower

immunostimulatory activity of the RNA resulting from the sequence-optimized NTP mix.

Example 11: In vitro transcription in a bioreactor

Preparation of the DNA used for in vitro transcription (P1140):

A DNA vector for in vitro transcription (P1140) was prepared by insertion of the following
elements into a DNA vector (pCV32(KanR)):

5¢UTR: 32L4 (Top-UTR)
OREF: HA from H1N1(Netherlands2009) (GC-enriched)
3¢ UTR: Albumin?7

In vitro transcription of the obtained DNA vector results in an RNA molecule having a

length of 2083 nt. The respective RNA sequence (SEQ ID NO: 6) is illustrated in Fig. 20.
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The RNA construct is characterized by the following nucleotide composition:

G = 540 (25,92 %)
C = 676 (32,45 %)
A =541 (25,97 %)
U =326 (15,65 %)

G/C =58,37 %

Linearization of the DNA vector:

The plasmid P1140 was linearized using the following conditions:
0.5 ng plasmid DNA

1.5 ul 10 x reaction buffer

1 pl EcoRI

ad 15 pul WFI (water for injection)

The reaction was incubated for 3 h at 37°C. Subsequently a phenol/chloroform extraction

and an isopropanol precipitation were performed.

In vitro transcription:

Standard Cap/NTP Mix

Final

concentration

Standard Cap/NTP-Mix 4 nL [mM]
Cap (100 mM) 1,16 5.8
ATP (100 mM) 0,8 4
CTP (100 mM) 0,8 4
UTP (100 mM) 0,8 4
GTP (100 mM) 0,29 1.45
WFI 0,15

(Final NTP concentration without Cap is 13.45 mM)
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Calculation of NTPs and Cap:
The same total NTP concentration of 13.45 mM as used in the standard transcription

reaction is used for sequence-optimized transcription. The fourfold amount of GTP is used

for the Cap analog.
P1140 G C A U Cap |total
2083 nt 540 676 541 326 2083
% 25,9 32,5 26,0 15,7 100
mM each (total 13,45 mM 13.45
NTPs) 3,5 4.4 3,5 2,1 ’
Cap analog (4x GTP) 13,9 [13,9
total Cap/NTP conc. [mM] 27,4
Preparation of the sequence-optimized Cap/NTP Mix for P1140:

Final
P1140 G C A U (cap RO @A ume

7 ul)

[ul]
per reaction (pul
100 mM NTP) 0,70 0,87 0,70 0,42 2,79 1,52 7,00

5x transcription buffer:

400 mM HEPES

120 mM MgCl

10 mM spermidine

200 mM DTT

25 U/ml inorganic pyrophosphatase

4 different transcription reactions were tested in a bioreactor:
As bioreactor, a DasBox Bioreaktor from Dasgip was used. The reaction was stirred at 50

rpm. At the indicated time points, samples of 20 pl each were removed. The RNA
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concentration was measured by determining the absorption at 260 nm after LiCl

precipitation.

Four different conditions were used for in vitro transcription:

5 1. Transcription using a standard NTP mix
Reagent ad 80000 uLL
Linearized plasmid DNA (P1140)

[0,48ug/uL] (uL) 8300
5 x transcription buffer (uL) 16000
standard Cap/NTP-Mix (uL) 16000
RNAse inhibitor [40U/uL] (puL) 400

T7 RNA Polymerase [200 U/uL] (nL) 2000
WFI (uL) 37300
Final volume 80000

The transcription reaction was incubated for 3h at 37°C.

Subsequently, 6 pul DNAse I (1 mg/ml) and 0.2 ul CaCl, solution (0.1 M) / ug DNA

10 template were added to the transcription reaction, and incubated for 2 h at 37°C.
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2. Sequence-optimized transcription (1.5 h without feed)

Reagent ad 80000 p
Linearized plasmid DNA (P1140)

[0,48ng/ul] (ub) 8300

5 x transcription buffer (ul) 16000
Sequence-optimized ~ Cap/NTP-Mix

(uh 28000
RNAse inhibitor [40U/ul] (ul) 400
T7 RNA Polymerase [200 U/ul] (ul) 2000
WFT (ul) ' 25300
Final volume 80000

5  The transcription reaction was incubated for 1.5 h at 37°C.

Subsequently, 6 pl DNAse I (1 mg/ml) and 0.2 pl CaCly solution (0.1 M) / ng DNA

template were added to the transcription reaction, and incubated for 2 h at 37°C.
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3. Sequence-optimized transcription with feed

Reagent ad 80000 ul
Linearized plasmid DNA (P1140)

[0,48ug/ul] (ul) 8300
5 x transcription buffer (pl) 16000
Sequence-optimized  Cap/NTP-Mix

) 28000
RNAse inhibitor [40U/pl] (ul) 400
T7 RNA Polymerase [200 U/ul] (pl) 2000
WET (ul) 25300
Final volume 80000

The transcription reaction was incubated for 1.5 h at 37°C.

12934.6 ul sequence-optimized Cap/NTP-Mix and 5 x transcription buffer were added

PCT/EP2015/001164

after 1.5 h. The transcription reaction was incubated for additional 1.5 h at 37°C.

Subsequently, 6 ul DNAse I (1 mg/ml) and 0.2 ul CaCi2 solution (0.1 M) / ng DNA

template were added to the transcription reaction, and incubated for 2 h at 37°C.
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4. Sequence-optimized transcription with reduced T7 RNA polymerase

concentration and reduced template concentration

Reagent ad 80000pl
Linearized plasmid DNA (P1140)
[0,48ug/ul] (ul) 4200
5 x transcription buffer (pl) 16000
Sequence-optimized  Cap/NTP-Mix

(ub 28000
RNAse inhibitor [40U/ul] (ul) 400
T7 RNA Polymerase [200 U/ul] (ul) 1000
WFT (ul) 30400
Final volume 80000
Results:

Transcription in a sequence-optimized transcription mix results in higher concentrations of
transcribed RNA compared to transcription under standard conditions (Fig. 21, TS(1)). An
a addition feed with nucleotides and transcription buffer further increased the amount of

transcribed RNA (Fig. 21, TS(3).

Yield:

[RNA]
Sample ID (mg)
P1140-TS(1) 130,6
P1140-TS(2) 317,1
P1140-TS(3) 656,4
P1140-TS(4) 312,6
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Expression and Immunostimulation:

HeLa cells were seeded at a density of 4x10° per well in a 6-well plate in 2 ml HeLa cell
culture medium consisting of Gibco® RPMI 1640 medium supplemented with 25 mM
HEPES, 2 mM L-Glutamine and 100 IU/ml penicillin/streptomycin (all Lonza, Basel,
Switzerland) and 10% fetal calf serum (Perbio Science, Bonn, Germany). On the next day,
the cells were transfected with different concentrations of 2 ug RNA or water-for-injection
(WFI) as negative control using Lipofectamine® 2000 (Life Technologies, Darmstadt,
Germany, catalog no.11668-027). Briefly, Lipofectamine reagent and RNA were each
diluted in Opti-MEM® medium (Life Technologies), combined in a ratio of RNA:
Lipofectamine of 1:1.5 and incubated for 20 min at room temperature. Negative control
contained WFI instead of RNA mixed with Lipofectamine2000. In the meantime, the cells
were washed once with 2 ml Gibco® RPMI 1640 medium supplemented with 25 mM
HEPES and 2 mM L-Glutamine (serum- and penicillin/streptomycin free medium), 2 ml of
the serum- and penicillin/streptomycin-free medium was added to the cells following by
the addition of 0.5 ml RNA: Lipofectamine transfection mix. Upon incubation for 4 h at
37°C and 5% CO,, the medium containing the transfection mix was removed and 2 ml of

the HeLa cell culture medium were added.

After 24 hours, supernatants and cells were collected.

Protein expression:

Surface expression of the HA protein was determined using flow cytometric analysis.
Adherent HeLa cells were washed once with 1ml PBS and harvested using trypsin-free
detach buffer (40mM Tris HCl pH 7,5; 150mM NaCl, ImM EDTA). The cells were
incubated with mouse monoclonal anti-HA (HIN1) antibody (Immune Technology, New
York, USA) followed by a secondary anti-mouse FITC-conjugated antibody (Sigma-
Aldrich, Taufkirchen, Germany). The cells were measured on a BD FACS Canto and
analyzed using FlowJo Software Version 10.6. Statistical analysis was performed using

Graph Pad Prism Software, Version 5.01.
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Results:

RNA transcribed in a sequence-optimized reaction mix (Fig. 22, TS(2), TS(3), TS(4))
resulted in a higher expression of the encoded HA protein than RNA transcribed under

standard conditions (Fig. 22, TS(1)).

Immunostimulation:

The concentrations of IL-6, CXCL10 and CCL5 were measured in cell-free supernatants
by cytometric bead array (CBA) according to the manufacturer’s instructions (BD

Biosciences) using the following kits:

reagent catalog no.
Human Soluble Protein Master Buffer Kit | 558264
Assay Diluent 560104
Human IL-6 Flex Set 558276
Human CXCL10 Flex Set 558280
Human CCLS5 Flex Set 558324

The data was analyzed using the FCAP Array v3.0 software (BD Biosciences). Statistical

analysis was performed using Graph Pad Prism Software, Version 5.01.

Results:

RNA transcribed under standard conditions (Fig. 23, TS1) induced higher levels of the
cytokines IL-6, CXCL10 and CCL5 in Hela cells compared to RNAs transcribed in a
sequence-optimized reaction mix (Fig. 23, TS2, TS3, TS4).
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Claims

1. A method for synthesizing an RNA molecule of a given sequence, comprising the

following steps:

a)

b)

bl)

b2)

determining the fraction (1) for each of the four nucleotides G, A, C and U

in said RNA molecule, and

synthesizing said RNA molecule by in vitro transcription in a sequence-
optimized reaction mix, wherein said sequence-optimized reaction mix
comprises the four ribonucleoside triphosphates (NTPs) GTP, ATP, CTP
and UTP, wherein the fraction (2) of each of the four ribonucleoside
triphosphates in the sequence-optimized reaction mix corresponds to the
fraction (1) of the respective nucleotide in said RNA molecule, a buffer, a

DNA template, and an RNA polymerase.

The method of claim 1, wherein step b) comprises the steps of

preparing a sequence-optimized ribonucleoside triphosphate (NTP) mix
comprising the four ribonucleoside triphosphates (NTPs) GTP, ATP, CTP
and UTP, wherein the fraction (2) of each of the four ribonucleoside
triphosphates in the sequence-optimized ribonucleoside triphosphate (NTP)
mix corresponds to the fraction (1) of the respective nucleotide in said RNA

molecule, and

synthesizing said RNA molecule by in vitro transcription in the sequence-
optimized reaction mix comprising the NTP mix of step (bl), a buffer, a

DNA template, and an RNA polymerase.
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The method of claim 1 or 2, wherein before the start of the in vitro transcription a
start nucleotide is added to the sequence-optimized reaction mix which corresponds

to the first nucleotide of said RNA molecule.

The method of claim 3, wherein said start nucleotide is a nucleoside
monophosphate, a nucleoside diphosphate, a nucleoside triphosphate or a di-

nucleoside triphosphate.

The method of claim 3, wherein said start nucleotide is a cap analog.

The method of any of claims 3 to 5, wherein said start nucleotide is added in excess
compared to the fraction of that nucleotide in said RNA molecule which is found at

the first position of said RNA molecule.

The method of any of claims 1 to 6, wherein for the nucleotides which do not
correspond to the first nucleotide of the RNA molecule fraction (1) and fraction (2)

differ by at most 10 %.

The method of any of claims 1 to 7, wherein a part or all of at least one

ribonucleoside triphosphate is replaced by a modified nucleoside triphosphate.

The method of claim 8, wherein said modified nucleoside triphosphate is selected
from the group  consisting of  pseudouridine-5’-triphosphate, 1-
methylpseudouridine-5’-triphosphate, 2-thiouridine-5’-triphosphate, 4-thiouridine-
5’-triphosphate and 5-methylcytidine-5’-triphosphate.

The method of any of claims 1 to 9, wherein in the course of the in vifro
transcription the sequence-optimized reaction mix is supplemented with the
sequence-optimized ribonucleoside triphosphate (NTP) mix as defined in claim 2

bl).
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15.

16.

17.

18.

19.

20.
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The method of any of claims 1 to 10, wherein said RNA molecule is selected from

the group consisting of non-coding and coding RNA molecules.

The method of any of claims 1 to 11, wherein said RNA molecule is an mRNA.

The method of any of claims 1 to 12, wherein said RNA molecule is longer than

100 nucleotides.

The method of any of claims 1 to 13, wherein said synthesizing of an RNA

molecule of a given sequence is performed as a large scale synthesis.

The method of any of claims 1 to 14, wherein the NTP counter ion is

tris(hydroxymethyl)-aminomethane (Tris).

The method of any of claims 1 to 15, wherein the synthesizing of said RNA
molecule by in vitro transcription is followed by separating and quantifying the

unincorporated NTPs.

The method of any of claims 1 to 16, wherein the synthesizing of said RNA

molecule by in vitro transcription is carried out in a bioreactor (1).

The method of any of claims 17, wherein said bioreactor (1) comprises a DNA

template immobilized on a solid support.

The method of any of claims 17 to 18, wherein said bioreactor (1) comprises a
filtration membrane (21) for separating nucleotides from the sequence-optimized

reaction mix.

The method of claim 19, wherein said filtration membrane (21) is selected from the
group of regenerated cellulose, modified cellulose, polysulfone (PSU),
polyacrylonitrile (PAN), polymethylmethacrylate (PMMA), polyvinyl alcohol
(PVA) and polyarylethersulfone (PAES).
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27.

28.

29.
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The method of any of claims 19 to 20, wherein said filtration membrane (21) has a

molecular weight cut-off in a range of approximately 10 to 50 kDa.

The method of any of claims 17 to 21, wherein said bioreactor (1) comprises a
sensor unit (41) for the real-time measurement of the nucleotide concentration

during the reaction.

The method of claim 22, wherein said sensor unit (41) measures the nucleotide

concentration by photometric analysis.

The method of any of claims 17 to 23, wherein said bioreactor comprises a control
module (4) which controls the addition of the sequence-optimized ribonucleoside

triphosphate (NTP) mix as defined in claim 2 bl).

The method of any of claims 17 to 24, wherein said bioreactor (1) comprises an
actuator (43) which adds the sequence-optimized ribonucleoside triphosphate

(NTP) mix as defined in claim 2 bl).

The method of any of claims 17 to 25, wherein said bioreactor (1) comprises a resin
to capture the RNA molecules and to separate the RNA molecules from the other

components of the transcription reaction mix.

The method of any of claims 17 to 26, wherein said bioreactor (1) operates in a

semi-batch mode or in a continuous mode.

The method of any of claims 17 to 27, wherein said bioreactor (1) comprises at

least one ion-selective electrode,

The method of claim 28, wherein the at least one ion-selective electrode is used for
measuring the concentration of one or more types of ions in a liquid comprised in at

least one compartment of the bioreactor (1).
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The method of claim 29, wherein the ion is selected from the group consisting of

HY, Na*, K*, Mg?*, Ca?*, CI" and PO4>".

An RNA molecule obtainable by the method according to any one of claims 1 to

30.

Use of a sequence-optimized ribonucleoside triphosphate (NTP) mix optimized for

an RNA molecule of a given sequence for the synthesis of said RNA molecule.

The use of claim 32, wherein the sequence-optimized NTP mix has been optimized

by a method comprising the steps of:

a) determining the fraction (1) of each of the four nucleotides G, A, C and U in
said RNA molecule, and

b) preparing the sequence-optimized ribonucleoside triphosphate (NTP) mix
comprising the four ribonucleoside triphosphates GTP, ATP, CTP and UTP,
wherein the fraction (2) of each of the four ribonucleoside triphosphates in
the sequence-optimized ribonucleoside triphosphate (NTP) mix
corresponds to the fraction (1) of the respective nucleotide in said RNA

molecule.

The use of any of claims 32 to 33, wherein a part or all of at least one

ribonucleoside triphosphate is replaced by a modified nucleoside triphosphate.

The use of any of claims 32 to 34, wherein said modified nucleoside triphosphate is
selected from the group consisting of pseudouridine-5’-triphosphate, 1-
methylpseudouridine-5’-triphosphate, 2-thiouridine-5’-triphosphate, 4-thiouridine-
5’-triphosphate and 5-methylcytidine-5’-triphosphate.
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A sequence-optimized ribonucleoside triphosphate (NTP) mix for the synthesis of
an RNA molecule of a given sequence comprising the four nucleoside
triphosphates GTP, ATP, CTP and UTP, wherein the fraction (2) of each of the
four nucleoside triphosphates in the sequence-optimized ribonucleoside
triphosphate (NTP) mix corresponds to the fraction (1) of the respective nucleotide

in said RNA molecule.

A kit comprising a sequence-optimized ribonucleoside triphosphate (NTP) mix
optimized for an RNA molecule of a given sequence as defined in claim 32 or the
components thereof.

A bioreactor (1) for synthesizing RNA molecules of a given sequence, comprising:

a reaction module (2) for carrying out in vitro transcription reactions in a sequence-

optimized reaction mix as defined in claim 1 (b);

ii) a capture module (3) for temporarily capturing the transcribed RNA molecules; and

iii) a control module (4) for controlling the infeed of components of the sequence-

optimized reaction mix into the reaction module (2), wherein

the reaction module (2) comprises a filtration membrane (21) for separating
nucleotides from the sequence-optimized reaction mix, and

wherein

the control of the infeed of components of the sequence-optimized reaction mix by
the control module (4) is based on a measured concentration of separated

nucleotides.

The bioreactor (1) of claim 38, wherein the filtration membrane (21) is an
ultrafiltration membrane (21) for separation of high molecular weight components
from low molecular weight components, preferably wherein said filtration
membrane (21) has a molecular weight cut-off in a range from 10 to 100 kDa, 10 to
75 kDa, 10 to 50 kDa, 10 to 25 kDA or 10 to 15 kDa, further preferably the
filtration membrane has a molecular weight cut-off value in a range of

approximately 10 to 50 kDa.
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The bioreactor (1) of claim 38 or 39, wherein the filtration membrane (21) is
selected from the group of regenerated cellulose, modified cellulose, polysulfone
(PSU), polyacrylonitrile (PAN), polymethylmethacrylate (PMMA), polyvinyl
alcohol (PVA) and polyarylethersulfone (PAES).

The bioreactor (1) of any one of claims 38 to 40, wherein said reaction module (2)
comprises a DNA template immobilized on a solid support as basis for the RNA

transcription reaction.

The bioreactor (1) of any one of claims 38 to 41, wherein said capture module (3)
comprises a resin to capture the transcribed RNA molecules and to separate the
transcribed RNA molecules from other soluble components of the transcription

reaction mix.

The bioreactor (1) of any one of claims 38 to 42, wherein said capture module (3)

comprises means (31) for purifying the captured transcribed RNA molecules.

The bioreactor (1) of any one of claims 38 to 43, wherein said capture module (3)
comprises means (31) for eluting the captured transcribed RNA molecules,

preferably by means of an elution buffer.

The bioreactor (1) of any one of claims 38 to 44, wherein the bioreactor (1) further
comprises a reflux module (5) for returning the residual filtrated reaction mix to the
reaction module (2) from the capture module (3) after capturing the transcribed
RNA molecules, preferably wherein the means (51) for returning the residual

filtrated reaction mix is a pump (51).

The bioreactor (1) of claim 45, wherein the reflux module (5) comprises

immobilized enzymes or resin to capture disruptive components.
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52.
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The bioreactor (1) of any one of claims 38 to 46, wherein said control module (4)
comprises a sensor unit (41) for the real-time measurement of the concentration of

separated nucleotides during the reaction.

The bioreactor (1) of claim 47, wherein said sensor unit (41) measures, as a
transcription reaction parameter, the concentration of separated nucleotides by

photometric analysis.

The bioreactor (1) of claim 48, wherein said sensor unit (41) measures further
transcription reaction parameters in the filtrated reaction mix, preferably wherein

the further transcription reaction parameters are pH-value and/or salinity.

The bioreactor (1) of any one of claims 38 to 49, wherein said control module (4)
controls an addition of the sequence-optimized ribonucleoside triphosphate (NTP)
mix of claim 32 to the sequence-optimized reaction mix, preferably wherein said
bioreactor (1) comprises an actuator (43) for addition of the sequence-optimized

ribonucleoside triphosphate (NTP) mix to the sequence-optimized reaction mix.

The bioreactor (1) of any one of claims 38 to 49, wherein said bioreactor (1)

operates in a semi-batch mode or in a continuous mode

The bioreactor (1) of any one of claims 38 to 49, wherein said bioreactor (1) is

adapted to carry out the method of any one of claims 1 to 30.
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SEQ ID NO. 1: R1871 HsPSCA

GGGAGAAAGCUUACCAUGAAGGCCGUGCUGCUCGCGCUGCUGAUGGCCGGCCUGGCCCUGCAGCCGGGGACCGLC
CUGCUGUGCUACAGCUGCAAGGCCCAGGUCUCGAACGAGGACUGCCUGCAGGUGGAGAACUGCACGCAGCUGGGC
GAGCAGUGCUGGACCGCCCGGAUCCGCGCCGUGGGCCUGCUCACCGUGAUCAGCAAGGGCUGCAGCCUGAACUGC
GUGGACGACAGCCAGGACUACUACGUGGGCAAGAAGAACAUCACCUGCUGCGACACCGACCUGUGCAACGCCAGC
GGCGCCCACGCCCUGCAGCCCGCGGCCGCCAUCCUGGCCCUGCUGCCCGCCCUGGGCCUGCUGCUCUGGGGCCCT
GGCCAGCUGUGACCACUAGUUAUAAGACUGACUAGCCCGAUGGGCCUCCCAACGGGCCCUCCUCCCCUCCUUGCA
CCGAGAUUAAUAAAAAAAAAAAAADAAAARAAAARAAAARAAARAAAANANARAARAAARAAAANAARARAANAAR
UGCAUCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCARAGGCUCUUUUCAGAGCCACCAGAAUU

Fig. 1
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SEQ ID NO. 2: R2988 PplLuc

GGGAGAAAGCUUACCAUGGAGGACGCCAAGAACAUCAAGAAGGGCCCGGCGCCCUUCUACCCGCUGGAGGACGGG
ACCGCCGGCGAGCAGCUCCACAAGGCCAUGAAGCGGUACGCCCUGGUGCCGGEGCACGAUCGCCUUCACCGACGLC
CACAUCGAGGUCGACAUCACCUACGCGGAGUACUUCGAGAUGAGCGUGCGCCUGGCCGAGGCCAUGAAGCGGUAC
GGCCUGAACACCAACCACCGGAUCGUGGUGUGCUCGGAGAACAGCCUGCAGUUCUUCAUGCCGGUGCUGGGLCGCC
CUCUUCAUCGGCGUGGCCGUCGCCCCGGCGAACGACAUCUACRAACGAGCGGGAGCUGCUGAACAGCAUGGGGAUC
AGCCAGCCGACCGUGGUGUUCGUGAGCAAGAAGGGCCUGCAGAAGAUCCUGAACGUGCAGAAGAAGCUGCCCAUC
AUCCAGAAGAUCAUCAUCAUGGACAGCRAAGACCGACUACCAGGGCUUCCAGUCGAUGUACACGUUCGUGACCAGC
CACCUCCCGCCGGGCUUCAACGAGUACGACUUCGUCCCGGAGAGCUUCGACCGGGACAAGACCAUCGCCCUGAUC
AUGAACAGCAGCGGCAGCACCGGCCUGCCGAAGGGGGUGGCCCUGCCGCACCGGACCGCCUGCGUGCGCUUCUCG
CACGCCCGGGACCCCAUCUUCGGCAACCAGAUCAUCCCGGACACCGCCAUCCUGAGCGUGGUGCCGUUCCACCAL
GGCUUCGGCAUGUUCACGACCCUGGGCUACCUCAUCUGCGGCUUCCGGGUGGUCCUGAUGUACCGGUUCGAGGAG
GAGCUGUUCCUGCGGAGCCUGCAGGACUACAAGAUCCAGAGCGCGCUGCUCGUGCCGACCCUGUUCAGCUUCUUC
GCCAAGAGCACCCUGAUCGACAAGUACGACCUGUCGAACCUGCACGAGAUCGCCAGCGGGGGCGCCCCGCUGAGL
AAGGAGGUGGGCGAGGCCGUGGCCAAGCGGUUCCACCUCCCGGGCAUCCGCCAGGGCUACGGCCUGACCGAGACC
ACGAGCGCGAUCCUGAUCACCCCCGAGGGGGACGACAAGCCGGGCGCCGUGGGCAAGGUGGUCCCGUUCUUCGAG
GCCAAGGUGGUGGACCUGGACACCGGCAAGACCCUGGGCGUGAACCAGCGGGGCGAGCUGUGCGUGCGGGGGCCG
AUGAUCAUGAGCGGCUACGUGAACAACCCGGAGGCCACCAACGCCCUCAUCGACAAGGACGGCUGGCUGCACAGC
GGCGACAUCGCCUACUGGGACGAGGACGAGCACUUCUUCAUCGUCGACCGGCUGAAGUCGCUGAUCAAGUACAAG
GGCUACCAGGUGGCGCCGGCCGAGCUGGAGAGCAUCCUGCUCCAGCACCCCAACAUCUUCGACGCCGGCGUGGCC
GGGCUGCCGGACGACGACGCCGGCGAGCUGCCGGCCGCGGUGGUGGUGCUGGAGCACGGCAAGACCAUGACGGAG
AAGGAGAUCGUCGACUACGUGGCCAGCCAGGUGACCACCGCCAAGAAGCUGCGGGGCEGCGUGGUGUUCGUGGAC
GAGGUCCCGAAGGGCCUGACCGGGAAGCUCGACGCCCGGAAGAUCCGCGAGAUCCUGAUCAAGGCCAAGAAGGGC
GGCAAGAUCGCCGUGUGAGGACUAGUUAUAAGACUGACUAGCCCGAUGGGCCUCCCAACGGGLCCCUCCUCCCCcUC
CUUGCACCGAGAUUAAUAAAAAAAAAARARRAAAAAAAAAAARARARAAAAAAAANAANAAAARARAARARARNDNNAA
AAAAAAUGCAUCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCARAGGCUCUUUUCAGAGCCACCAGARUU
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SEQ ID NO. 3: R1626 EGFR/Mucin-1

GGGAGAAAGCUUACCAUGACCCCCGGCACCCAGAGCCCGUUCUUCCUGCUCCUGCUGCUCACGGUGCUGACCGUC
GUGACCGGGAUGCGGCCGAGCGGCACCGCCGGGGCGGCCCUGCUCGCCCUGCUGGCCGCCCUGUGCCCCGCCUCE
CGCGCGCUGGAGGAGAAGAAGGUGUGCCAGGGCACGAGCAACAAGCUGACCCAGCUCGGCACCUUCGAGGACCAC
UUCCUGAGCCUGCAGCGGAUGUUCAACAACUGCGAGGUCGUGCUGGGCAACCUGGAGAUCACCUACGUGCAGCGG
AACUACGACCUGAGCUUCCUCAAGACCAUCCAGGAGGUGGCCGGCUACGUGCUGAUCGCCCUGAACACCGUGGAG
CGGAUCCCGCUGGAGAACCUGCAGAUCAUCCGGGGCAACAUGUACUACGAGAACAGCUACGCCCUGGLCCGUCCUC
AGCAACUACGACGCCAACAAGACGGGGCUGAAGGAGCUGCCGAUGCGGAACCUGCAGGAGAUCCUGCACGGCGLG
GUGCGCUUCUCGAACAACCCGGCCCUGUGCAACGUGGAGAGCAUCCAGUGGCGGGACAUCGUGAGCAGCGACUUC
CUCAGCAACAUGAGCAUGGACUUCCAGAACCACCUGGGCUCGUGCCAGAAGUGCGACCCGAGCUGCCCGAACGGC
AGCUGCUGGGGCGCCGGCGAGGAGAACUGCCAGAAGCUGACCAAGAUCAUCUGCGCCCAGCAGUGCAGCGGGCGG
UGCCGGGGCAAGAGCCCCAGCGACUGCUGCCACAACCAGUGCGCCGCCGGCUGCACCGGCCCGCGGGAGUCGGAL
UGCCUGGUGUGCCGGAAGUUCCGCGACGAGGCGACCUGCAAGGACACCUGCCCGCCGCUGAUGCUGUACAACCCG
ACCACGUACCAGAUGGACGUGAACCCGGAGGGCAAGUACAGCUUCGGCGCCACCUGCGUCAAGAAGUGCCCCCGG
ARACUACGUGGUGACCGACCACGGGAGCUGCGUGCGGGCCUGCGGCGCCGACAGCUACGAGAUGGAGGAGGACGGC
GUGCGGAAGUGCAAGAAGUGCGAGGGCCCGUGCCGGAAGGUGUGCAACGGCAUCGGCAUCGGGGAGUUCAAGGAC
AGCCUCAGCAUCAACGCCACCAACAUCAAGCACUUCAAGAACUGCACCUCGAUCAGCGGCGACCUGCACAUCCUG
CCGGUCGCCUUCCGGGGCGACAGCUUCACCCACACGCCGCCGCUGGACCCGCAGGAGCUGGACAUCCUGAAGACC
GUGAAGGAGAUCACCGGCUUCCUCCUGAUCCAGGCGUGGCCCGAGAACCGCACCGACCUGCACGCCUUCGAGAAC
CUGGAGAUCAUCCGGGGCCGGACCAAGCAGCACGGCCAGUUCAGCCUGGCCGUGGUGAGCCUGAACAUCACCAGC
CUCGGGCUGCGGUCGCUGAAGGAGAUCAGCGACGGCGACGUGAUCAUCAGCGGCAACAAGAACCUGUGCUACGCC
AACACGAUCAACUGGAAGAAGCUGUUCGGCACCAGCGGCCAGAAGACCAAGAUCAUCAGCAACCGGGGCGAGRAAL
AGCUGCAAGGCCACCGGGCAGGUGUGCCACGCCCUGUGCUCGCCGGAGGGCUGCUGGGGCCCGGAGCCGCGGGAC
UGCGUCAGCUGCCGCAACGUGAGCCGGGGCCGGGAGUGCGUGGACAAGUGCAACCUCCUGGAGGGCGAGCCGCGEE
GAGUUCGUGGAGAACAGCGAGUGCAUCCAGUGCCACCCGGAGUGCCUGCCCCAGGCGAUGAACAUCACCUGCALC
GGCCGGGGGCCGGACAACUGCAUCCAGUGCGCCCACUACAUCGACGGCCCGCACUGCGUGARAGACGUGCCCGGLC
GGCGUGAUGGGCGAGAACAACACCCUGGUCUGGAAGUACGCCGACGCCGGCCACGUGUGCCACCUGUGCCACCCG
AACUGCACCUACGGCUGCACCGGGCCGGGCCUGGAGGGCUGCCCCACCAACGGCCCGAAGAUCCCGAGCAUCGLC
ACCGGCAUGGUGGGCGCGCUCCUGCUGCUGCUGGUGGUGGCCCUGGGGAUCGGCCUCUUCAUGCGGCGCCGGCAC
AUCGUGCGGAAGCGGACGCUGCGGCGGCUGCUGCAGGAGCGCGAGCUGGUCGAGCCGCUGACCCCGAGCGGCGAG
GCCCCGAACCAGGCCCUCCUGCGGAUCCUGAAGGAGACCGAGUUCAAGAAGAUCAAGGUGCUGGGCUCGGGLGLC
UUCGGCACCGUGUACAAGGGGCUGUGGAUCCCCGAGGGCGAGAAGGUGAAGAUCCCGGUGGCCAUCAAGGAGCUG
CGGGAGGCGACCAGCCCGARGGCCAACAAGGAGAUCCUCGACGAGGCCUACGUGAUGGCCAGCGUCGACAACCCG
CACGUGUGCCGGCUGCUGGGCAUCUGCCUGACCAGCACGGUGCAGCUGAUCACCCAGCUGAUGCCGUUCGGCUGC
CUCCUGGACUACGUGCGGGAGCACAAGGACAACAUCGGCAGCCAGUACCUGCUGAACUGGUGCGUGCAGAUCGCC

Fig. 3
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AAGGGCAUGAACUACCUGGAGGACCGGCGCCUGGUGCACCGGGACCUCGCCGCGCGGAACGUCCUGGUGARAGACC
CCGCAGCACGUGAAGAUCACCGACUUCGGGCUGGCCAAGCUGCUGGGCGCCGAGGAGAAGGAGUACCACGCCGAG
GGCGGCAAGGUGCCCAUCAAGUGGAUGGCCCUGGAGAGCAUCCUCCACCGGAUCUACACCCACCAGUCGGACGUG
UGGAGCUACGGCGUGACCGUCUGGGAGCUGAUGACGUUCGGCAGCARGCCGUACGACGGGAUCCCGGCCAGCGAG
AUCAGCAGCAUCCUGGAGAAGGGCGAGCGGCUGCCGCAGCCGCCGAUCUGCACCAUCGACGUGUACAUGAUCAUG
GUGAAGUGCUGGAUGAUCGACGCGGACUCGCGGCCCAAGUUCCGCGAGCUGAUCAUCGAGUUCAGCAAGAUGGCC
CGGGACCCGCAGCGGUACCUGGUGAUCCAGGGCGACGAGCGGAUGCACCUCCCGAGCCCGACCGACAGCAACUUC
UACCGGGCCCUGAUGGACGAGGAGGACAUGGACGACGUGGUGGACGCCGACGAGUACCUGAUCCCGCAGCAGGGC
UUCUUCAGCAGCCCGUCGACCAGCCGGACCCCGCUGCUGAGCAGCCUGAGCGCCACCAGCAACAACUCGACGGUC
GCCUGCAUCGACCGCAACGGCCUCCAGAGCUGCCCCAUCAAGGAGGACAGCUUCCUGCAGCGGUACAGCAGCGAC
CCGACCGGCGCGCUGACCGAGGACAGCAUCGACGACACCUUCCUGCCGGUGCCGGAGUACAUCAACCAGUCGGUG
CCGAAGCGGCCCGCCGGGAGCGUGCAGAACCCGGUGUACCACAACCAGCCGCUGAACCCGGCCCCGAGCCGGGAL
CCGCACUACCAGGACCCCCACAGCACCGCCGUGGGCAACCCGGAGUACCUGAACACCGUCCAGCCGACGUGLCGUG
ARACAGCACCUUCGACAGCCCGGCCCACUGGGCCCAGAAGGGCUCGCACCAGAUCAGCCUCGACAACCCGGACUAC
CAGCAGGACUUCUUCCCGAAGGAGGCGAAGCCCAACGGCAUCUUCAAGGGCAGCACCGCCGAGAACGCCGAGUAC
CUGCGGGUGGCCCCGCAGAGCAGCGAGUUCAUCGGCGCCUCCGGCCACGCCAGCUCCACCCCCGGGGGCGAGAAG
GAGACGAGCGCCACCCAGCGGUCCAGCGUGCCCUCCAGCACCGAGAAGAACGCGGUCUCCAUGACCAGCUCCGUG
CUGAGCUCCCACAGCCCCGGGUCCGGCAGCUCCACGACCCAGGGCCAGGACGUGACCCUCGCCCCGGCCACCGAG
CCCGCCAGCGGGUCCGCCGCGACGUGGGGCCAGGACGUCACCAGCGUGCCCGUGACCCGCCCCGCCCUGGGGAGT
ACCACGCCGCCCGCCCACGACGUCACCUCCGCCCCCGACAACAAGCCCGCGCCGGGCAGCACCGCCCCCLCeea e
CACGGGGUGACCUCCGCCCCCGACACGCGGCCGGLCCCCCGGCAGCACCGCGCCCCCCGCCCACGGCGUGALCCUCC
GCCCCGGACACCCGCCCGGCCCCCGGCAGCALCCGLCCCCCCCCGCCCACGGGGUGACCUCCGCCCCGGACALCGLGE
CCCGCCCCCGGCAGCACCGCCCCGCCCGCCCACGGCGUCACGUCCGCGCCCGACAACCGCCCLCGCCCUGGGGAGC
ACCGCCCCGCCCGUGCACAACGUGACCUCCGCCAGCGGCUCCGCGAGCGGGUCCGCCAGCACCCUCGUCCACAAC
GGCACGUCCGCCCGGGCCACCACCACCCCCGCCAGCAAGUCCACGCCCUUCAGCAUCCCGUCCCACCACAGCGAC
ACCCCCACCACCCUGGCGUCCCACAGCACGAAGACCGACGCCUCCAGCACCCACCACUCCAGCGUGCCCCCGLUG
ACCAGCUCCAACCACAGCACGUCCCCGCAGCUCAGCACCGGGGUGUCCUUCUUCUUCCUGAGCUUCCACAUCUCC
AACCUGCAGUUCAACAGCUCCCUCGAGGACCCCAGCACCGACUACUACCAGGAGCUGCAGCGGGACAUCUCCGAG
AUGUUCCUGCAGAUCUACAAGCAGGGCGGCUUCCUCGGGCUGAGCAACAUCAAGUUCCGCCCCGGCUCCGUCGUG
GUGCAGCUGACCCUCGCCUUCCGGGAGGGGACGAUCAACGUCCACGACGUGGAGACCCAGUUCAACCAGUACAAG
ACCGAGGCCGCCAGCCGCUACAACCUGACCAUCUCCGACGUGAGCGUCUCCGACGUGCCCUUCCCGUUCAGCGLG
CAGUCCGGCGCCGGCGUGCCCGGGGECCGUGUGCCAGUGCCGGCGCAAGAACUACGGGCAGCUCGACAUCUUCCCC
GCCCGGGACACGUACCACCCGAUGAGCGAGUACCCGACCUACCACACCCACGGCCGCUACGUCCCCCCCAGLCUCT
ACCGACCGGAGCCCCUACGAGAAGGUGUCCGCCGGGAACGGCGGCAGCUCCCUGAGCUACACCAACCCGGCGGUG
GCCGCCGCCUCCGCCAACCUGGAGGACCAGGUGGACCCCCGGCUGAUCGACGGCAAGUGAGGACUAGUUAUAAGA
CUGACUAGCCCGAUGGGCCUCCCAACGGGCCCUCCUCCCCUCCUUGCACCGAGAUUAAUAAAAAAAAARAANARA
AAAAAAADARNADAAAAAAAAAAAAAAAAARAARAAAAAAARARAAAANUAUUCCCCCCCCCCCCCCCCCCCCeCe
CCCCCCCUCUAG

Fig. 3 continued
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SEQ ID NO. 4: R2025

GGGAGAAAGCUCAAGCUUAUCCAAGUAGGCUGGUCACCUGUACAACGUAGCCGGUAUUUUUUUUUTUUUUUUUUU
UUUGACCGUCUCAAGGUCCAAGUUAGUCUGCCUAUAAAGGUGCGGAUCCACAGCUGAUGAAAGACUUGUGCGGUA
CGGUUAAUCUCCCCUUUUUUUUGUUUUUUUUUUUUAGUAAAUGCGUCUACUGAAUCCAGCGAUGAUGCUGGCCCA
GAUCUUCGACCACAAGUGCAUAUAGUAGUCAUCGAGGGUCGCCUUUUUUUUUUUUUUUUUUUUUUUGGCCCAGUU
CUGAGACUUCGCUAGAGACUACAGUUACAGCUGCAGUAGUAACCACUGCGGCUAUUGCAGGAAAUCCCGUUCAGG
UuuuuuuuuUulUU0UUUUUUUCCGCUCACUAUGAUUAAGAACCAGGUGGAGUGUCACUGCUCUCGAGGUCUCACG
AGAGCGCUCGAUACAGUCCUUGGAAGAAUCUUUUUUUUUUUUUUUUUUUUUUGUGCGACGAUCACAGAGAACUUC
UAUUCAUGCAGGUCUGCUCUAG



WO 2015/188933

>

yield [mg/ml]

RNA

o

RNA vield [mg/mli]

PCT/EP2015/001164

6/24
4 ~- R1871 (589 nt)
-=— R1626 (5337 ni)
3
24 3 — .
1 -
0 | T T
60 a0 120
min

-+ R1871 (589 ni)
= R1626 (5337 ni)

Fig. 5



PCT/EP2015/001164

WO 2015/188933

7/24

[ R1871 (589 nt)

R2988 (1870 nt)
KX R1626 (5337 nt)

RXOIIIIIXIHININHXN

Y777 7777777777774 P9} d LN +}do-bas

EREEEEEEA
77777777 A ydo-bas
{

PO

6
4
2-
0

[lw/6w] pialA yNY

Fig. 6



WO 2015/188933 PCT/EP2015/001164
8/24

co-transcriptional capping

standard seq-opt. no cap E-cap

capped —>

uncapped —>




PCT/EP2015/001164

WO 2015/188933

9/24

B R1871
R1626

N

Sy

I

1 T I — _
wn < ™ ~ T 1

[lw/Bw] pralh Ny

100

10
psU [%]

- O

Fig. 8



WO 2015/188933

RNA yield [mg/ml]

10/24

5-
44 - —
__ _=
3-
2-
1 -
0 | | 1 1 ]
E g g g
o > o o
/4] [72]
[ | B | [
| | 2N | | J
+Cap +GTP

PCT/EP2015/001164

(3 actual yield
Bl theoretical yield

concentration of additive (= 4x GTP):

11.2 mM for seqopt NTPmixes
13.45 mM for equal NTP mixes

Fig. 9



WO 2015/188933 PCT/EP2015/001164
11/24

RNA yield [mg/mi]

54 .
- (3 actual yield
4 — Bl theoretical yield
— =
3
2-
1
0 ] 1 ) )
® a © -3
3 o) 5 (o)
o & g o
L s 11 @ 4
|} | B | |
+Cap +GTP

concentration of additive (= 4x GTP):
13.7 mM for seqopt NTPmixes
13.45 mM for equal NTP mixes

Fig. 10



WO 2015/188933 PCT/EP2015/001164
12/24

-- Na-NTPs (+ NaCl)
& Tris-NTPs (+ Tris/HCI)

RNA yield [mg//ml]

0 L) L) L LJ L) L] L) L]
0 25 50 75 100 125 150 175

mM salt

Fig. 11



WO 2015/188933
13/24

Transcription monitoring (R1871)

A260 (CapNTP)

Fig. 12

PCT/EP2015/001164

-o- CapNTP
-m- RNA produced

(VNY) 092V



WO 2015/188933 PCT/EP2015/001164
14/24

A R2988 13.45/4mM CapNTP: actual yield

54
E 4- - R2988 (13.45mM NTPs)
?E:> ,,-/'/.—- -m R2988 (4mM NTPs)
[ == ) 3-
T
d_; 2
<
E 1ﬂW " -

c 1 L} ¥ 1 ]

0 5 10 15 20 25
Cap [mM]

B R2988 13.45/4mM CapNTP: actual/possible yield [%]
1001

= = R2988 (13.45mM NTPs)
o -w R2988 (4mM NTPs)
>
<
4
(14
(]
=
®
[¢}]
(14

70 'il ¥ | ) ] L}

0 5 10 15 20 25
Cap [mM]

Fig. 13



WO 2015/188933 PCT/EP2015/001164

15/24

R1871_13.45/4/2mM CapNTP: actual yield

5-
—~ R1871 (13.45mM NTPs)

? 4- ~6- R1871 (4mM NTPs)
E’ 5 -¢- R1871 (2mM NTPs)
]
()]
; 2-
<
Z i__!_____..._._a * .
o S —— —>-—————- *---—¢

c I 1 1 1 | 1

0 5 10 15 20 25
Cap [mM]

B R1871_13.45/4/2mM CapNTP: actual/possible yield [%]

Relative RNA yield [%]

1004
I‘ { —— R1871 (13.45mM NTPs)

—e- R1871 (4mM NTPs)
- R1871 (2mM NTPs)

25

Fig. 14



WO 2015/188933 PCT/EP2015/001164

16/24

A R1871: RNA yield [mg/ml]
5
"'é" 4
>
E 3
S
Q
.; 2_
<
% 1-
G 1 | | 1
0 5 10 15 20
GTP [mM]
B R1871: actualltheoretical yield [%]
100+
S
ke
o
>
<
4
"
(]
2
T
Q
2
c 1 L) 1 1
0 5 10 15 20

GTP [mM]

Fig. 15



WO 2015/188933

RNA yield [mg/ml]

Relative RNA yield [%]

PCT/EP2015/001164
17/24

R2988: RNA yield [mg/ml]

5-
4-E/;_
34
24
1-
0 T . T .
0 5 10 15 20
GTP [mM]
R2988: actual/theoretical yield [%]
100-
sod
60-
40-
20-
0 . . . .
0 5 10 15 20

GTP [mM]

Fig. 16



WO 2015/188933

18/24
R1626: RNA yield [mg/ml]
5
E‘ 4
(22}
E 3
T
2,
<
Z1
c L) ] L1 T L}
0 5 10 15 20
GTP [mM]
R1626: actual/theoretical yield [%]
100-
<
et 80-
T
2
> 60
<
z
o 40
Q
2
s 20
]
o
c 1 1 I )
0 5 10 15 20

GTP [mM]

Fig. 17

PCT/EP2015/001164



WO 2015/188933

19/24

PCT/EP2015/001164

Fig. 18



WO 2015/188933

PCT/EP2015/001164
20/24

tIdM

paziwundo-aauanbos

piepuels

o
«©

o o o
o <+ o~

jw/6d 9-11

T
o

[=]
<

T
< < (=4 h-l p=
- i) < ~N

80

< [l
L5a} o~

w/6d 0TT1IXD lw/6d §12D

SUBSTITUTE SHEET (RULE 26)

Fig. 19



WO 2015/188933 PCT/EP2015/001164
21/24

SEQ ID NO. 6:

GGGGCGCUGCCUACGGAGGUGGCAGCCAUCUCCUUCUCGGCAUCAAGCUUACCAUGAAGG
CCAUCCUGGUGGUCCUCCUGUACACCUUCGCCACCGCGAACGCCGACACGCUGUGCAUCG
GCUACCACGCCAACAACAGCACCGACACCGUGGACACCGUGCUCGAGAAGAACGUCACGG
UGACCCACUCCGUGAACCUGCUGGAGGACAAGCACAACGGGAAGCUCUGCAAGCUGCGGG
GCGUCGCCCCGCUGCACCUCGGGAAGUGCAACAUCGCCGGCUGGAUCCUGGGGAACCCGG
AGUGCGAGAGCCUGUCCACCGCGAGCUCCUGGAGCUACAUCGUGGAGACCUCCAGCUCCG
ACAACGGCACGUGCUACCCCGGCGACUUCAUCGACUACGAGGAGCUCCGCGAGCAGCUGA
GCUCCGUGAGCUCCUUCGAGCGGUUCGAGAUCUUCCCCAAGACCAGCUCCUGGCCCAACC
ACGACAGCAACAAGGGGGUCACCGCCGCCUGCCCGCACGCCGGCGCGAAGUCCUUCUACA
AGAACCUGAUCUGGCUCGUGAAGAAGGGGAACAGCUACCCCAAGCUGUCCAAGAGCUACA
UCAACGACAAGGGCAAGGAGGUGCUGGUCCUCUGGGGGAUCCACCACCCCAGCACCUCCG
CCGACCAGCAGAGCCUGUACCAGAACGCCGACGCCUACGUGUUCGUGGGCUCCAGCCGCU
ACUCCAAGAAGUUCAAGCCCGAGAUCGCCAUCCGGCCGAAGGUCCGCGACCAGGAGGGCC
GGAUGAACUACUACUGGACGCUGGUGGAGCCCGGGGACAAGAUCACCUUCGAGGCGACCG
GCAACCUCGUGGUCCCCCGCUACGCCUUCGCCAUGGAGCGGAACGCCGGGAGCGGCAUCA
UCAUCUCCGACACCCCCGUGCACGACUGCAACACGACCUGCCAGACCCCGAAGGGCGCCA
UCAACACCAGCCUGCCCUUCCAGAACAUCCACCCCAUCACGAUCGGGAAGUGCCCCAAGU
ACGUGRAAGUCCACCAAGCUGCGCCUCGCGACCGGCCUGCGGAACGUCCCGAGCAUCCAGU
CCCGCGGGCUGUUCGGCGCCAUCGCCGGGUUCAUCGAGGGCGGCUGGACCGGGAUGGUGG
ACGGCUGGUACGGGUACCACCACCAGAACGAGCAGGGCAGCGGGUACGCCGCCGACCUCA
AGUCCACGCAGAACGCGAUCGACGAGAUCACCAACAAGGUGAACAGCGUCAUCGAGAAGA
UGAACACCCAGUUCACCGCCGUGGGCAAGGAGUUCAACCACCUGGAGAAGCGGAUCGAGA
ACCUGAACAAGAAGGUCGACGACGGCUUCCUCGACAUCUGGACGUACAACGCCGAGCUGC
UGGUGCUCCUGGAGAACGAGCGCACCCUGGACUACCACGACUCCAARCGUGAAGAACCUCU
ACGAGAAGGUCCGGAGCCAGCUGAAGAACAACGCCAAGGAGAUCGGGAACGGCUGCUUCG
AGUUCUACCACAAGUGCGACAACACCUGCAUGGAGUCCGUGAAGAACGGGACCUACGACY
ACCCCAAGUACAGCGAGGAGGCCAAGCUGARACCGCGAGGAGAUCGACGGCGUGAAGCUCG
AGUCCACGCGGAUCUACCAGAUCCUGGCGAUCUACAGCACCGUCGCCAGCUCCCUGGUGC
UCGUGGUCAGCCUGGGGGCCAUCUCCUUCUGGAUGUGCAGCAACGGCUCCCUGCAGUGCC
GCAUCUGCAUCUGACCACUAGUGCAUCACAUUUAAAAGCAUCUCAGCCUACCAUGAGAAU
AAGAGARAGAAAAUGAAGAUCAAUAGCUUAUUCAUCUCUUUUUCUUUUUCGUUGGUGUAA
AGCCAACACCCUGUCUAAAAAACAUAAAUUUCUUUAAUCAUUUUGCCUCUUUUCUCUGUG
CUUCAAUUAAUAAAAARUGGAAAGAACCUAGAUCUAAAAAARAAAAAAAAAAAAARARRA
AAAAAAARAAARAAAAAAAAAAARARAAARAAARARARAAAUGCAUCCCCCCCCCCCCCCCT
CCCCCCCCCCCCCCCAAAGGCUCUUUUCAGAGCCACCAGAAUU

Fig. 20
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