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maintaining the encoded amino acid sequence and (ii) a step of optimizing codon usage of the modified cDNA in accordance with
the codon usage of the cell used for recombinant expression. As a result, a modified cDNA is obtained, which is optimized for the
recombinant heterologous expression while still encoding the desired protein in its desired amino acid sequence.
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Methods for optimizing heterologous gene expression

FIELD OF THE INVENTION

The present invention is in the area of heterologous gene expression. Thus, the
present invention relates to a method for obtaining a cDNA for recombinant
heterologous expression in a cell, a method for optimizing a cDNA for recombinant
heterologous expression in a cell, a method for producing a protein by recombinant
heterologous expression of a cDNA in a cell, and a method of optimizing the
recombinant heterologous expression of a cDNA in a cell. All of these methods
comprise two essential steps, namely a step of amending at least one nucleotide of a
consensus splice site in order to arrive at a modified cDNA, and a step of optimizing
codon usage of the modified cDNA in accordance with the codon usage of the cell
used for recombinant expression in order to arrive at a further modified cDNA. Both
steps are carried out such that the encoded amino acid sequence is maintained. The
present invention further relates to uses of the modified cDNA gained thereby as well

as to uses of the methods of the present invention.

BACKGROUND OF THE INVENTION

Heterologous gene expression is of fundamental importance for basic biology and in

medicine for industrial production purposes. In order to optimize transgene
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transcription and translation as well as transcript stability, many factors have to be
taken into account. Engineering of upstream and downstream regulatory sequences,
signal peptides and codon optimization are examples of how to improve protein

production in heterologous production hosts [30].

An example of a production platform for heterologous gene expression is the moss
Physcomitrella patens. P. patens has been established as a bioreactor for the
production of complex recombinant biopharmaceuticals and proven its suitability for
large-scale production of recombinant proteins under good manufacturing practice
(GMP) conditions [14,15]. The first moss-produced drug candidate, moss-aGal for
enzyme replacement therapy of Fabry disease [17], has successfully completed Phase
I Clinical Trials [68]. Of course, other production platforms for heterologous gene

expression such as e.g. mammalian cells or insect cells are also well-established.

When using the moss P. patens as host cell or production platform, respectively, for
the heterologous production of a protein, such as e.g. a human protein, the native
signal peptide of the protein can be replaced with the moss AP1 signal sequence that
effectively targets the polypeptide chain to the ER, resulting in an efficient secretion
of the recombinant protein [55,56]. In addition, the expression of the protein may e.g.
be driven by the promoter of the PpActin5 gene to obtain high expression [20,57].
These measures are amongst others known to improve the heterologous gene
expression in P. patens and corresponding optimizations are well established for

other production platforms as well.

While the above measures result in a higher yield and thus optimize heterologous
gene expression, there is nevertheless a constant need to further improve the
heterologous gene expression in P. patens and other cells serving as production
platforms for heterologous gene expression. It would in particular be desirable to
reduce the bioenergetic costs of recombinant heterologous gene expression by

preventing the formation of non-functional products.
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OBJECTS AND SUMMARY OF THE INVENTION

The inventors of the present invention have surprisingly found that splicing takes
place if a cDNA comprising only exons is recombinantly expressed in a heterologous
cell. In other words, the inventors have found that expression platforms for the
production of a protein derived from a different species (i.e. a heterologous
expression), wherein the protein is encoded by a cDNA comprising only exons of the
different species, nevertheless recognize specific sequences in the cDNA as
consensus splice sites such that different protein species are produced. The inventors
have furthermore surprisingly found that this splicing (which may also be referred to
as “heterosplicing”) can be prevented (i) if the cDNA is modified in that at least one
nucleotide of a consensus splice site is amended such that the splice site is destroyed
while the encoded amino acid sequence is maintained and (ii) if the codon usage of
the further codons is optimized. The use of a cDNA modified in accordance with the
above in a heterologous expression system was found by the inventors to result
exclusively in the production of the desired full-length protein by the expression

platform in a surprisingly high amount.

In the first aspect, the present invention is directed to an in vitro method of
obtaining a cDNA for recombinant heterologous expression in a cell, wherein said
method comprises the following steps:
a) Providing a cDNA,;
b) Identifying nucleotides of consensus splice sites in the cDNA
provided in step a);
¢) Amending at least one of the nucleotides identified in step b) such that
(i) at least one consensus splice site is destroyed while (ii) the
encoded amino acid sequence is maintained, thereby arriving at
¢DNA NO:1;
d) Identifying under-represented codons in cDNA NO:1 obtained in step

©);



WO 2020/157274 PCT/EP2020/052421

10

15

20

25

30

e) Replacing the under-represented codons identified in step d) with
over-represented codons, thereby arriving at cDNA NO:2,
wherein cDNA NO:2 corresponds to the cDNA for recombinant expression in a cell;
wherein the identification of under-represented codons in step d) and the replacement
with over-represented codons in step e) is based on the codon usage of the cell used

for recombinant expression; and wherein the cDNA is mammalian cDNA.

In the second aspect, the present invention is directed to an irn vitro method of
optimizing a cDNA for recombinant heterologous expression in a cell, wherein said
method comprises the following steps:
a) Providing a cDNA;
b) Identifying nucleotides of consensus splice sites in the cDNA
provided in step a);
¢) Amending at least one of the nucleotides identified in step b) such that
(i) at least one consensus splice site is destroyed while (ii) the
encoded amino acid sequence is maintained, thereby arriving at
c¢cDNA NO:1;
d) Identifying under-represented codons in cDNA NO:1 obtained in step
c);
e) Replacing the under-represented codons identified in step d) with
over-represented codons, thereby arriving at cDNA NO:2,
wherein cDNA NO:2 corresponds to a cDNA optimized for recombinant expression
in a cell; wherein the identification of under-represented codons in step d) and the
replacement with over-represented codons in step e) is based on the codon usage of
the cell used for recombinant expression; and wherein the cDNA is mammalian

cDNA.

In the third aspect, the present invention is directed to an in vitro method of
producing a protein by recombinant heterologous expression of a cDNA in a cell,

wherein said method comprises the following steps:
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a) Providing a cDNA;

b) Identifying nucleotides of consensus splice sites in the cDNA
provided in step a);

c) Amending at least one of the nucleotides identified in step b) such that
(1) at least one consensus splice site is destroyed while (ii) the
encoded amino acid sequence is maintained, thereby arriving at
¢DNA NO:1;

d) Identifying under-represented codons in cDNA NO:1 obtained in step
c);

e) Replacing the under-represented codons identified in step d) with
over-represented codons, thereby arriving at cDNA NO:2;

f) Recombinantly expressing cDNA NO:2 obtained in step €) in the cell,
thereby producing the protein

wherein the identification of under-represented codons in step d) and the

replacement with over-represented codons in step e) is based on the codon

usage of the cell used for recombinant expression; and wherein the cDNA

is mammalian cDNA.

In one embodiment, step f) is based on a stable integration of cDNA NO:2 into the
genome of said cell. In one alternative embodiment, step f) is based on a transient

transfection of cDNA NO:2 into said cell.

In one embodiment, the produced protein is substantially present inside the cell. In
this case, the protein is preferably an enzyme. The protein or enzyme, respectively,
may be selected from the group consisting of N-acetylglucosamine-1-
phosphotransferase (GNPT), N-acetylglucosamine-1-phosphodiester-alpha-N-
acetylglucosaminidase (NAGPA), mannosyl-phosphate-transferase Mnn6p, UDP-N-
acetylglucosamine-2-epimerase/N-acetylmannosamine kinase (GNE), V-
acetylneuraminic acid phosphate synthase (NANS), N-acetylneuraminic acid
phosphatase (NANP), CMP-N-acetylneuraminic acid synthase (CMAS), CMP-sialic
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acid transporter (CST), a2,6-sialyltransferase (a2,6-ST), a2,3-sialyltransferase (a2,3-
ST), a-N-acetyl-neuraminide alpha-2,8-sialyltransferase 2 (ST8Sia-II), a-N-acetyl-
neuraminide alpha-2,8-sialyltransferase 4 (ST8Sia-1V), al,6-fucosyltransferase (FT),
B1,4-galactosyltransferase (GalT4), UDP-GIcNAc 4-epimerase, UDP-GIcNAc/UDP-
GalNAc, N-acetylgalactosaminyltransferase 2 (GalNAc-T2), serine O-o-
galactosyltransferase, Gamma-glutamyl carboxylase (GGCX), Paired basic amino
acid residue-cleaving enzyme (PACE), vitamin K epoxide reductase complex subunit
1 (VKORC1), and combinations thereof. A corresponding cell line stably expressing
one of the afore-mentioned proteins or enzymes, respectively, or a combination
thereof, is in particular useful when producing a target protein, such as e.g. a
biopharmaceutical, which is glycosylated or a fully matured target protein, such as

e.g. a biopharmaceutical.

In one embodiment thereof, the protein or enzyme, respectively, is selected from the
group consisting of N-acetylglucosamine-1-phosphotransferase (GNPT), N-
acetylglucosamine-1-phosphodiester-alpha-N-acetylglucosaminidase (NAGPA),
mannosyl-phosphate-transferase Mnn6p, UDP-N-acetylglucosamine-2-epimerase/N-
acetylmannosamine kinase (GNE), N-acetylneuraminic acid phosphate synthase
(NANS), N-acetylneuraminic acid phosphatase (NANP), CMP-N-acetylneuraminic
acid synthase (CMAS), CMP-sialic acid transporter (CST), a2,6-sialyltransferase
(02,6-ST), 02,3-sialyltransferase (a2,3-ST), a-N-acetyl-neuraminide alpha-2,8-
sialyltransferase 2 (ST8Sia-1I), a-N-acetyl-neuraminide alpha-2,8-sialyltransferase 4
(ST8Sia-IV), al,6-fucosyltransferase (FT), p1,4-galactosyltransferase (GalT4), UDP-
GlcNAc 4-epimerase, UDP-GIcNAc/UDP-GalNAc, V-
acetylgalactosaminyltransferase 2 (GalNAc-T2), serine O-o-galactosyltransferase,
and combinations thereof. All of the afore-mentioned enzymes are implicated in
producing a glycosylated (target) protein, which is preferably a biopharmaceutical, in
particular in plants and more particular in P. patens. A corresponding cell line stably
expressing one of the afore-mentioned proteins or enzymes, respectively, or a

combination thereof (in particular the combinations set out in the following
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biopharmaceutical, which is glycosylated.

In one embodiment thereof, the protein or enzyme, respectively, is selected from the
group consisting of N-acetylglucosamine-1-phosphotransferase (GNPT), N-
acetylglucosamine-1-phosphodiester-alpha-N-acetylglucosaminidase (NAGPA),
mannosyl-phosphate-transferase Mnn6p, and combinations thereof. Expressing either
GNPT and NAGPA together or relying exclusively on the expression of Mnn6p is a
way of producing a mannose-6-phosphate modified glycoprotein, in particular in

plants and more particular in P. patens.

In one embodiment thereof, the protein or enzyme, respectively, is selected from the
group consisting of GalT4, GNE, NANS, NANP, CMAS, CST, 02,6-ST, a2,3-ST,
FT, ST8Sia-1I, ST8Sia-IV and combinations thereof, wherein it is preferred to select
all of the afore-mentioned enzymes together. Expressing GalT4, GNE, NANS,
NANP, CMAS, CST, 02,6-ST, a2,3-ST, FT, ST8Sia-1I and ST8Sia-IV together is a
way of producing a glycoprotein with a humanized N-glycosylation pattern, in

particular in plants and more particular in P. patens.

In one embodiment thereof, the protein or enzyme, respectively, is selected from the
group consisting of UDP-GIcNAc 4-epimerase, UDP-GIcNAc/UDP-GalNAc,
GalNAc-T2 and combinations thereof, wherein it is preferred to select all of the
afore-mentioned enzymes together. Expression of UDP-GIlcNAc 4-epimerase, UDP-
GlcNAc/UDP-GalNAc and GalNAc-T2 together is a way of producing a
glycoprotein with a single GalNAc on serine and/or threonine residues, in particular

in plants and more particular in P. patens.

In one embodiment thereof, the protein or enzyme, respectively, is serine O-a-

galactosyltransferase. Expression of serine O-a-galactosyltransferase is a way of
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producing an O-glycosylated protein, in particular in plants and more particular in P.

patens.

In one embodiment thereof, the protein or enzyme, respectively, is selected from the
group consisting of GGCX, PACE, VKORC1 and combinations thereof. Expression
of GGCX, PACE and VKORC1 together is a way of producing enzymes that are
necessary for the maturation of vitamin K-dependent blood coagulation factors
including Factor II and Factor IX, in particular in plants and more particular in P.

patens.

In one embodiment, the protein is secreted from the cell into the cell culture medium.
In this case, the cDNA preferably comprises a sequence coding for a signal peptide
directing the protein for secretion into the culture medium. Furthermore, in this case,
it is preferred that the protein is a biopharmaceutical. The protein or
biopharmaceutical, respectively, may be selected from the group consisting of blood
coagulation factor II, blood coagulation factor VIII, blood coagulation factor IX,
moss-aGal, human complement regulator factor H, factor H-related proteins (FHR),
synthetic/chimeric factor H-related protein, vascular endothelial growth factor
(VEGF), keratinocyte growth factor (FGF7/KGF), epidermal growth factor (EGF),
hepatocyte growth factor (HGF), erythropoietin (EPO), asialo-erythropoietin (asialo-
EPO), beta-glucocerebrosidase (GBA), and an immunoglobulin (Ig).

In the fourth aspect, the present invention is directed to an in vitro method of
optimizing the recombinant heterologous expression of a cDNA in a cell, wherein
said method comprises the following steps:
a) Providing a cDNA;
b) Identifying nucleotides of consensus splice sites in the cDNA
provided in step a);
¢) Amending at least one of the nucleotides identified in step b) such that

(i) at least one consensus splice site is destroyed while (ii) the
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encoded amino acid sequence is maintained, thereby arriving at
c¢DNA NO:1;

d) Identifying under-represented codons in cDNA NO:1 obtained in step
c);

e) Replacing the under-represented codons identified in step d) with
over-represented codons, thereby arriving at cDNA NO:2;

f) Using cDNA NO:2 obtained in step e) for recombinant expression in a
cell, thereby optimizing the recombinant expression of a cDNA in a
cell;

wherein the identification of under-represented codons in step d) and the

replacement with over-represented codons in step e) is based on the codon

usage of the cell used for recombinant expression; and wherein the cDNA

is mammalian cDNA.

In one embodiment, the optimization resides in a reduction of the number of splice
variants of the protein. In one embodiment, the optimization resides in an elimination
of at least one splice variant of the protein, preferably of all splice variants of the

protein.

In one embodiment, the method comprises a step prior to step b), namely the step of
recombinantly expressing the cDNA provided in step a) in the cell and determining
whether the expression results in splice variants of the encoded protein. The
determination whether the expression results in splice variants of the encoded protein
may be carried out with standard methods, in particular the methods used in the
examples of the present application. Thus, in particular RT-PCR, optionally in
combination with sequencing, Western-Blotting, Coomassie-Staining in combination

with mass-spectrometry, or the like may be used. RT-PCR is a preferred method.

In the fifth aspect, the present invention is directed to an vitro method of increasing

the fraction of the full-length variant of a protein produced by recombinant
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heterologous expression of a cDNA in a cell, wherein said method comprises the
following steps:

a) Providing a cDNA encoding the full-length variant of a protein;

b) Identifying nucleotides of consensus splice sites in the cDNA
provided in step a);

c) Amending at least one of the nucleotides identified in step b) such that
(i) at least one consensus splice site is destroyed while (ii) the
encoded amino acid sequence is maintained, thereby arriving at
c¢cDNA NO:1;

d) Identifying under-represented codons in cDNA NO:1 obtained in step
c);

e) Replacing the under-represented codons identified in step d) with
over-represented codons, thereby arriving at cDNA NO:2;

f) Using cDNA NO:2 obtained in step e) for recombinant expression in a
cell, thereby obtaining an increased fraction of the full-length variant
of the protein;

wherein the identification of under-represented codons in step d) and the

replacement with over-represented codons in step ) is based on the codon

usage of the cell used for recombinant expression; and wherein the cDNA

is mammalian cDNA.

In one embodiment, the fraction of the full-length variant of the protein obtained in
step f) is increased compared to the fraction of the full-length variant of the protein if

the cDNA provided in step a) is used for recombinant expression in a cell.

In one embodiment, the method comprises a step prior to step b), namely the step of
recombinantly expressing the cDNA provided in step a) in the cell and determining
whether the expression results in splice variants of the encoded protein. The
determination whether the expression results in splice variants of the encoded protein

may be carried out with standard methods, in particular the methods used in the
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examples of the present application. Thus, in particular RT-PCR, optionally in
combination with sequencing, Western-Blotting, Coomassie-Staining in combination

with mass-spectrometry, or the like may be used. RT-PCR is a preferred method.

The following embodiments apply for all aspects as outlined above.

In one embodiment, the consensus splice sites are donor and acceptor splice sites.

In one embodiment, the donor and acceptor splice sites follow the GT-AG Rule.

In one embodiment, the donor splice site and/or the acceptor splice site is amended in
step c). In one embodiment, the donor splice sites and/or the acceptor splice sites are
amended in step c¢). In a preferred embodiment, the donor splice site and the acceptor
splice site are amended in step c), and the donor splice sites and the acceptor splice

sites are amended in step c), respectively.

In one embodiment, the identifying of under-represented codons in cDNA NO:1 of
step d) does not include the codons comprising the at least nucleotide amended in

step c).

In one embodiment, the replacing of step €) does not result in the introduction of

consensus splice sites.

In one embodiment, the replacing of step e) results in an increase in the GC-content.
In other words, the GC-content of cDNA NO:2 / GC-content of cDNA NO:1 is > 1

in this embodiment,

In one embodiment, the mammalian cDNA is selected from the group consisting of
human cDNA, rat cDNA and mouse cDNA. The cDNA may also be a hybrid cDNA

comprised of plant cDNA and mammalian cDNA, wherein it is to be understood that
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such a hybrid cDNA is still regarded as mammalian cDNA if it comprises
mammalian cDNA. It is typical for such a hybrid cDNA that the plant cDNA relates
to a specific motif, in particular a signal sequence (ultimately resulting in the
efficient secretion of the protein), whereas the mammalian cDNA encodes the
protein of interest (that is ultimately secreted). The term “hybrid cDNA” as used
herein is synonymous with the term “chimeric cDNA”. The latter term is used more
often in recent times to not create confusion with respect to DNA-probes for

hybridization.

A hybrid or chimeric cDNA comprising mammalian cDNA (referred to as
“mammalian cDNA” herein) is typically a cDNA that is used when producing a
protein by recombinant heterologous expression of a cDNA in a cell. Since the
cDNA, here the mammalian cDNA, is derived from a different species or cell than
the species or cell used for the recombinant gene expression, sequence motifs or
elements of the species or cell used for the recombinant gene expression are typically
fused to the mammalian cDNA in order to e.g. result in a secretion (in this case, a
signal sequence that effectively targets the polypeptide chain to the ER). A result
may be a hybrid or chimeric cDNA comprised of mammalian cDNA and plant
cDNA. Alternatively, the mammalian cDNA may be fused to sequence motifs or
elements not directly derived from the species or cell used for the recombinant gene
expression (such as e.g. from P. patens) but from a non-mammalian organism, in
particular a plant different from the species or cell used for the recombinant gene
expression (such as e.g. from Thuja occidentalis). Also in this example, the result is a

hybrid or chimeric cDNA comprised of mammalian cDNA and plant cDNA.

In one embodiment, the protein is an enzyme or a biopharmaceutical. Said enzyme is
preferably selected from the group consisting of N-acetylglucosamine-1-
phosphotransferase (GNPT), N-acetylglucosamine-1-phosphodiester-alpha-N-
acetylglucosaminidase (NAGPA), mannosyl-phosphate-transferase Mnn6p, UDP-N-

acetylglucosamine-2-epimerase/N-acetylmannosamine kinase (GNE), N-
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acetylneuraminic acid phosphate synthase (NANS), N-acetylneuraminic acid
phosphatase (NANP), CMP-N-acetylneuraminic acid synthase (CMAS), CMP-sialic
acid transporter (CST), a2,6-sialyltransferase (a2,6-ST), a2,3-sialyltransferase (02,3-
ST), a-N-acetyl-neuraminide alpha-2,8-sialyltransferase 2 (ST8Sia-II), a-N-acetyl-
neuraminide alpha-2,8-sialyltransferase 4 (ST8Sia-1V), al,6-fucosyltransferase (FT),
B1,4-galactosyltransferase (GalT4), UDP-GlcNAc 4-epimerase, UDP-GIcNAc/UDP-
GalNAc, N-acetylgalactosaminyltransferase 2 (GalNAc-T2), serine O-a-
galactosyltransferase, Gamma-glutamyl carboxylase (GGCX), Paired basic amino
acid residue-cleaving enzyme (PACE), vitamin K epoxide reductase complex subunit
1 (VKORC1), and combinations thereof. A corresponding cell line stably expressing
one of the afore-mentioned proteins or enzymes, respectively, or a combination
thereof, is in particular useful when producing a target protein, such as e.g. a
biopharmaceutical, which is glycosylated or a fully matured target protein, such as

e.g. a biopharmaceutical.

In one embodiment thereof, the protein or enzyme, respectively, is selected from the
group consisting of N-acetylglucosamine-1-phosphotransferase (GNPT), N-
acetylglucosamine-1-phosphodiester-alpha-N-acetylglucosaminidase (NAGPA),
mannosyl-phosphate-transferase Mnn6p, UDP-N-acetylglucosamine-2-epimerase/N-
acetylmannosamine kinase (GNE), N-acetylneuraminic acid phosphate synthase
(NANS), N-acetylneuraminic acid phosphatase (NANP), CMP-N-acetylneuraminic
acid synthase (CMAS), CMP-sialic acid transporter (CST), a2,6-sialyltransferase
(02,6-ST), 02,3-sialyltransferase (02,3-ST), a-N-acetyl-neuraminide alpha-2,8-
sialyltransferase 2 (ST8Sia-II), a-N-acetyl-neuraminide alpha-2,8-sialyltransferase 4
(ST8Sia-1V), al,6-fucosyltransferase (FT), p1,4-galactosyltransferase (GalT4), UDP-
GlcNAc 4-epimerase, UDP-GlcNAc/UDP-GalNAc, N-
acetylgalactosaminyltransferase 2 (GalNAc-T2), serine O-a-galactosyltransferase,
and combinations thereof. All of the afore-mentioned enzymes are implicated in
producing a glycosylated (target) protein, which is preferably a biopharmaceutical, in

particular in plants and more particular in P. patens. A corresponding cell line stably
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expressing one of the afore-mentioned proteins or enzymes, respectively, or a
combination thereof (in particular the combinations set out in the following
embodiments), is in particular useful when producing a target protein, such as e.g. a

biopharmaceutical, which is glycosylated.

In one embodiment thereof, the protein or enzyme, respectively, is selected from the
group consisting of N-acetylglucosamine-1-phosphotransferase (GNPT), N-
acetylglucosamine-1-phosphodiester-alpha-N-acetylglucosaminidase (NAGPA),
mannosyl-phosphate-transferase Mnn6p, and combinations thereof. Expressing either
GNPT and NAGPA together or relying exclusively on the expression of Mnn6p is a
way of producing a mannose-6-phosphate modified glycoprotein, in particular in

plants and more particular in P. patens.

In one embodiment thereof, the protein or enzyme, respectively, is selected from the
group consisting of GalT4, GNE, NANS, NANP, CMAS, CST, a2,6-ST, a2,3-ST,
FT, ST8Sia-1I, ST8Sia-IV and combinations thereof, wherein it is preferred to select
all of the afore-mentioned enzymes together. Expressing GalT4, GNE, NANS,
NANP, CMAS, CST, a2,6-ST, a2,3-ST, FT, ST8Sia-II and ST8Sia-IV together is a
way of producing a glycoprotein with a humanized N-glycosylation pattern, in

particular in plants and more particular in P. patens.

In one embodiment thereof, the protein or enzyme, respectively, is selected from the
group consisting of UDP-GIcNAc 4-epimerase, UDP-GIcNAc/UDP-GalNAc,
GalNAc-T2 and combinations thereof, wherein it is preferred to select all of the
afore-mentioned enzymes together. Expression of UDP-GIcNAc 4-epimerase, UDP-
GlcNAc/UDP-GalNAc and GalNAc-T2 together is a way of producing a
glycoprotein with a single GalNAc on serine and/or threonine residues, in particular

in plants and more particular in P. patens.
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In one embodiment thereof, the protein or enzyme, respectively, is serine O-o-
galactosyltransferase. Expression of serine O-a-galactosyltransferase is a way of
producing an O-glycosylated protein, in particular in plants and more particular in P.

patens.

In one embodiment thereof, the protein or enzyme, respectively, is selected from the
group consisting of GGCX, PACE, VKORCI1 and combinations thereof. Expression
of GGCX, PACE and VKORCI1 together is a way of producing enzymes that are
necessary for the maturation of vitamin K-dependent blood coagulation factors
including Factor II and Factor IX, in particular in plants and more particular in P.

patens.

Said biopharmaceutical is preferably selected from the group consisting of blood
coagulation factor II, blood coagulation factor VIII, blood coagulation factor IX,
moss-aGal, human complement regulator factor H, factor H-related proteins (FHR),
synthetic/chimeric factor H-related protein, vascular endothelial growth factor
(VEGF), keratinocyte growth factor (FGF7/KGF), epidermal growth factor (EGF),
hepatocyte growth factor (HGF), erythropoietin (EPO), asialo-erythropoietin (asialo-
EPO), beta-glucocerebrosidase (GBA), and an immunoglobulin (Ig).

The identification of under-represented codons in step d) and the replacement with
over-represented codons in step e) is based on the codon usage of the cell (or the
species of the cell, respectively) used for recombinant expression. In other words, the
under-represented and over-represented codons are derived from the codon usage in

the cell (or the species of the cell, respectively) used for recombinant expression.

In a particular preferred embodiment, the cell is a plant cell. Said plant cell may be
an isolated cell, a singularized cell, a cell in or of a plant tissue, preferably a tissue
selected from the group consisting of callus, protonema, phloem, xylem, mesophyll,

trunk, leaves, thallus, chloronema, caulonema, rhizoid or gametophore and a cell in a
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plant organism. Said plant cell is preferably a cell from a plant selected from the

group consisting of bryophyta, liverwort, hornwort and an aquatic plant or alga.

Said bryophyta is preferably moss, more preferably a moss of the class bryopsida. It
can be particularly preferred in the present invention that said bryopside is

Physcomitrella patens such that said cell is a P. patens cell.

Said aquatic plant is preferably an aquatic plant from the genus selected from the

group consisting of Lemna, Spirodela, Landoltia, Wolffia and Wolfiella.

In one embodiment, the cell is a mammalian cell. Preferably, said mammalian cell is
selected from the group consisting of a CHO cell, a HeLa cell, a HEK cell, a U20S
cell, an A549 cell, a HT1080 cell, a CAD cell, a P19 cell, a NIH 3T3 cell, a L929
cell, a N2a cell, a MCF-7 cell, a Y79 cell, a SO-Rb50 cell, a Hep G2 cell, a DUKX-
X11 cell, a J558L cell, and a BHK cell.

In one embodiment, the cell is an insect cell. Preferably, said insect cell is selected
from the group consisting of a Sf9 cell, a Mimic S{9 cell, a Sf21 cell, a High Five
cell, a S2 cell, and a D.Mel2 cell.

In one embodiment, the cDNA is a mammalian cDNA, preferably a human cDNA,;
and the cell is a plant cell, preferably a bryopside cell, more preferably a P. patens
cell. In one embodiment, the cDNA is a mammalian cDNA, preferably a human
cDNA,; the cell is a plant cell, preferably a bryopside cell, more preferably a P.
patens cell; and the donor and acceptor splice sites follow the GT-AG Rule. In one
embodiment, the cDNA is a mammalian cDNA, preferably a human cDNA; the cell
is a plant cell, preferably a bryopside cell, more preferably a P. patens cell; the donor
and acceptor splice sites follow the GT-AG Rule; and the under-represented and
over-represented codons are derived from the codon usage in said plant cell,

preferably in said bryopside cell, more preferably in said P. patens cell. In the afore-
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mentioned embodiments, it can be particularly preferred that said cDNA encodes
FIX.

In the sixth aspect, the present invention is directed to the use of a cDNA obtained
according to the method of the first aspect for recombinant heterologous expression

in a cell.

In the seventh aspect, the present invention is directed to the use of a cDNA
optimized according to the method of the second aspect for recombinant

heterologous expression in a cell.

In the eight aspect, the present invention is directed to the use of the method of the
third aspect in the generation of a host cell for heterologous recombinant expression
of a mammalian cDNA, wherein said host cell is capable of carrying out at least one
posttranslational modification found in the mammal. This in particular applies to a
method of the third aspect, where a protein or a combination of proteins,
respectively, is produced inside the cell that is/are (an) enzyme(s) responsible for the
posttranslational modification. The posttranslational modification may e.g. be

glycosylation, sialyation or the like.

In the ninth aspect, the present invention is concerned with a protein produced by

the method according to the third aspect.

The embodiments of the first five aspects apply to the sixth, seventh, eighth and
ninth aspect as well, in particular when it comes to the cDNA and the cell used for

recombinant heterologous expression.
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DESCRIPTION OF THE FIGURES

Figure 1 — Expression of FIX in Physcomitrella patens.

A: Total RNA from protonema cultures of 4 FIX-transgenic lines (FGP) and the
parental line Axt/ft was prepared and used for RT-PCR using the primers FIXfwdB
and FIXrevB.

B: RT-PCR of FIX using the primers FIXfwdB and FIXrevB from gametophores of
the same lines.

C: RT-PCR of FIX with mRNA extracted from transiently transfected (FIX) as well
as non-transfected (Axt/ft) cells.

M: 1 kb Marker (Thermo Fisher Scientific), -: without reverse transcription, +: with

reverse transcription, CO: Water control.

Figure 2 — Schematic representation of FIX transcripts and multiple sequence
alignment of predicted FIX protein isoforms based on transcripts detected in
Physcomitrella patens.

A: Full-length FIX transcript (A.I), FIX variant with the deletion of a 44 aa long
domain in the CDS for the heavy chain (A.II), FIX variant with deletions in the CDS
for both light and heavy chain (A.III), FIX variant with deletions in the CDS for light
chain, activation peptide and heavy chain (A.IV), FIX variant missing the complete
CDS for the activation peptide, almost the complete light chain and a 41 aa long
domain in the heavy chain (A.V).

“*” indicates the usage of a slightly earlier donor site, which is -9 bp upstream of the
site for variants II, III and IV; S: PpAP1 signal peptide, P: propeptide, AP: activation
peptide, H: 8x His tag; “1” to “6” indicates splice sites, see Figure 8.

B: Alignment was performed and formatted for publication with MUSCLE via the
"MSA" package for R [49,50]. The protein sequences have the following SEQ IDs:
Complete FIX: SEQ ID NO:39; FIX Variant 1: SEQ ID NO:40; FIX Variant 2: SEQ
ID NO:41; FIX Variant 3: SEQ ID NO:42; FIX Variant 4: SEQ ID NO:43.
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Figure 3 — Schematic representation of donor and acceptor sites within the FIX
sequence and consensus sequence motifs of donor and acceptor splice sites
recovered from all 87.533 P. patens transcripts.

A: Donor and acceptor sites. Four different splicing motifs were identified after
sequencing FIX variants. Left side shows donor site and right side shows acceptor
site. “-1” represents last nucleotide of exon in donor site (left side) or last nucleotide
of intron in acceptor site (right side). “1” to “6” indicates splice sites, see Figure 8.
The SEQ IDs of the sequences depicted in this Figure are as follows: splice site 4 is
SEQ ID NO: 4; splice site 1 is SEQ ID NO: 1; splice site 6 is SEQ ID NO: 6; splice
site 2 is SEQ ID NO: 2; splice site 3 is SEQ ID NO: 3; splice site 5 is SEQ ID NO: 5.
B, C: Consensus genomic sequence motifs of donor (B) and acceptor splice sites (C)
extracted from all 32.926 P. patens protein-coding genes. Probability and height of
individual letters correspond to base frequencies at each position. The SEQ IDs of
the sequences depicted in Figures B and C are as follows: B: SEQ ID NO: 7; C: SEQ
ID NO: 8.

Figure 4 — Analysis of moss-produced FIX protein variants.

A: Immunodetection of extracellular FIX protein produced by two transfections
(anti-FIX Ab 1:5,000). Culture supernatant of non-transfected cells was used as
negative control (Neg). Exposure time: 10 sec. T1, T2: Two different transient
transfections with the FIX cDNA-based expression plasmid.

B: Full-length mossFIX amino acid sequence. Amino acids marked in yellow were
identified in the MS analysis. Blue boxes indicate the two parts of the peptide
VVGGEDAKPGEHNIEETEHTEQKR (SEQ ID NO:11) which was also identified
in MS analysis and represents a heterosplice product. The SEQ IDs of the sequences
depicted in this Figure are as follows: complete protein sequence of FIX protein as
indicated: SEQ ID NO:12; 1%t yellow box: SEQ ID NO:13; 2™ yellow box: SEQ ID
NO:14; 31 yellow box: SEQ ID NO:15; 4t yellow box: SEQ ID NO:16; 1%t blue box:
SEQ ID NO: 9; 2% blue box: SEQ ID NO:10; 5% yellow box: SEQ ID NO:17; 6%



WO 2020/157274 PCT/EP2020/052421

10

15

20

25

-20-

yellow box: SEQ ID NO:18; 7% yellow box: SEQ ID NO:19; 8% yellow box: SEQ ID
NO:20.

Figure 5 — Prevention of Heterosplicing of the human FIX CDS in
Physcomitrella patens.

A: RT-PCR of FIX RNA from cells that were transiently transfected with aspFIX
and non-transfected cells (WT). M: 1 kb Marker (Thermo Fisher Scientific), -RT:
without reverse transcription, +RT: with reverse transcription, P: PCR with aspFIX
plasmid used as positive control.

B: Splicing motifs identified after sequencing the FIX variant “aspFIX”. The left side
shows the donor site and the right side the acceptor site. “-1” represents the last
nucleotide of the exon at the donor site or the intron at the acceptor site, respectively.
The donor site, site 7, is upstream of donor site 1. The acceptor site corresponds to
acceptor site 5 except for the exchange of A to G in order to arrive at aspFIX and is
therefore referred to as acceptor site 5°. “5°” and “7” indicates splice sites, see Figure
8. The SEQ IDs of the sequences depicted in this Figure are as follows: Splice site 7
is SEQ ID NO:27; splice site 5* is SEQ ID NO: 28;

C: Schematic representation of complete FIX (upper) and the additional shorter
variant (lower). S: signal peptide, P: propeptide, AP: activation peptide, H: 8x His
tag. “5’” and “7” indicates splice sites, see Figure 8.

D: RT-PCR of FIX RNA from cells that were transiently transfected with optiFIX
and non-transfected cells (WT), respectively. M: 1 kb Marker (Thermo Fisher
Scientific), -RT: without reverse transcription, RT: with reverse transcription.

E: Immunodetection of extracellular FIX protein produced in two transfections (T1,
T2), with anti-FIX Ab (1:5,000). Culture supernatant of non-transfected cells was
used as negative control (Neg). Exposure time: 1 sec. T1, T2: Two different transient

transfections with the optiFIX plasmid.
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Figure 6 — 3D rendered confocal Z-stacks of moss protoplasts transfected with
FIX-Citrine (A) and optiFIX-Citrine (B) and comparison of normalized mean
voxel intensity in 3 images recorded for each construct (C).

A: Transient overexpression of FIX-Citrine yields fluorescence distributed in a
sparse network.

B: Transient overexpression of optiFIX-Citrine displays fluorescence signal in a
much greater volume of the cell.

C: After normalization the mean signal intensity of optiFIX-Citrine is about 9 times

that of FIX-Citrine.

Figure 7 — Multiple sequence alignment of FIX, aspFIX and optiFIX CDS.
The encoded amino acid sequence of FIX (FIX aa) was added for better
visualization. Alignment was performed and formatted for publication with
MUSCLE via the "MSA" package for R [49,50]. The sequences have the following
SEQ IDs: FIX aa: SEQ ID NO:39; FIX: SEQ ID NO:21; aspFIX: SEQ ID NO:22;
optiFIX: SEQ ID NO:23.

Figure 8 — Multiple sequence alignment of FIX, aspFIX and optiFIX CDS with
splice sites indicated in boxes.

Based on Figure 7, the splice sites as indicated in Figures 2A and 5C with the
sequences as given in Figure 3A and 5B are shown in boxes in the alignment. Splice
sites 1, 4 and 7 are donor splice sites, whereas splice sites 2, 3, 5, 5° and 6 are
acceptor splice sites. It is noted that boxes 5 and 6 as well as 1 and 7 overlap such
that boxes 6 and 7 are depicted above the aligned sequences. The sequences have the
following SEQ IDs: FIX aa: SEQ ID NO:39; FIX: SEQ ID NO:21; aspFIX: SEQ ID
NO:22; optiFIX: SEQ ID NO:23.

Figure 9 — Sequence alignment of CST and optiCST CDS.
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Alignment was performed and formatted for publication with MUSCLE via the
"MSA" package for R [49,50]. The sequences have the following SEQ IDs: CST:
SEQ ID NO:44; optiCST: SEQ ID NO:45.

Figure 10 — Fluorescence microscopy of moss protoplasts transfected with CST-
Citrine (A) and optiCST-Clitrine.

A: Transient overexpression of CST-Citrine yields a fluorescene signal. The intensity
of this signal is lower compared to the signal in B.

B: Transient overexpression of optiCST-Citrine displays a higher fluorescence signal
compared to A.

The scale bar in A and B is 20 pm.

Figure 11 — Sequence alignment of FH and optiFH CDS.

Alignment was performed and formatted for publication with MUSCLE via the
"MSA" package for R [49,50]. The sequences have the following SEQ IDs: FH: SEQ
ID NO:46; optiFH: SEQ ID NO:47. It is noted that both sequences (also in SEQ ID
NO:46 and SEQ ID NO:47) contain a 5° sequence encoding a signal peptide (the first
78 bases). In the FH-sequence, this sequence encodes the native signal peptide of the
H1-gene from Thuja occidentalis, whereas in the optiFH-sequence, this native H1-
encoding sequence was optimized according to the present invention, therefore
resulting in a slightly different sequence compared to the native H1-encoding

sequence.

Figure 12 — 3D rendered confocal Z-stacks of moss protoplasts transfected with
FH-Citrine (A) and optiFH-Citrine.

A: Transient overexpression of FH-Citrine does not results in a detectable
fluorescene signal.

B: Transient overexpression of optiFH-Citrine displays a high fluorescence signal.

The scale bar in A and B is 3 pm.
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DETAILED DESCRIPTION OF THE INVENTION

Before the present invention is described in more detail in the example section, the

underlying findings are described and definitions are introduced.

1. Underlying findings and definitions

The present invention is based on the surprising finding that heterosplicing, i.e.
splicing in a cell used for recombinant heterologous expression of a cDNA, can
successfully be prevented if (i) at least one consensus splice site is destroyed by
amending at least one nucleotide of said site while maintaining the encoded amino
acid sequence and (ii) optimizing the codon usage in accordance with the cell used
for recombinant heterologous expression of the cDNA, wherein the two steps result

in a modified cDNA, which is optimized for the heterologous expression in said cell.

As used in the specification and the claims, the singular forms of “a” and “an” also

include the corresponding plurals unless the context clearly dictates otherwise.

The term “about” in the context of the present invention denotes an interval of
accuracy that a person skilled in the art will understand to still ensure the technical
effect of the feature in question. The term typically indicates a deviation from the

indicated numerical value of £10% and preferably +5%.

It needs to be understood that the term “comprising” is not limiting. For the
purposes of the present invention, the term ““consisting of”’ is considered to be a
preferred embodiment of the term “comprising”. If hereinafter a group is defined to
comprise at least a certain number of embodiments, this is also meant to encompass a

group which preferably consists of these embodiments only.
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The term “DNA” is the usual abbreviation for deoxyribonucleic acid. It is a nucleic
acid molecule, i.e. a polymer consisting of nucleotide monomers. These nucleotides
are usually deoxy-adenosine-monophosphate, deoxy-thymidine-monophosphate,
deoxy-guanosine-monophosphate and deoxy-cytidine-monophosphate monomers or
analogs thereof which are — by themselves — composed of a sugar moiety
(deoxyribose), a base moiety and a phosphate moiety, and polymerize by a
characteristic backbone structure. The backbone structure is, typically, formed by
phosphodiester bonds between the sugar moiety of the nucleotide, i.e. deoxyribose,
of a first and a phosphate moiety of a second, adjacent monomer. The specific order
of the monomers, i.e. the order of the bases linked to the sugar/phosphate-backbone,
is called the DNA-sequence. DNA may be single stranded or double stranded. In the
double stranded form, the nucleotides of the first strand typically hybridize with the
nucleotides of the second strand, e.g. by A/T-base-pairing and G/C-base-pairing.

The term “RNA” is the usual abbreviation for ribonucleic acid. It is a nucleic acid
molecule, i.e. a polymer consisting of nucleotide monomers. These nucleotides are
usually adenosine-monophosphate, uridine-monophosphate, guanosine-
monophosphate and cytidine-monophosphate monomers or analogs thereof, 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 order of the monomers, i.e. the order of

the bases linked to the sugar/phosphate-backbone, is called the RNA-sequence.

The term “messenger RNA” or “mRNA” refers to one type of RNA molecule. In
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, comprises a variety
of different posttranscriptional modifications such as in particular splicing, but also
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
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messenger RNA provides the nucleotide sequence that may be translated into an
amino acid sequence of a particular peptide or protein via the genetic code, i.e. the
corresponding triplets or codons. Typically, a mature mRNA comprises a 5' cap, a

5'UTR, an open reading frame, a 3'UTR and a poly(A) or a poly(C) sequence.

The term “cDNA” as used herein means a coding sequence of a gene, where no
introns of the cell, the cDNA is derived from, are present. In other words, all introns
have been removed and the sequence is exclusively comprised of exons when looked
at from the perspective of the cell, the cDNA is derived from. “cDNA” as used
herein may alternatively be referred to as “cDNA encoding a protein” or “cDNA
coding for a protein”. The encoded protein may be a full-length or truncated version
of a naturally occuring protein or it may be a single domain of a naturally occurring
protein. Alternatively, the encoded protein may comprise several domains of a
naturally occurring protein but may not be identical to the full length protein, e.g. it
may comprise less domains than the full-length protein. The encoded protein may
also comprise different domains of at least two naturally occurring proteins (which
are preferably from the same species, e.g. from a mammal, in particular from a
human being). The at least two naturally occurring proteins may be from unrelated
proteins or from the same protein family, i.e. the at least two naturally occurring
proteins are in this case related, such as e.g. isoforms of a specific protein. If domains
of different protein are fused, one may also refer to a “synthetic” fusion protein. An
example here is the synthetic fusion protein MFHR1 that comprises the regulatory
domains of the human complement factor H (FH) and the human C5
convertase/C5b-9 inhibitory fragment of the FH-related protein 1, see [69] and [70].
The cDNA encoding the afore-mentioned exemplary synthetic fusion protein is still
to be regarded as mammalian cDNA, more specifically human cDNA, since the
encoded domains are derived from mammalian, more specifically human, proteins,

as will also be explained in the next paragraph.
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The term “mammalian cDNA” as used herein not only applies for mammalian cDNA
that consists entirely of mammalian cDNA but also to cDNA that comprises
mammalian cDNA (i. e. mammalian cDNA encoding a protein or at least one domain
thereof). The cDNA may, in addition to the mammalian cDNA, comprise further
cDNA, such as in particular DNA encoding peptide-linkers if several domains are
fused and/or signal peptides. A particularly preferred signal peptide encoding DNA
is cDNA encoding a signal sequence that effectively targets the encoded mammalian
protein for secretion, wherein such a signal sequence is typically cleaved off from the
encoded mammalian protein after it has successfully reached its destination inside
the cell. This is usually the Endoplasmatic Reticulum, where the signal peptide is
cleaved off. Examples of corresponding mammalian cDNAs are the human Factor IX
cDNA and the human Factor H cDNA of the examples of the present application that
are both synthesized as N-terminal translational fusions to signal peptides, wherein
the signal peptides are two different signal peptides from plants. In the case of FIX,
the signal-peptide encoding cDNA encodes the PpAP1 signal peptide from P.patens.
In the case of FH, the signal-peptide encoding cDNA encodes the signal peptide of
the H1 gene from T. occidentalis. As the products to be produced are clearly the
human (i.e. mammalian) proteins Factor IX and Factor H, the cDNAs are understood
to be mammalian cDNAs although both contain a small plant sequence, namely the
signal peptide coding sequence of PpAP1 and the signal peptide coding sequence of
H1, respectively.

The term “recombinant expression” as used herein means that a protein is produced
by a cell or by an organism comprising at least one cell. In order to do so, the gene
expression system of the cell or organism is used and typically manipulated such that
large amounts of a recombinant gene (i.e. the cDNA) are expressed. The cDNA,
which may be integrated into the genome of the cell, is transcribed into mRNA,
followed by the translation of mRNA into a polypeptide, which is folded into the

protein and may further be targeted to subcellular or extracellular locations.
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The term “consensus splice sites” as used herein refers to i) at least one donor splice
site and (ii) at least one acceptor splice site in the cDNA recognized by the cell used
for recombinant gene expression. It is important to understand that this is not in
contradiction to the definition of the term “cDNA” as defined above, as will be
explained in the following. Thus, since the present invention deals with heterologous
gene expression, the cDNA is derived from a different species or cell than the species
or cell used for the recombinant gene expression. This means that the cDNA does not
comprise any introns in terms of the cell or species, it is derived from. If e.g. a
human cDNA is used, it does not comprise any human introns, such as in particular
introns known from the upstream primary human RNA transcript, which is still
subject to splicing in a human cell or species. However, since the human cDNA is
expressed in a different cell or organism, e.g. the moss P. patens, this different cell or
organism unexpectedly treats specific sequence motifs in the human cDNA without
human introns as consensus splice sites (in the present example as P. patens splice
sites) with the result that splicing takes place in the production cell or organism such
that one or more parts of the sequence are removed as alleged introns. This may have
a significant negative effect on the heterologous expression in that not only the
desired full-length but also several other versions of the protein are produced. The

inventors refer to this effect as “heterosplicing”.

It is preferred that the “consensus splice sites” follow the GT-AG Rule, meaning that
the sequence treated as intron starts with GT (on a DNA-level, i.e. GU on an RNA-
level) and ends with AG. The donor splice site comprises the GT (or GU on an RNA-
level), whereas the acceptor splice site comprises the AG. The sequences of the
consensus splice sites may thus be identified by analyzing the cDNA sequence for
sequence regions starting with GT (on a DNA-level, i.e. GU on an RNA-level) and
ending with AG.

If the cell is the moss P. patens, the sequences of the consensus splice sites are

depicted in Figure 3B (donor splice site with the consensus sequence shown in SEQ
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ID NO:7) and Figure 3C (acceptor splice site with the consensus sequence shown in

SEQ ID NO:8). Such consensus splice sites can easily be identified manually.

On a general level, the process of splicing as discussed herein (which may also be
referred to as “alternative splicing” or “AS”) is a fundamental regulatory process that
contributes to proteome expansion [32]. AS can produce multiple mRNAs from the
same gene through the preference of splice sites during pre-mRNA splicing. It is
modulated based on sequence motifs in the pre-mRNA, the interactions between
RNA-binding proteins and splice sites, different cell types and environmental signals
[33,34]. Splicing is carried out by a large ribonucleoprotein (RNP) complex, the
spliceosome, which brings selected exons together by two transesterification
reactions [35]. Over the course of splicing, uridine (U)-rich small nuclear RNPs
(snRNPs) together with non-snRNP splicing factors, and serine/arginine-rich (SR)
proteins participate in the recognition of 5'- and 3" -splice sites as well as the branch
site [36]. In addition to its role in proteome expansion, AS controls transcript levels
by generating unstable mRNA isoforms that may activate nonsense-mediated mRNA

decay (NMD) [37-39].

The term “amending a nucleotide” means that a specific nucleotide of the cDNA
sequence, i.e. either an A, T, G or C is changed into a different nucleotide selected

from A, T, G and C. Thus, an A may e.g. be amended into a T or a G.

As is derivable from the aspects of the present invention, the amendment must be
made such that the following two results are achieved: (i) the consensus splice site is

destroyed while (ii) the encoded amino acid sequence is maintained.

As regards (i) and given the above on preferred splice sites following the GT-AG
Rule, it is preferred that either the G and/or the T of the donor splice site is amended.
The decision on which nucleotide(s) will be amended is dependent on its/their

position(s) in the codon as there should be no change in the amino acid sequence (see
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(ii) below). Amending the G and/or T of the donor splice site (optionally in
combination with further amendments of nucleotides in the consensus site) destroys
the donor splice site such that it is no longer recognized by the cell or organism as
donor splice site. Furthermore, it is preferred that either the A and/or the G of the
acceptor splice site is amended. The decision on which nucleotide(s) will be
amended is dependent on its/their position(s) in the codon as there should be no
change in the amino acid sequence (see (ii) below). Amending the A and/or G of the
acceptor splice site (optionally in combination with further amendments of
nucleotides in the consensus site) destroys the acceptor splice site such that it is no
longer recognized by the cell or organism as acceptor splice site. As noted above, it
is most preferred to not only amend at least one nucleotide of the donor splice site
such that the donor splice site is destroyed but to also amend at least one nucleotide
of the acceptor splice site such that the acceptor splice site is destroyed as well — in

this case, all consensus splice sites would be destroyed.

As regards (ii), the amendment of at least the G and/or T of the donor splice site
and/or of at least the A and/or G of the acceptor splice site must be carried out such
that the encoded amino acid sequence is maintained. This means that the amendment
must be carried out such that the genetic code is not altered in terms of the specific
amino acid encoded by a codon (i.e. a nucleotide triplet) comprising the nucleotide
that is intended to be amended. The skilled person understands that the frame of the
cDNA is to be taken into account when analyzing the position of the respective

nucleotide that is intended to be amended in a codon.

The term “codon usage” as used herein can be defined as the nonrandom and
selective usage of synonymous codons due to the fact that eighteen amino acids are
encoded by more than one codon. The selection of one over another for the same
amino acid differs not only between species but can even differ within different
tissues [43]. Thus, expressing genes in a heterologous species without host-specific

codon optimization might lead to suboptimal ribosome use and eventually reduced
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protein biosynthesis rates. Importantly, as can be derived from the example section
of the present application, the use of under-represented codons even has an impact on
splicing, namely that alternative sequences may be used as splice sites despite the
destruction of at least one of the consensus splice sites identified in step b). In this
respect, it is noted that the codon optimization in the present case seems to not only
have an impact on ribosome use but, even more importantly, seems to eliminate

cryptic introns, most likely due to an increase in the overall GC-content.

Before this background, the term “under-represented codons” as used herein means
that codons are used in the production cell or species, for which a lower number of
tRNAs (or even no tRNA at all) is present in the cell or species. This results inter
alia in the suboptimal ribosome use as mentioned above. To the contrary, “over-
represented codons” as used herein means that codons are used in the production cell
or species, which are typically used by the cell or species such that a high number of
corresponding tRNAs is present in the cell or species. Typical under-represented and
over-represented codons for eight amino acids are e.g. shown in different expression
cells or production systems in Table 1 in the example section below. The codon
usage in a specific cell or organism to be used for recombinant heterologous
expression can generally easily be determined by a skilled person, namely e.g. by

Jeat (http://www .jcat.de), Optimizer (http://genomes.urv.es/OPTIMIZER/), and

Codon Optimization On-Line (http://cool.syncti.org/index.php).

In order to emphasize that the step of replacing under-represented codons with over-
represented codons does not result in an amended encoded amino acid sequence, step
e) of the methods of the present invention may alternatively be referred to as
replacing the under-represented codons identified in step d) with over-represented

codons coding for the same amino acids, thereby arriving at cDNA NO:2.

The term “biopharmaceutical” as used herein refers to a protein that is used in the

medical field. An example for such a biopharmaceutical is e.g. human blood-clotting
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factor IX (FIX), which is used for the treatment of Hemophilia B. Hemophilia B is an
inherited bleeding disorder caused by the absence or abnormal levels of functional

FIX, and recombinant FIX is used to replace the absent or non-functional FIX.

Further preferred embodiments of the present application relate to:

1. An in vitro method of obtaining a cDNA for recombinant heterologous
expression in a cell, wherein said method comprises the following steps:
a) Providing a cDNA;
b) Identifying nucleotides of consensus splice sites in the cDNA
provided in step a);
c) Amending at least one of the nucleotides identified in step b) such that
(1) at least one consensus splice site is destroyed while (ii) the
encoded amino acid sequence is maintained, thereby arriving at
¢DNA NO:1;
d) Identifying under-represented codons in cDNA NO:1 obtained in step
c);
e) Replacing the under-represented codons identified in step d) with
over-represented codons, thereby arriving at cDNA NO:2,
wherein cDNA NO:2 corresponds to the cDNA for recombinant expression in

a cell,

2. An in vitro method of optimizing a cDNA for recombinant heterologous
expression in a cell, wherein said method comprises the following steps:
a) Providing a cDNA,;
b) Identifying nucleotides of consensus splice sites in the cDNA
provided in step a);
¢) Amending at least one of the nucleotides identified in step b) such that

(1) at least one consensus splice site is destroyed while (ii) the
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encoded amino acid sequence is maintained, thereby arriving at
c¢DNA NO:1;

d) Identifying under-represented codons in cDNA NO:1 obtained in step
c);

e) Replacing the under-represented codons identified in step d) with
over-represented codons, thereby arriving at cDNA NO:2,

wherein cDNA NO:2 corresponds to a cDNA optimized for recombinant

expression in a cell.

3. An in vitro method of producing a protein by recombinant heterologous
expression of a cDNA in a cell, wherein said method comprises the following
steps:

a) Providing a cDNA;

b) Identifying nucleotides of consensus splice sites in the cDNA
provided in step a);

c) Amending at least one of the nucleotides identified in step b) such that
(1) at least one consensus splice site is destroyed while (ii) the
encoded amino acid sequence is maintained, thereby arriving at
¢cDNA NO:1;

d) Identifying under-represented codons in cDNA NO:1 obtained in step
c);

e) Replacing the under-represented codons identified in step d) with
over-represented codons, thereby arriving at cDNA NO:2;

f) Recombinantly expressing cDNA NO:2 obtained in step €) in the cell,
thereby producing the protein.

4. An in vitro method of optimizing the recombinant heterologous expression of
a cDNA in a cell, wherein said method comprises the following steps:
a) Providing a cDNA;
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b) Identifying nucleotides of consensus splice sites in the cDNA

c)

d)

provided in step a);

Amending at least one of the nucleotides identified in step b) such that
(i) at least one consensus splice site is destroyed while (ii) the
encoded amino acid sequence is maintained, thereby arriving at
c¢DNA NO:1;

Identifying under-represented codons in cDNA NO:1 obtained in step
c);

Replacing the under-represented codons identified in step d) with
over-represented codons, thereby arriving at cDNA NO:2,;

Using cDNA NO:2 obtained in step e) for recombinant expression in a
cell, thereby optimizing the recombinant expression of a cDNA in a

cell.

15 5. An in vitro method of increasing the fraction of the full-length variant of a

protein produced by recombinant heterologous expression of a cDNA in a

cell, wherein said method comprises the following steps:

20

25

a) Providing a cDNA encoding the full-length variant of a protein;

b) Identifying nucleotides of consensus splice sites in the cDNA

provided in step a);

¢) Amending at least one of the nucleotides identified in step b) such that

(i) at least one consensus splice site is destroyed while (ii) the

encoded amino acid sequence is maintained, thereby arriving at
¢DNA NO:1;

d) Identifying under-represented codons in cDNA NO:1 obtained in step

©);

e) Replacing the under-represented codons identified in step d) with

over-represented codons, thereby arriving at cDNA NO:2;
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f) Using cDNA NO:2 obtained in step e) for recombinant expression in a
cell, thereby obtaining an increased fraction of the full-length variant

of the protein.

. The method according to any one of embodiments 3 to 5, wherein said

method comprises a step prior to step b), namely the step of recombinantly
expressing the cDNA provided in step a) in the cell and determining whether

the expression results in splice variants of the encoded protein.

. The method according to any one of the preceding embodiments, wherein the

consensus splice sites are donor and acceptor splice sites.

. The method according to embodiment 7, wherein the donor and acceptor

splice sites follow the GT-AG Rule.

. The method according to any one of the preceding embodiments, wherein the

cDNA is mammalian cDNA, preferably mammalian cDNA selected from the

group consisting of human cDNA, rat cDNA and mouse cDNA.

10. The method according to any one of the preceding embodiments, wherein

said cell is selected from the group consisting of a plant cell, a mammalian

cell and an insect cell,

11. The method according to any one of the preceding embodiments, wherein the

identification of under-represented codons in step d) and the replacement
with over-represented codons in step €) is based on the codon usage of the

cell used for recombinant expression.

12. The method according to any one of the preceding embodiments, wherein

said cDNA is a mammalian cDNA, preferably a human cDNA; wherein said
cell is a plant cell, preferably a P. patens cell; wherein the donor and acceptor

splice sites follow the GT-AG Rule; and wherein the under-represented and
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over-represented codons are derived from the codon usage in said plant cell,

preferably in the P. patens cell.

13. Use of a cDNA obtained according to the method of embodiment 1 for

recombinant heterologous expression in a cell.

14. Use of a cDNA optimized according to the method of embodiment 2 for

recombinant heterologous expression in a cell.

15. Use of the method according to embodiment 3 in the generation of a host cell
for recombinant heterologous expression of a mammalian cDNA, wherein
said host cell is capable of carrying out at least one posttranslational

modification found in the mammal.

2. Examples

Example 1: Expression of the human blood clotting factor IX gene in P. patens

results in the expected full length product as well as four discrete shorter versions

thereof

The aim of this example was to produce the human protein “blood clotting factor IX”
(referred to in the following as “FIX”) in the moss P. patens. In order to achieve this,
a human FIX-encoding, cDNA-based expression construct comprising the complete
FIX coding sequence (CDS) without any introns (see example 7 for details) was
transfected into the parental moss line Axt/ft [20]. 49 transgenic human FIX-

expressing lines were generated.

In order to validate the completeness of the FIX transcripts in the 49 transgenic moss
lines, reverse transcription PCR (RT-PCR) using total cellular RNA with the primers
FIXfwdB and FIXrevB (see example 7 for details) was carried out. In addition to the
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full-length transcript, several smaller products were detected in cDNA resulting from
RT-PCR from the transgenic moss lines (Figure 1). Discrete PCR products of
different sizes were detected in the juvenile protonema tissue of transgenic lines,
ranging from about 700 to 1370 bp (Figure 1A). Sequencing of the PCR products
revealed that five of the observed bands were FIX-specific products with a length of
1371 bp, 1240 bp, 895 bp, 769 bp, and 691 bp, respectively. The FIX-product with a
length of 1371 bp corresponds to the full length FIX-product, whereas the other four
products are shorter versions thereof. The sequences of the five products were

identical in all 49 transgenic moss lines.

To analyze this phenomenon across different tissues, the above procedure was
repeated with RNA isolated from adult plants (gametophores) derived from the 49
transgenic human FIX-expressing lines. FIX transcripts detected in gametophores
were consistent with those from protonema cultures (Figure 1B). In addition to direct
sequencing, the RT-PCR products were cloned into the pJET1.2blunt vector. This
was done as a double check for sequences of the PCR products. Colonies with
different insert sizes were selected and sequenced. The initial results, i.e. the
presence of the full length product and four shorter versions thereof, were confirmed

by this approach.

Thus, the four shorter transcripts were identical in all 49 transgenic moss lines and
were present independent from the tissue type, i.e. whether juvenile or adult tissue
was used. Accordingly, it was concluded that the different transcripts were not
derived from a partial integration of the FIX expression construct into the P. patens

genome.

In order to validate the presence of different FIX products also in transiently
transfected moss cells, total RNA was extracted from transiently transfected cells
(protoplasts) 14 days after transfection. After RT-PCR, it was confirmed again that

four shorter variants next to the full length FIX product were present. Thus, exactly
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as in the RT-PCR from stable lines, five FIX coding sequence variants (one full-
length and four shorter versions thereof) were found in transiently transfected cells
(Figure 1C).

Summarizing the above, the present example shows that the heterologous production
of human FIX in (i) transgenic P. patens moss line Axt/ft, namely either in (a)
protonema cultures (juvenile cultures) or (b) gametophore cultures (adult cultures) as
well as in (ii) transiently transfected P. patens protoplasts consistently resulted in the
presence of five different FIX products, namely the full length product and four
discrete shorter products thereof. The respective products had identical sequences

across the moss lines used in the present example [(1) (a) and (b) as well as (ii)].

4.2. Example 2: Identification of splice motifs in the cDNA encoding FIX as

potential explanation for the different discrete FIX-products

The aim of this example was to find an explanation on the nucleotide sequence-level

for the presence of several discrete FIX-products.

The cDNA encoding FIX as used in example 1 corresponds to a coding sequence,
where all introns have already been removed. Thus, as is derivable from the “c” in
“cDNA”, only the coding sequence, i.e. the exons, without any introns are present.
Therefore, a splicing process was thus far not considered for a cDNA that lacks
introns since splicing usually takes place when removing the introns from the
primary RNA transcript in order to arrive at a spliced RNA without any introns, i.e.

in order to arrive at the cDNA.

The sequencing results of the different PCR products in the different moss lines
discussed above in example 1 showed that the discrete four additional products are
identical in their sequence and consistently present. The inventors therefore

hypothesized that specific motifs in the human FIX cDNA might have been
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recognized as alternative splice signals in P. patens with the result that some regions
might have been treated as introns such that shorter versions than the full-length

version are generated.

To further analyze the FIX transcripts produced in P. patens, the full-length
transcript as well as its shorter versions were investigated in more detail on the
sequence level. Potential splice junctions within the full-length FIX coding sequence
were identified and checked against the lengths of the different products. It appeared
from this analysis that splicing of the full length transcript from human cDNA in
moss caused the production of four alternative FIX products as shown in Figure 2A:
i) deletion of a 44 amino acids (aa) long domain in the part coding for the heavy
chain (Figure 2A.1II);
ii) large deletion in the part coding for the light chain (115 aa) together with the
deletion observed in the heavy chain (Figure 2A.III);
iii) almost complete deletion of the sequence coding for the light chain and parts
of the activation peptide domain (157 aa) and the heavy chain (Figure 2A.IV);
iv) almost complete deletion of the sequence encoding the light chain, complete
deletion of the activation peptide domain (186 aa) and the sequence

representing 41 aa of the heavy chain (Figure 2A.V).

It is noted that the heavy chain harbors a serine protease domain, which is
responsible for the activation of Factor X in the presence of Factor VIII, calcium and
phospholipid surfaces following removal of the activation peptide. Any deletion in
this domain will interfere with the activity of the FIX protein. The light chain
consists of the Gla domain followed by two EGF domains. Any loss in these domains
will adversely affect the properties of FIX. Therefore, any alterations induced by a
potential alternative splicing process will result in the loss of FIX function in the
coagulation cascade. Interestingly, a closer look at multiple sequence alignments of

the FIX variants demonstrated that the potential alternative splicing process neither



WO 2020/157274 PCT/EP2020/052421

10

15

20

25

30

-39.

caused a frameshift mutation nor an amino acid exchange at the respective splice

site(s) (Figure 2B).

It was reported that the GT-AG splicing rule is applicable for almost all eukaryotic

genes [46, 47], and especially P. patens accepts control elements originally

optimized for mammalian expression systems without a need for adapting these

elements [48]. When carrying out the above analysis on potential splice sites on a

sequence level, four different motifs for acceptor and donor sites were identified. All

potential FIX splice sites followed the GT-AG rule. Moreover, the data revealed that

a CAGGT motif is present in the exon-intron junction, i.e. the donor site (Figure 3A).

In the intron-exon junction at the acceptor site, the motif CAG is conserved in 3 out

of 4 cases, but the adjacent two nucleotides do not follow any trend.

The splice sites are derivable from Figures 2A, 3A and 8 as follows:

Donor splice site 1 (SEQ ID NO: 1) with the sequence as given in Figure 3A
and as shown by box 1 in Figure 8;

Acceptor splice site 2 (SEQ ID NO: 2) with the sequence as given in Figure
3A and as shown by box 2 in Figure 8;

Acceptor splice site 3 (SEQ ID NO: 3) with the sequence as given in Figure
3A and as shown by box 3 in Figure 8;

Donor splice site 4 (SEQ ID NO: 4) with the sequence as given in Figure 3A
and as shown by box 4 in Figure §,;

Acceptor splice site 5 (SEQ ID NO: 5) with the sequence as given in Figure
3A and as shown by box 5 in Figure 8;

Acceptor splice site 6 (SEQ ID NO: 6) with the sequence as given in Figure
3A and as shown by box 6 in Figure 8; note that boxes 5 and 6 overlap such

that box 6 is depicted above the sequences and box 5.

To check whether donor and acceptor sites and their neighboring nucleotides are

conserved in P. patens, the genomic vicinity of all 87.533 annotated transcripts
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corresponding to 32.926 protein-encoding genes of the current P. patens genome
release v 3.3 were analyzed and the results are depicted in Figures 3B (this consensus
sequence is SEQ ID NO: 7) and 3C (this consensus sequence is SEQ ID NO: 8). The
experimental findings discussed above perfectly fit to the splice motifs retrieved

from the analysis of all protein-coding transcripts.

Subsequently, the FIX coding sequence was analyzed with a moss splice site
prediction tool using either Hidden Markov Models or Support Vector Machines on

Cosmoss (http://cosmoss.org/ssp/). However, the tool largely failed to predict the

experimentally identified splicing motifs. This might be due to the fact that the tool
has been developed using only 368 donor and acceptor sites 13 years ago [51] and

has not been updated since then.

Summarizing the above, the present example shows that the P. patens spliceosome
obviously interprets parts of the FIX CDS as intronic sequences. One explanation for
this might be the existence of cis exonic and intronic splicing enhancers [38]. Little is
known about exonic and intronic regulatory sequences in plants [59-61]. The
examples shows that - based on a sequence analysis on RNA level - (i) a potential
alternative splicing process would perfectly explain the presence of four discrete
shorter FIX products and that (ii) the GT-AG rule seems to apply to all potential FIX

splice sites.

4.3 Example 3: Analysis of the FIX variants on protein level

The aim of the present example was to validate the findings obtained on RNA level
on protein level by analyzing the produced moss FIX protein variants by mass

spectrometry (MS).

The results on RNA level suggested that P. patens would produce four shorter FIX
protein isoforms in addition to the full-length FIX. To validate this result, the culture
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supernatants of transiently transfected cells were precipitated and analyzed with a
polyclonal anti-FIX antibody via immunoblot after reduction and alkylation (Figure
4A). Full-length FIX was expected at a molecular mass at around 52 kDa and spliced
FIX variants were calculated based on the alternatively spliced transcripts with
molecular masses of 47, 34, 29, and 27 kDa, respectively. The bands observed on the
immunoblot could be attributed to these isoforms together with a band at around 40
kDa (potentially a degradation product) and a band at around 70 kDa (potentially a
dimer of one of the protein isoforms) (Figure 4A). Additionally, the other half of the
supernatants was separated via SDS-PAGE, and, following Coomassie blue staining,
the gel slice corresponding to the size of 25-70 kDa was divided into four pieces and
prepared for MS determination of FIX-variant amino acid sequences. The MS
analysis of the FIX-variants confirmed the presence of a unique FIX-variant peptide
sequence. The full-length FIX sequence contains 44 amino acid between the peptides
VVGGEDAKP (SEQ ID NO: 9) and GEHNIEETEHTEQKR (SEQ ID NO:10) in the
sequence coding for the heavy chain (Figure 4B). In case of splicing in this region,
the 44 amino acids between these two sequences should be missing and the two
sequences should be linked directly in order to arrive at the following sequence:
VVGGEDAKPGEHNIEETEHTEQKR (SEQ ID NO:11). This 24 amino acid long
peptide was indeed identified in MS analysis after trypsin digestion, which confirms

that splicing takes place from the predicted motif.

This example shows that (i) the full-length and the four shorter FIX variants thereof
can also be identified on protein level and that (ii) at least one of the shorter FIX

variants comprises a sequence that can only be generated if a sequence coding for 44
amino acids is spliced out of the full sequence. This splicing process is referred to in

the following as “heterosplicing”.

4.4 Example 4: Sequence amendments on nucleotide level while maintaining the

amino acid sequence and the impact of the amendments on heterosplicing
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The aim of this example was to find out whether the undesired process of
heterosplicing can be prevented by modifying the sequence of the FIX CDS (SEQ ID
NO:21).

Two different versions of the FIX CDS were generated in a step-wise manner: first,
the donor and acceptor sites were mutated arriving at aspFIX (SEQ ID NO:22),
followed by modifying this aspFIX version further, namely by optimizing codon
usage for the remaining codons arriving at optiFIX (SEQ ID NO:23).

Thus, to generate aspFIX, codons neighboring the splice junctions were modified

such that the splice sites were destroyed while maintaining the encoded amino acids.

Furthermore, the possible actions of published P. patens miRNAs on this new
sequence were analyzed. For this purpose, A Plant Small RNA Target Analysis
Server (http://plantgrn.noble.org/vl psRNATarget/?function=2 Analysis with
Preloaded small RNAs/user-submitted transcripts) was used with the following

search options:

Maximum expectation 5.0
Length for complementarity scoring 20
# of top target genes for each small RNA 200
Target accessibility — allowed maximum energy to 25

unpair the target site (UPE)

Flanking length around target site for target accessibility | 17 bp in upstream / 13 bp in

analysis downstream
Range of central mismatch leading to translational 9—11nt
inhibition

This analysis showed that ppt-miR1043-5p (CCUUCAACUUCAUGCGUGCA, SEQ
ID NO: 24) can bind to #347-#365 of FIX sequence. By changing CTTTGGA into
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GTTCGGA, i.e. by amending to the two nucleotides shown in underlined and bold,
the possible binding of this miRNA was prevented. The exact positions of these two
nulceotides are positions 351 and 354 of the FIX sequence, see Figures 7 and 8. As
for the splice junctions, the two nucleotides were amended while maintaining the
encoded amino acids. Finally, although it did not seem from the analysis of the
difference splice versions that this site was actually used, the consensus splice
sequence GCAGGTT at positions 711 to 717 was changed into GCAAGTC, again
while maintaining the encoded amino acids. The exact positions of these two

nulceotides are positions 714 and 717 of the FIX sequence, see Figures 7 and 8.

P. patens was transiently transfected with the resulting aspFIX plasmid (SEQ ID
NO:25). On day 14, the cells were collected and RNA was isolated. RT-PCR and
sequencing of the PCR products revealed that there were only two bands
representing FIX variants: the full-length FIX coding sequence and a shorter variant
at about 700 bp (Figure 5A). The presence of this new shorter variant of about 700
bp can be explained by the presence of new donor and acceptor sites in aspFIX
(Figure 5B). The shorter variant of about 700 bp was different from the previously
identified shorter variants and apparently misses the nucleotides encoding the light
chain, AP and parts of the heavy chain (Figure 5C). Moreover, splicing would cause
a frameshift mutation resulting in early stop codons, possibly resulting in RNA
degradation via nonsense-mediated mRNA decay (NMD). However, as this
transcript was detected by RT-PCR, it is highly likely that it is resistant to NMD.
This would not be surprising since it is well known that not all nonsense mRNAs
undergo NMD, which is e.g. reported for P. patens [39] and A. thaliana [52, 53]. The
new splice sites in aspFIX are derivable from Figures 5A, 5B and 8 as follows:
- Donor splice site 7 (SEQ ID NO:26) with the sequence as given in Figure 5B
and as shown by box 7 in Figure 8;
- Acceptor splice site 5° (SEQ ID NO:27) with the sequence as given in Figure
5B and as shown by box 5’ in Figure &;
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It is noted that site 5’ is identical to site 5 except for a single nucleotide exchange
introduced in order to arrive at aspFIX. It is further noted that boxes 1 and 7 overlap

such that box 7 is depicted above the sequences and box 1.

It is known that plant introns are different from animal introns in terms of UA- or U-
richness, which is crucial for splicing efficiency [62]. It was shown before that the
average GC content in P. patens coding sequences is 50% [53]. The GC content of
the human FIX CDS recognized as cryptic additional introns ranged from 38% to
40%. This remained the same after exclusively mutating the splice sites in order to
arrive at aspFIX. However, even though mutations in the splicing motifs successfully
decreased the number of transcripts from five (full length and four shorter variants)
to two (full length and one shorter variant), the GC content of the cryptic alternative
intron was still only 40%. Therefore, it was decided to create a fully codon-optimized
plasmid (referred to as “optiFIX”, see below) that should have an overall increased

GC content.

To generate optiFIX, aspFIX was used as starting sequence and a complete codon
optimization according to recent studies [45, 54] was carried out while maintaining
the amendments carried out at codons neighboring the splice junctions. Of course,
the amino acid sequence was not amended but the optiFIX sequence still encodes the
wild-type full-length protein. P. patens was transiently transfected with the resulting
optiFIX plasmid (SEQ ID NO:28). On day 14, the cells were collected and RNA was
isolated. RT-PCR and sequencing of the PCR products revealed that the full-length
coding sequence of FIX was the only specific band. No further FIX variants were
detected (Figure 5D). The sole presence of the full-length product was confirmed on

protein level via immunoblot analysis (Figure 5E).

A comparison of the aspFIX and optiFIX constructs revealed that there was no
change in the donor and acceptor sites of the newly emerged cryptic intron. There

was, however, indeed an increase of the GC content within the cryptic intron
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sequence in optiFIX. The GC contents of the sequences previously defined as introns

in the FIX and aspFIX constructs increased to 46% - 50% in optiFIX.

It was therefore concluded that the increase of GC content introduced by the overall
codon optimization together with mutating the splice sites prevented the
heterosplicing, i.e. the mis-interpretation of any sequence as intron by the moss

spliceosome.

In summary, this example demonstrates that (i) getting rid of the splice sites by
modifying exclusively the codons next to the splice sites while maintaining the
encoded amino acid sequence reduces the number of variants to the full-length FIX
and a single spliced variant and that (ii) optimizing the further FIX coding sequence
(at least partly to increase the GC-content) while maintaining the amendments at the
splice sites and while overall maintaining the encoded amino acid sequence
eliminates shorter variants of FIX and results in the production of only the full-length

protein.

4.5 Example 5: The codon usage bias in P. patens and other heterologous expression

systems

The aim of this example was to check the codon usage biase in different

heterologous expression system.

The codon usage bias in P. patens was compared to biases of other heterologous
production platforms. The bias in P. patens seems to be similar to codon usage biases
in Spodoptera frugiperda (insect cells), Homo sapiens (HEK cells), Cricetulus
griseus (CHO cells), and Oryza sativa (rice) but different to the codon usage bias in

Nicotiana tabacum (tobacco) (Table 1).
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Table 1 — The codon usage frequencies of under- and over-represented codons for
eight amino acids in different protein expression systems. Numbers represent the

frequency of codon per thousand. Data are from http://www.kazusa.or.jp/codon/.

Codon frequency in thousands

Physcomitrella Spodoptera Homo Criceniin Oryza Nicotiana
atens frugiperda e el sativa  tabacum
z (HEK cells) (CHO cells)
under- TGT 7.0 8.5 10.6 9.1 6.2 9.8
represented os
over- y
represented e 98 13.2 126 10.3 124 72
rel‘,‘r’;‘::;'te 4 CAA 24.1 27.6 29.0 28.4 21.6 36.0
Glu
rep‘;z:;t .4 OAG 374 33.1 39.6 411 ®e 94
re;r';‘:z;'te g TIT 17.2 10.1 17.6 19.6 13.1 25.1
Phe
repz:e’;te . 236 275 203 22,0 224 18.0
re;;‘::;'te 4 CAT 11.1 8.7 10.9 10.2 11.3 13.4
over- His
represeates. 116 15.6 15.1 129 13.8 8.7
re;r‘;‘::;'te 4 AAA 18.9 26.8 24.4 24.6 16.0 32.6
Lys
o p::::;te 4 AAG 347 49.2 31.9 384 323 335
re;r';‘:z;'te 4 AAT 17.8 13.4 17.0 17.4 15.1 28.0
Asn
rep:Zseglte 4 AAC 204 28.8 19.1 212 185 17.9
re;:::;'te 4 CAA 16.7 16.1 12.3 103 135 207
Gln
mp‘;;’::;ted CAG 220 216 342 334 208 150
re;r‘;‘::;'te 4 TAT 10.5 10.0 122 13.1 10.0 17.8
Tyr
. A 172 24.4 153 16.4 15.1 135
Crepresented ' 2 44 2 . 4 B
5

These results strongly suggest that the amendments in the CDS carried out if P.
patens is used as expression system are applicable in other species/systems as well to
overcome heterosplicing of heterologous cDNAs. For species that do not follow the

codon choice of P. patens (such as N. tabacum) the GC content should still be
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increased to prevent the heterosplicing by replacing codons ending with A or T to G

or C but not necessarily with those disclosed in Table 1.

It is noted that P. patens has no codon preference for the remaining twelve amino

acids shown in Table 2 below.

Table 2 — Codons without any preference in P. patens. The DNA codons given

therein represent each amino acid as listed.

Amino acid Codon
”Leucine

CTT, CTC, CTA, CTG, TTA, TTG

Methionine ATG

Tryptophan

'Arginine

4.6 Example 6: Comparison of the protein levels obtained when using FIX and

optiFIX CDS in vivo

The aim of this example was to analyze the impact of using the optimized coding
sequence vs. the original cDNA sequence on the protein expression inside the moss

cells.

In order to check whether the protein amounts derived from the FIX sequence and
the optiFIX sequence, respectively, show any difference in live moss cells, two

fusion constructs, FIX-Citrine and optiFIX-Citrine, were engineered. The two
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constructs were transiently transfected into moss protoplasts. Confocal laser scanning
microscopy was performed on day 3 after transfection. A visual analysis of the
images acquired for the proteins derived from the FIX sequence and the optiFIX
sequence, respectively, reveals that the FIX-Citrine signal shows a sparse/diffuse

5 localization pattern which might be due to intracellular mislocalization of aberrant
protein isoforms (Figure 6A). In contrast, the optiFIX-Citrine exhibits an intricate
network-like organization which indicates that the secretory pathway is occupied by
this protein (Figure 6B). Furthermore, the optiFIX-Citrine signal intensity is greater
than that of FIX-Citrine. This is reflected by the fact that, in order to attain similar

10  signal intensities, different gain adjustments had to be used for acquisition of FIX-
Citrine and optiFIX-Citrine samples (Table 3). In order to make the images
quantitatively comparable, a normalization step was therefore performed, wherein
the voxel intensities of each image were adjusted to 40% of detector gain. The
comparison of mean voxel intensities calculated for FIX-Citrine and for optiFIX-

15  Citrine (9.487 and 82.389 for 40% gain, respectively) shows an approximately 9-fold
higher fluorescence intensity after the (i) splice site codon optimization and the (ii)
additional codon optimization, which prevented undesired heterosplicing (Figure
6C). The raw data provided in Table 3 also includes quantitative information of
original images without voxel normalization, the mean voxel intensities for the raw

20  images, and the percentage of gains used to record each image.

Table 3 — Quantitative information of original images used in the analysis.

Type Gain % Mean Voxel Intensity Normalized Mean Voxel
used for Intensity for 40% Gain
Acquisition
Raw

FIX_Raw_2 33 11.954 14.490

optiFIX_Raw_1 3.6 8.894 98.822
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This example shows that the protein expression levels derived from the optiFIX
sequence and the FIX sequence differ by a factor of about 9. Additionally, the
localization of the proteins derived from the two different constructs was different,
with a predominant localization of the proteins derived from optiFIX in the

components of the secretory pathway of the cells.

4.7 Example 7: Materials and Methods

Design of the expression vectors pFILX, aspFIX, and optiFIX

The coding DNA sequence for human Factor IX (NCBI reference NM_000133)
without the native signal peptide was synthesized as N-terminal translational fusion
to the signal-peptide coding sequence of PpAP1 (Pp3c5 19520V3.1) [55, 56] by
GeneArt (Thermo Fisher Scientific, Waltham, MA, USA) (the sequence of the FIX
CDS is given in SEQ ID NO:21) and cloned into the final expression vector pFIX,
where the expression is driven by the promoter of the PpActin5 gene (SEQ ID
NO:29) [20, 57], further comprising a CaMV 358 terminator (SEQ ID NO:30). The
sequence of the resulting plasmid is given in SEQ ID NO:31. Nucleotides involved
in splicing were replaced as explained above without a change of the FIX aa
sequence in the aspFIX plasmid, which was synthesized also by GeneArt. For codon
optimization, two sources — codon usage bias calculated by Hiss et al. (2017) and
Kazusa codon usage database (http://www kazusa.or.jp/codon/cgi-
bin/showcodon.cgi?species=145481) were used. Under-represented codons were
manually replaced with the over-represented alternative codons (Table 1, P. patens)
and the optiFIX construct was synthesized (Figure 7 for a multiple sequence
alignment of FIX (SEQ ID NO:21), aspFIX (SEQ ID NO:22), and optiFIX (SEQ ID
NO:23)).

Transfection and screening of transgenic plants
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The Physcomitrella patens (Hedw.) B.S. Axt/ft moss line, a double knockout for the
al,3 fucosyltransferase and the §1,2 xylosyltransferase genes [20] (IMSC accession
number 40828), was cultured in liquid Knop medium (pH 4.5) one week prior to
transfection as described previously [63] to obtain cells (protoplasts). Protoplast
transfection was performed as described earlier [64] using 50 pg of linearized pFIX
DNA per transfection. In addition to the generation of transgenic lines, mossFIX was
produced transiently by an upscaled transfection protocol based on the proportion of
0.7-1 g DNA of pFIX for 1x10° cells. Stable transfectants were selected on
solidified Knop medium containing 25 pg/mL hygromycin as described previously
[63]. Cells transiently expressing mossFIX were grown in special regeneration
medium and harvested for RNA and protein analyses two weeks after transfection.
To check whether splicing of FIX was prevented on RNA level, WT cells were also
transfected with the aspFIX and optiFIX construct, respectively and harvested for

RNA isolation two weeks after transfection.

Plant cell culture

After selection on solidified Knop medium, transgenic lines were cultured under
standard conditions in liquid Knop medium according to [9, 63]. They were
subcultured periodically by disrupting the tissue with the use of an ultraturrax (IKA,
Staufen, Germany) at a rotational speed of 16,000 — 18,000/min for 1 min and

transferred to fresh medium.

Molecular characterization of transgenic lines

Following the hygromycin selection process, stable lines were characterized by the
presence of a FIX transcript. For transgene expression analysis via reverse
transcription (RT)-PCR, 50-100 mg (fresh weight) moss material from protonema
cultures were disrupted with the use of a stainless steel ball in TissueLyser II

(Qiagen, Hilden, Germany) for 2 min with an impulse frequency set to 30. The
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material was resuspended in 1 mL TRIzol® Reagent (Thermo Fisher Scientific), and
RNA was isolated according to the manufacturer’s instructions. For analysis of
gametophores, 5-6 gametophores were collected and RNA isolation was performed
as described above. Six micrograms of DNase-treated RNA were used for first strand
synthesis with Superscript Reverse Transcriptase III (Thermo Fisher Scientific). The
quality of cDNA was controlled with a standard PCR with the primers c45for (5°-
GGTTGGTCATGGGTTGCG-3" - SEQ ID NO:32) and c45rev (5°-
GAGGTCAACTGTCTCGCC-3" - SEQ ID NO:33) corresponding to the gene
coding for the ribosomal protein L21. Transgene expression was verified with the
primers FIXfwdB (5-GGAGTGTTCGATTGGCTTTCT-3'— SEQ ID NO:34) and
FIXrevB (5'-TGGTGGTGGTGGGTTAGTTT-3' — SEQ ID NO:35) that amplifies
almost the full-length FIX CDS. PCR reactions were performed with Phusion high-
fidelity DNA polymerase (Thermo Fisher Scientific). The PCR products were
examined by standard agarose gel electrophoresis with visualization of DNA by

ethidium bromide fluorescence.

Molecular characterization of transiently transfected cells

Following the transfection, cells were grown in regeneration medium for two weeks.
Transiently transfected cells (nearly 3.6 million cells for FIX and aspFIX; 7.2 million
cells for optiFIX) were used for transgene expression analysis via RT-PCR. RNA
was isolated using the TRIzol® Reagent and RNA was purified through spin
columns of Direct-zol™ RNA MicroPrep kit (Zymo Research, Irvine, California,
USA) according to the manufacturer’s instructions. After DNase-treatment and first-
strand synthesis (for the cDNA synthesis: 0.4 ng RNA was used for FIX and aspFIX;
2 pg RNA was used for optiFIX), the quality of cDNA was controlled with primers
c45for and c45rev. Transgene expression was verified again with primers FIXfwdB
and FIXrevB.

Analysis of FIX cDNA products
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Amplified products were excised from the gel and purified using QIAEX II Gel
Extraction Kit (Qiagen). Sequencing was done by GATC Biotech AG (Sanger
sequencing using the light run sequencing service). In the sequencing reactions, in
addition to FIXfwdB and FIXrevB, FIX6deepseqlF
(ATGGGGGCATCGAGGAGTGTTCGAT - SEQ ID NO:36), F1X6deepseqlR
(TTCCCCAGCCACTTACATAGCCAGA - SEQ ID NO:37), and FIXseq6
(CACCAACAACCCGAGTGAAG - SEQ ID NO:38) were used. The remaining
purified products were separately cloned into the pJET vector using the CloneJET
PCR Cloning Kit (Thermo Fisher Scientific) according to the manufacturer's
instructions. Clones with aberrant insert sizes were selected for plasmid isolation
with the GenelJet Plasmid Miniprep kit (Thermo Fisher Scientific). Sequencing was

done as described above.

Splicing motif search

The most recent release of the Physcomitrella patens v3.3 genome annotation [5],
which is available from https://phytozome.jgi.doe.gov/, was used. The splice sites of
all 87.533 annotated transcripts from all 32.926 protein-coding genes were used as
anchors to extract surrounding genomic sequences with a fixed window size of + 9
bp. Consensus sequence logos of all extracted donor and acceptor sites were created

using R and the package ggseqlogo [49,65].

Codon usage bias among different species

Synonymous codon usage biases in P. patens, S. frugiperda, H. sapiens, C. griseus,
O. sativa, and N. tabacum were obtained from Codon Usage Database
(https://www .kazusa.or.jp/codon/) and biased codons in moss were compared with

the codon usage pattern of other species.
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Confocal microscopy imaging and image analysis

Image acquisition: All images were taken with a Leica TCS SP8 microscope (Leica
Microsystems, Wetzlar, Germany) using HCX PL APO 63x/1.40 oil objective with a
zoom factor of 5. The voxel size was 0.072 pm on the X-Y dimensions and 0.240 pm
on the Z dimension. The pinhole was adjusted to 1 Air Unit (95.5 pm). For the
excitation of Citrine Argon laser was applied at 4% (with an output power of 3.97
W) with an excitation wavelength of 514 nm. The detection range for Citrine
fluorescence was set to 532-569 nm in the HyD detector. Z-stacks of 6 cells (3
replicates for FIX and 3 for OptiFIX) were acquired. For image analysis the F1JI
software was used [66]. For each Z-stack the brightest Z-slice was determined, and
then by taking this brightest slice as the midpoint, 9 slices were extracted for
subsequent analysis. The voxel intensities of all images were normalized to a
detector gain of 40%. Based on these normalized values the mean voxel intensity
was determined for every image. The bar plot was generated for mean voxel
intensities of 3 biological replicates for each group. For the 3D reconstruction of Z-
stacks blend rendering was performed by using IMARIS 9.2.0 software (Bitplane
AG, Zurich, Switzerland).

Recombinant protein extraction and detection

Culture supernatant was precipitated with a previously described method using
chloroform/methanol [67]. After air drying, the precipitate was resuspended in 50
mM HEPES, 2% SDS (pH 7.5) and disulfide bonds within proteins were reduced
with 25 mM dithiothreitol (DTT), followed by alkylation of the thiol groups with 60
mM iodoacetamide (IAA). For Western blot analyses, 7.5% SDS-PAGE (Ready
Gel® Tris-HCI Precast Gels, BioRad, CA, USA) was run at 100 V for 1h 30min and
blotted to polyvinylidene fluoride (PVDF) membranes (Amersham Hybond P 0.45
um pore size PVDF blotting membrane, GE Healthcare) in a Trans-Blot® SD Semi-
Dry Transfer Cell (BioRad) for 2 h with 1.8 mA/cm2 membrane. The membrane was
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blocked for 1 h at room temperature in TBS containing 4% Amersham ECL Prime
Blocking Reagent (GE Healthcare) and 0.1% Tween 20. It was then incubated with
polyclonal anti-factor IX antibody (F0652, SIGMA) (1:3000) overnight at 4°C.
Afterwards, the membrane was washed three times with TBS containing 0.1%
Tween 20 and incubated with horseradish peroxidase-linked anti-rabbit IgG (NA934,
GE Healthcare) at a dilution of 1:10,000 for 1 h. The blot was washed again and
proteins were detected using the Amersham ECL Primer Western Blotting Detection

Reagent (GE Healthcare) according to the manufacturer’s instructions.

Sample preparation and MS analysis

The reduced and alkylated protein extracts were subjected to SDS polyacrylamide
gel electrophoresis. Appropriate gel bands showing FIX fractions were excised and
processed for in-gel digestion: Following the destaining of the gel bands with 30%
acetonitrile (ACN), they were shrunk with 100% ACN and dried completely in a
vacuum concentrator. Tryptic in-gel digestion of gel slices was performed overnight
at 37°C in 50 mM ammonium bicarbonate using 0.1 pg trypsin (Promega) per gel
band. Afterwards, peptides were extracted from the gel with 5% formic acid.
Analyses were performed using the UltiMate 3000 RSLCnano system (Dionex LC
Packings/Thermo Fisher Scientific) coupled online to a QExactive Plus instrument
(Thermo Fisher Scientific). The UHPLC systems was equipped with a C18-
precolumn (@: 0.3 mm, 5 mm; PepMap, Thermo Fisher Scientific) and an Acclaim®
PepMap analytical column (ID: 75 m, 500 mm, 2 m, 100 A, Dionex LC
Packings/Thermo Fisher Scientific).

MS analyses were performed using a binary solvent system consisting of 0.1%
formic acid (FA, solvent A, “A”) and 0.1% FA/86% ACN (solvent B, “B”). Samples
were washed and pre-concentrated on a C18-precolumn with 0.1% TFA for 5 min
before switching the column in line with the analytical column. Peptide separation

was performed applying a 45-min gradient at a flow rate of 250 nl/min. Peptide
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samples were eluted with a gradient of 4-40% B in 30 min and 40-95% B in 5 min.
After each gradient, the analytical column was washed with 95% B for 5 min and re-
equilibrated for 15 min with 4% B. The MS instrument was externally calibrated
using standard compounds and equipped with a nanoelectrospray ion source and
distal coated SilicaTips (FS360-20-10-D, New Objective, Woburn, MA) and
MS/MS analyses were performed on multiply charged peptide ions. The instrument
was operated in the data-dependent mode to automatically switch between MS (max.
of 1x10 ions) and MS/MS. Each MS scan was followed by a maximum of 12
MS/MS scans using HCD with a normalized collision energy of 35%. The mass
range for MS was m/z = 375-1,700 and resolution was set to 70,000. MS parameters
were as follows: spray voltage 1.5 kV; ion transfer tube temperature 200°C. Raw
data were analyzed using Mascot Distiller V2.5.1.0 (Matrix Science, USA) and the
peak lists were searched with Mascot V2.6.0 against an in-house database containing
all P. patens V1.6 protein models [4] as well as human FIX (complete and alternative

ones based on splicing).

4.8 Example 8: Optimization of the expression of the CMP-sialic acid transporter
(CST) in P.patens

The aim of the present example was to apply the optimization steps carried out for
FIX to a different protein and to check whether this also results in an increased
production of the protein of interest. The methods as described in example 7 were

used accordingly.

In the present example, the protein of interest was the CMP-sialic acid transporter
(CST). The cDNA from the Mus musculus CST without introns and with a length of
1008 bp was used (NCBI Reference Sequence: NM_011895.3; SEQ ID NO:44). The
cDNA was integrated into a suitable expression construct, which was transfected into

the moss P.patens. CST, a highly hydrophobic type III membrane protein, is
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responsible for the transport of CMP-sialic acid from the cell nucleus into the Golgi

apparatus.

RT-PCR analysis of the expression products was carried out. This analysis showed

that there was — as for FIX - heterosplicing of the CST mRNA in P. patens.

Accordingly, the steps as carried out for FIX were also carried out in the present
example: (i) splice sites were modified such that the splice sites were destroyed while
maintaining the encoded amino acid sequence and (ii) the resulting sequence was
optimized further in that under-represented codons were replaced with over-
represented codons. In sum, 69 of 336 codons were changed and the GC% content
increased from 44.2% to 50.3% (the resulting cDNA sequence is SEQ ID NO:45)
The amendments to the original CST cDNA (“CST”) can be derived from Figure 9,

where CST is shown in alignment with the modified sequence (“optiCST”).

In order to analyze whether the protein amounts resulting from the expression using
CST as cDNA and optiCST as cDNA are different in P.patens, two fusion constructs
were cloned, namely CST-Citrine and optiCST-Citrine. As in example 6, the
expression can then be compared inside the moss cells after transient transfection of
the constructs into moss protoplasts. To this aim, fluorescent microscopy was carried
out on day 3 after transfection. A visual analysis of the images acquired for CST-
Citrine and optiCST-Citrine revealed that the optiCST-Citrine signal intensity is
higher than that of CST-Citrine, see Figure 10.

4.9 Example 9: Optimization of the expression of the complement factor H (FH) in

P.patens

The aim of the present example was to apply the optimization steps carried out for

FIX and CST to yet a different protein and to check whether this also results in an
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increased production of the protein of interest. The methods as described in example

7 were used accordingly.

In the present example, the protein of interest was the human Complement factor H
(FH). The cDNA from human FH without introns and with a length of 3639 bp was
used, as for FIX fused to a sequence encoding a plant signal peptide, in the present
example a sequence encoding the signal sequence of the H1-gene from Thuja
occidentalis (NCBI Reference Sequence of FH: Gene ID: 3075; SEQ ID NO:46, it is
noted that this sequence includes the afore-mentioned signal peptide-encoding
sequence). The cDNA was integrated into a suitable expression construct, which was
transfected into the moss P.patens. FH is a soluble glycoprotein that has a unique
role in the complement cascade, as it is the main negative regulator of the alternative
pathway. Deficiencies in FH functionality lead to severe diseases, like atypical
hemolytic uremic syndrome (aHUS), age-related macular degeneration (AMD) or C3
glomerulopathies (C3G). It is a single-chain, 155 kDa glycoprotein continuously
expressed at a basal level in the liver, leading to typically 200-300 micrograms
protein per milliliter blood. FH is composed of 20 globular domains. These domains
are termed short consensus repeats (SCRs). These autonomously folded globular
domains are stabilized via two internal disulfide bonds, respectively, leading to
2x20=40 internal disulfide bridges per protein molecule. FH acts in the blood plasma

as well as on surfaces of host cells,

RT-PCR analysis of the expression products was carried out. This analysis showed
that there was — as for FIX and CST- heterosplicing of the FH mRNA in P. patens.
Thus, the RT-PCR analysis revealed that human FH cDNA generates two transcript
variants in P. patens: the full-length FH transcript of 3639 bp and a 1215 bp

heterospliced variant resulting in an FH isoform with a molecular mass of 45.6 kDa.

Accordingly, the steps as carried out for FIX and CST were also carried out in the

present example: (i) splice sites were modified such that the splice sites were
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destroyed while maintaining the encoded amino acid sequence and (ii) the resulting
sequence was optimized further in that under-represented codons were replaced with
over-represented codons. In sum, 386 of 1213 codons were changed and the GC%
content increased from 33.9% to 49.8% (the resulting cDNA sequence is SEQ ID
NO:47). The amendments to the original FH cDNA (“FH”) can be derived from

Figure 11, where FH is shown in alignment with the modified sequence (“optiFH”).

In order to analyze whether the protein amounts resulting from the expression using
FH as cDNA and optiFH as cDNA are different in P.patens, two fusion constructs
were cloned, namely FH-Citrine and optiFH-Citrine. As in example 6, the expression
can then be compared inside the moss cells after transient transfection of the
constructs into moss protoplasts. To this aim, fluorescent microscopy was carried out
on day 3 after transfection. A visual analysis of the images acquired for FH-Citrine
and optiFH-Citrine revealed that FH-Citrine signal intensity is below the detection

limit. On the other hand, optiFH-Citrine signal intensity is high, see Figure 12.
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CLAIMS

1. An in vitro method of obtaining a cDNA for recombinant heterologous
expression in a cell, wherein said method comprises the following steps:
5 a) Providing a cDNA;
b) Identifying nucleotides of consensus splice sites in the cDNA
provided in step a);
c) Amending at least one of the nucleotides identified in step b) such that
(1) at least one consensus splice site is destroyed while (ii) the
10 encoded amino acid sequence is maintained, thereby arriving at
¢DNA NO:1;
d) Identifying under-represented codons in cDNA NO:1 obtained in step
c);
e) Replacing the under-represented codons identified in step d) with
15 over-represented codons, thereby arriving at cDNA NO:2,
wherein cDNA NO:2 corresponds to the cDNA for recombinant expression in
a cell; wherein the identification of under-represented codons in step d) and
the replacement with over-represented codons in step €) is based on the codon
usage of the cell used for recombinant expression; and wherein the cDNA is

20 mammalian cDNA.

2. An in vitro method of optimizing a cDNA for recombinant heterologous
expression in a cell, wherein said method comprises the following steps:
a. Providing a cDNA;
25 b. Identifying nucleotides of consensus splice sites in the cDNA
provided in step a);
c. Amending at least one of the nucleotides identified in step b) such that
(i) at least one consensus splice site is destroyed while (ii) the

encoded amino acid sequence is maintained, thereby arriving at
30 ¢cDNA NO:1;
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Identifying under-represented codons in cDNA NO:1 obtained in step
c);
Replacing the under-represented codons identified in step d) with

over-represented codons, thereby arriving at cDNA NO:2,

wherein cDNA NO:2 corresponds to a cDNA optimized for recombinant

expression in a cell; wherein the identification of under-represented

codons in step d) and the replacement with over-represented codons in

step €) is based on the codon usage of the cell used for recombinant

expression; and wherein the cDNA is mammalian cDNA.

3. An in vitro method of producing a protein by recombinant heterologous

expression of a cDNA in a cell, wherein said method comprises the following

steps:

a. Providing a cDNA,;

Identifying nucleotides of consensus splice sites in the cDNA
provided in step a);

Amending at least one of the nucleotides identified in step b) such that
(i) at least one consensus splice site is destroyed while (ii) the
encoded amino acid sequence is maintained, thereby arriving at
cDNA NO:1;

Identifying under-represented codons in cDNA NO:1 obtained in step
c);

Replacing the under-represented codons identified in step d) with
over-represented codons, thereby arriving at cDNA NO:2;
Recombinantly expressing cDNA NO:2 obtained in step e) in the cell,
thereby producing the protein

wherein the identification of under-represented codons in step d) and the

replacement with over-represented codons in step e) is based on the codon

usage of the cell used for recombinant expression; and wherein the cDNA

is mammalian cDNA.
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4. An in vitro method of optimizing the recombinant heterologous expression of

a cDNA in a cell, wherein said method comprises the following steps:

d.

b.

Providing a cDNA;

Identifying nucleotides of consensus splice sites in the cDNA
provided in step a);

Amending at least one of the nucleotides identified in step b) such that
(1) at least one consensus splice site is destroyed while (ii) the
encoded amino acid sequence is maintained, thereby arriving at
¢DNA NO:1;

Identifying under-represented codons in cDNA NO:1 obtained in step
c);

Replacing the under-represented codons identified in step d) with
over-represented codons, thereby arriving at cDNA NO:2;

Using cDNA NO:2 obtained in step €) for recombinant expression in a
cell, thereby optimizing the recombinant expression of a cDNA in a

cell

wherein the identification of under-represented codons in step d) and the

replacement with over-represented codons in step e) is based on the codon

usage of the cell used for recombinant expression; and wherein the cDNA

is mammalian cDNA.

5. An in vitro method of increasing the fraction of the full-length variant of a

protein produced by recombinant heterologous expression of a cDNA in a

cell, wherein said method comprises the following steps:

d.

b.

Providing a cDNA encoding the full-length variant of a protein;
Identifying nucleotides of consensus splice sites in the cDNA
provided in step a);

Amending at least one of the nucleotides identified in step b) such that

(i) at least one consensus splice site is destroyed while (ii) the
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encoded amino acid sequence is maintained, thereby arriving at
¢cDNA NO:1;

d. Identifying under-represented codons in cDNA NO:1 obtained in step
c);

e. Replacing the under-represented codons identified in step d) with
over-represented codons, thereby arriving at cDNA NO:2;

f. Using cDNA NO:2 obtained in step e) for recombinant expression in a
cell, thereby obtaining an increased fraction of the full-length variant
of the protein

wherein the identification of under-represented codons in step d) and the

replacement with over-represented codons in step e) is based on the codon

usage of the cell used for recombinant expression; and wherein the cDNA

is mammalian cDNA.

. The method according to any one of claims claim 3 to 5, wherein said method

comprises a step prior to step b), namely the step of recombinantly expressing
the cDNA provided in step a) in the cell and determining whether the

expression results in splice variants of the encoded protein.

. The method according to any one of the preceding claims, wherein the

consensus splice sites are donor and acceptor splice sites.

. The method according to claim 7, wherein the donor and acceptor splice sites

follow the GT-AG Rule.

. The method according to any one of the preceding claims, wherein the

mammalian cDNA is selected from the group consisting of human cDNA, rat
cDNA and mouse cDNA.
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10. The method according to any one of the preceding claims, wherein said cell is
selected from the group consisting of a plant cell, a mammalian cell and an

insect cell.

11. The method according to any one of the preceding claims, wherein said cell is

a plant cell, preferably a P. patens cell.

12. The method according to any one of the preceding claims, wherein said
mammalian cDNA is human cDNA, rat cDNA or mouse cDNA, preferably
human cDNA; wherein said cell is a plant cell, preferably a P. patens cell;
wherein the donor and acceptor splice sites follow the GT-AG Rule; and
wherein the under-represented and over-represented codons are derived from

the codon usage in said plant cell, preferably in the P. patens cell.

13. Use of a cDNA obtained according to the method of claim 1 for recombinant

heterologous expression in a cell.

14. Use of a cDNA optimized according to the method of claim 2 for

recombinant heterologous expression in a cell.

15. Use of the method according to claim 3 in the generation of a host cell for
recombinant heterologous expression of a mammalian cDNA, wherein said
host cell is capable of carrying out at least one posttranslational modification

found in the mammal.

16. A protein produced by the in vitro method according to claim 3.
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Figure 9 — continued
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cpLiFH TCAGACGATGGIITCTGGAGTAAGGAGAAGUCAAAGTGLGTGEAGRTTTCATGLARGTCC ool

FHSFOF W W AR FF R RFE RH R R R Rk FERERR RS ARRER ERSREE R R R ok

FH COAGATGTTATA A AT GEATCTCCTATATCTCAGRAGATTATTTATARGEAGRATGARCGE T20
opbtiFH COAGATETTATCARCGGATCTCETATCTCTCAGAAGATTATTTACRAGGAGRRACGAGCGA 720

ek e A e e e A . e Fede ko R R A g e e oA e e e o e e R ek R e e S e

FH T AR T AT AN TG T AL AT GGG TTATGRARATACAGTGALAGAGGAGATECTGTATGCACT T80
CptiFH TTCCAGTACAAGTGURACATGEGGTTACGAGTACAGTCRGAGAGGAGATGCTGTATGCACT. T80

e cddl ke R R dEE R R R AR Rk EeardAwih g Rk R R e e A e R A R e R

FH GEATCTEGATGGOGTCCETTGCCTTCATCTEARGARAANTCATGTGATAATCCTIATATT 840
coptiFH GAGTCTGGATGGCGTCCGTTGCETTCATGCGAGRAGALGTCATSCGATARCCCTTACATT B4 0

Fok A R R sk R ok Rk o R R R AR R R b kg wE R WEEE R T

FH CCRRATGOTGACTACTCACCTTTARGGATTARRCACAGARCTGGAGATGAARTCACGTAL 900
opLiFH CCARACGETGACTACTCACCTTTARGGATTAAGCACAGERRCTEGAGATGAGATCACGTAT 200

e ek e e e o e B R e e S R R e o e o e e O S e e e R R e o o ok e e

FH CAGTETAGAAATGETTTTTATCCTGOARCCCGOGGARRTACAGUARARTGCRCARGTACT 960
oPpLiFH CAGTGCCAGAARCCGTTICTACCCTOCAACCCGOOCARACACACCARACTGCACARGTALT 98l

FOREFOFIF R R R AR R AR R R R R e R R R R kR R R R R R R R R R R R R R
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Figure 11 — continued

FH GEUTGGATACCTECTCCGAGATETACCTIGARACCTTETGATTATCCAGACATTARRCAT 1020

optiFH GGCTEGATCCCTGCTICCGRCATGCACCTTGARGCCTTGUGATTACCCAGRCATTARGCAC 1020
FERFFEFRE HAFERE R R SRR AR F R RR AR kR R FhwkE S ERrREFREEER Gk

FH GGAGETUTATATCATGAGARTATGUCTAGACCATACTTTCCAGTAGCTCTAGGRAARATAT 1080
optiFH GGAGGTCTATACCACGAGARTATGCGACGGCCTTATTTICCGETAGCTCTAGGAAAGTAC 1080

Ee o ek o e S R e e et R RN e S SR S i ettt A P e o e 2 e o S

fils] TACTCCTATTACTGTGATGARCATTTIGAGACTCCGTCAGGRAGTTACTGGEGATCACATT 11040
optiFH TACTCCTACTACTGUGATGAGCACTTUGAGACTCCGTCAGGARAGTTACTGGGATCACATT 1140

drikd Rk EF I E R R R & R R R R R R R R R R R AR R AR R R R R R R R

FH CATTCCACACARGATGGATCOTCCCCAGCAGTACCATGUCTCAGARARATGTTATTTITCCT 1200

optiFH CACTGCACACLGGATGGATECTCGCCAGCAGTACCATCCUTCAGRARGTGLTACTTCCCT 12080
I e e T S S A

FH TATTTGGARA LT GEATATAATCARRATCATGGALGALAGTTTGTACAGGGTARATCTATE 1260
optiFH TACTIGGAGRLACGGATACRACCAGRACTACGGAAGRLBAGTTCETACAGEGTARGTCTATC 1260

FTH AR chih FdrdedE ok RR R EFR g kR kR R R R R R R R R ARk R R

Eis GACGTTGLCTGCCATCCTGEUTACGL ICTTCCARALGUGCAGRCCACRGTTACATGTATG 1320
ophblFH GACGTITGCCTGCCADCCTOGCTACGCTCTTCCARRGOUGLAGRCCACRGTTACATGCATE 1320

ded e ek e e e R s e R e R e SR e e A R A R R R R A e R R e A R Rk

FO GRAGARATGGUTGLTCTCCTACTCCCAGATGCATCCGTGTCARRACATGTICCARATCARGT 1380

optiFl GAGRAACGGUTGGTCTCCTACTCUCAGATGCATCGTOTCARGRCATGCTCCAAGTORAGT 1380
B e e e B T S R e

FH ATAGATATTGAGAATCGGTTTATTICTGARTCTCAGTATACATATCCCTTARAAGRARLN 1440

optiFH  ATCGATATTGAGRACGGETTCATTTCTGAGTCTCAGTACACATACGCCTTARAGGAGARG 1440
EECERAEEEE AR R KA FRT AFERRER R KA AR RE FERER KA A AR R EE

FH GUGAARATATCAATGCAARCTAGCGATATGTAACAGUAGATGGTGRAACATCAGGATCEAATT 1500
OptlFH GCGAAGTACCAGIGURAGCTAGGATACCTAACAGCAGATGCTGAGACATCAGGATCALTT 1300

FEFEE K FE EFR AR R EREREEEE EEAR AR AE R R EEEEE R IR AR R R R R R R kR AR

Fa BCATGTOGGARAGATGGATGGTCAGUTCARCCCACGTGCATTARATCTTGCTGATATCCCA 1h6D
cptiFfH  ACATGCGGGRAGGATGGATCETCAGCTCAGCCCACGTGCATTARGTOUTTIGUGATATCCCA 1560

kA dede R R R R R R R R R Rk e e R R R R R R R e R R R R R e e e

FH GTATITATGAARTGCCAGRAC TARAR A TCGACTTCACATCGTITTARAGCTGRATGACACRETTE 1620

optiFH GIATICATGALACGCCAGARUTAAGARCGACTTCACLTGOTTCAAGCTGRACCACACATTG 1620
e s N I T

FH GACTATGAATGCCATGATECTTATCGARAGCRAATACTGCALRCCRCCACTGGTTCCATAGTE 1680

optiFH GAUTACGAGTGCCACGATECTTACGAGAGCARCACTGEARGCACCACTGGTTCCATCGTG 1680
RHESRH R dekdRR ERk R R R Rk RR R R R R R kR R R R R R R R R R R AR

FH EETGETTACAATEGTTGETCTGAT I TACCCATATGT TATGARBAGAGARTGEGAALCTTCCT 1740
optiFH TGCGGTTACEACGGTTGETICTIGATTITACCCATUTGCTACGAGAGAGAGTGEGAGCTTCCT 1740

Fod  RFRFEREFF O EFFEFRFFRFEEERES A RS AR EE AE oRHEEHE A R R FERE FHEEEEE

FH BAAATAGATGTACACTTAGTTCOTGATCGCAAGRARGACCAGTATAAAGT TGGAGAGGT S 1800
optiFH ARGATCGATGTACACTTAGTITCCTGATCGCAAGRAAGGACCAGTACAAGGTTIGEAGAGETG 1800

dode et SR RkIE e Ak R R e ok e R R e A R E R R R A R A Rk R R R e R ek

FH TTGARATTCTCCTGCARACCAGGATT TACAATAGTTGGACCTAATTCCGTTCAGTECTAL 186D

optiFH TTGAAGTICTCCTGRARGUCAGEATTCACAATOGTTCGACCTARCTCCGTICAGTGCTAC 1860
B I R i S e e
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Figure 11 — continued

FH CACTTTGGATIGICICCTIGACCTCCCAATATGTARRGAGCARGTACAATCATETIGETCCA 1920
optiFH CACTTCGGATTIGICTICCTGRCCTCCCAATCTGCARGGAGCAGGTACAGTCATGTICGRACCA 1920

S e R e e A R R R R R R R A R R RAR R R R R R R R R e R

FH CCTCCTGARCTCCTCRAATGGGARTGT TARGERRARAACGARAGRAGRATATGEACACAGT 108D
opLiFH CCRCCAGRACTTCTCARCGGGARCGTTALAGGAGARGAUGAAGGAGGAGTACGGACRACAGT 1980
FE KA FREEE RAFAR RERFE AFERAEFEA AR okdHERA R EE ER FREEA AR R

Fd GAAGTGCTGGRATATTATTGCAATCCTAGATTICTARTGAAGCGACCTRATARAATTCAR 2040
optiFH GAGGTGGTGGAGTACTACTGCRACCCTAGATTCCTARATGARGGGACCTRACAAGATTCAG 2040

FH o ddkeeksk A Red R R R R R F R AR A R R Rk R R R R R R R R R

FH TGTGTTGATGGAGAGTGGACAACTITACCAGTETCTAT TG TGGAGGAGAGTACCTETGGA 2100

OPLiFH TGUGTTGATGGAGACTGCACAACTITACCAGTCTCCATTGTGOAGGAGAGTACCTGCGGA 2100
Fok Ak S ke e e e T ok K o e e e e kR R R e e ok R o F e

FH GATATACCTGARCTTGAACATCECTGGEUCCAGCTTICTICCUCCTCCTTATTRACTATGGA 2160
SpTiFH CATATCCCTGAGCTIGAGCACGGCTGGGLCCAGCTTICTITCCCCTCUTIACTACTACGGA 2160

FoFFe kR e SRR e R R d e o iRk g g ok e e e e e e A e R e ek e, kR ek ek

rH GATTCAGTGGRATTCAAT TG TCAGARTCATTTACAATGATTGOACACAGATCAATTACE 2220

optiFH GATTCACTGGACTTICRAACTGLTOAGAGTCATTCACAATCGATTICCACRCAGATCARTTACG 2220
FAERKFHEFHF R IR CRFERRARE FEREE SR AR AR AR R R R AR R AR R AR RS R

FH PCTATTCATGGAGTATGGACCCARCTTCCCCAGTCTIGTGGCARTAGRATARACTTAAGARG 2280
optiFH TGCATTCACGGAGTATGGACCCAGUTTCCCCAGTGUGTGGLARTCGATAAGUTTARGAAT 22860

Seo P e de e g e g e g R R R e e R gk R R o e e e e R ok sk e e e e o

FH TGCRAATCATCAAATTTAATTATACT TGAGGAACATTTRAARRRACARGRAGGARTTCGAT 2340

optiFH TGCARAGTCATCAAACTTART TATCCTTGAGGAGCACTTRAARGAACANGRAGGAGTTCGAT 2344
FRERE KA EAE RS F R R R R AR AR AR R R AR kR R R R AR R R

FH CATRAATTCTAACAT ARG TACAGATGTAGAGGAARALRGAAGGATGCATACACACRGETCTGT 2400
opLliFH CACARCTUTARACATTAGATATCGGIGTCGIGEARAGGAGGGATGGATCCECACAGTCTGE 2400

Ak kil kihekiik R R Ak A # didek R Rdemdd EE Sediddedek gl o ik e g ek e

FH ATAARTGGALGATGEGATCCAGRAGTGARCTGLTCAATGECACAARTACAATTATGUCEK 2460
optiFH ATUARACGGALGATGEGATCCAGAGETGAACTGCTCAATGGCACAGATCCAGTTATGUCCA 2460

Foode R e T ke R ek A R R R R R A R R ek R R R e TR e e e S e ok

FH CCTCCACCTCAGATTCCCAR TTCTCACAATATCACARCCACACTGARTTATCGGGATGGA 2520
CptiFH CCTCCRCCTCAGATICCCARCTCTCACARACATGAUAALCACACTGRACTATCGRAGRLIGET 2520

e e e e R R R R A e e e e W e R e, R R e R e e R P e R R ek e R R e

FH GAARRAGTATCTGTICT T TG CAAGRENATTATCTARTTCACGARGGAGARGARATTRECA 2580
GpTiFH  GRRARAGTITCAGTTCTTTGUCAGGAGAACTACCTAATTCAGGAGGGAGAGGAGATTACK 2580

ded g e ok R R R R R R R R KRS k. ek R AR NGk kR FEIRIE A R AR R

FH TGCRRAGATGEAAGATGECAGTCARTACCACTCTETGTTGARRA A AT TCCATGTTCACRAR 2640

optiFE TGCAAGGATGEARGATGGCACTCRATCCCACTCTGCGTIGAGAAGATTCCATGUTICACAG. 2640
FEFHE FHEFREFFFFE TR T EFHFARER FETEREF TR KEEIE . EF RREEEEEE KR E

FH COACCTCAGATAGEACACGGAACCATTARTTCATCCAGGTC T ICACARGRALAGTTATGCAE 27040
optiFH CCACCTCAGATCEAGTACGGARCCATTALCTCATCCAGETCTTCACAGBAGAGTTACECA 2700

L e R S e e e A T e S e e e e ot et R L e T S e o o R 2 S O o

FH CATGGGRACTARATTCAGTTATERCTTGTGAGGETGCTTTCACGGATATCTCAAGARAATGAR 2760

optiFH CACGGGACTRAAGTTGAGTTACACTIGUGAGEETGOTTTCAGGATCTCTGAGGAGARCGAG 2760
Fh EEEREREE FRAREAEE AREER AFRERE A AR R AR E A RE F AR E R EE kd wk
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continued

ACAACATGCTACATGGGARLATGGAGTTCTCCACCTCAGTOTGRAGGCUTTCCTTGTARR

ACARACATGCTACATGGEARAGTGEAGTITCTCCACCTCAGTGCGAGGRCCTICCTTORAAG 2

Eab e e R e R R e £ S R e i R R e I S R R R i i o

TCTCCACCTGAGATTITCICATGGTETTGTAGCTCACATGTCAGACAGTTATCAGTATGG
TeTCCACCTGAGATTICTCACGETGTTGTAGCTCACATGTCAGACAGTTACCAGTACGEA

EE S e e Rk e o R e R I e e e R e e R e R e S T R B S B e S

GAAGAAGTTACGCTACRARAATGITTITGAAGETTT IGEAATTGATGGERCTGCAATTGCARAR

GAGGAGGTTACGTACARGTGCTICGAGGETTTCGGRAATTGATGGEECTGCAATTGCARAG
FRORE REFEFEFAEELE AL AR RE R AR AR FERARRER AL AR R R R AR

TECTTAGGAGRARALTEETCTCACCC TCCATCATGCATARARRCAGRATTIGCTCTCAGTTTA
TECTTAGGAGAGAAGTGGETCTCACCCTCCATCATGCATCARGAUAGATTGUCTCAGTITTA

domi A kR AR kR R RS Rk kR R R R A R R R R Sh Rk R RE R R RS AR

CCTAGCTTTGRARATGCCATACCCATGOEAGAGARGAAGGRTETGTATAAGGUGLETGAL

CCTAGCTTCGAGAACGCCATCECCATCECAGAGARGRAGCATETGTACRAGGLGEETGAG
FhkFE AR ok A REEREE RAdRd kAR R R AR R A R A R R R R R R R Rk

CAAGTGACTTACACTTGTGCAACATATTACARAATGEATGGAGECAGTARTGTARCATGT
CAGGTGACTTACACTTGCCGCRACATACTACARGATGEATGEAGCCAGTARCGTAACATEC

o R R R R R R A R R R R E R R R R e AR R R R R R R R R AR R R R R kR

ATTAATAGCAGATGGACAGGAAGGCCARCATGCAGAGACACCTECTGTGTGAATCCGCCE

ATTARCAGCCGATGCACTGETICGTCCTACCIGCAGAGACACCTCCTGEGT GARCCCGECT
Sk gk R Rk EEE R R . MR kdskdkdkkk R E g ke kkedh RAkEE

ACLGTACARRRTGUTTATATAGTGTCGAGACAGATGAGTARATATCCATCTGGTGAGAGRE 32

ACAGTACAGAACGUT TACATCGTGTICGAGRCAGATGAGTAAGTACCCATCTGETGAGAGA

FERERERE FE EEE AR R AR A REARER R R A AR EEE AR Eh R Rk R Rk E R R

GTACGCTTATCAATGTAGGRGCCCTTATGRRATGTTIGGGGATCAAGAAGTGATCETSTTTA

CTACGCTTACCAGTGUAGGAGCCCTTACGAGATCTTCGGEGATGAGGAGGTGATGTGCETTA
FEEEFHEE FhE KF AERREEREEEE RR kA RE Rk hhARA Rk RREAEAAT ARk

AATGEARACTGGACGGAACCACCTTCARTGCARAGATTCTACAGGRALATGTGGGCCCCCT
AACGGARACTGEACGEAGCCACCTCAGCTGCAAGGACTOGACAGGARAGTGUGEECCCCCT

HE EEAAAERRA R R R AR AR kR R AR BR RRRRRERA kR AR kR Rk

CCACCTATTGACRATGGGEACATTACTTCATTCCCGTTGTCAGTATATGOTCCAGCTTCA
CCACCTATTGACARACGEGEACATTACTTCATTCCCGTTGTCAGTATACGCTCCAGETTCA
E

E R ket s e e o SR o R et o b e T S R e e e e S A e e i e e e e S e e B S i e o

TCAGTTGRGTACCALTGUCAGARCTTGTATCARCTTGAGGGTRAACAAGUGAATRACATGET
TCAGTTGAGTACCAGTGLCAGRACTTGTACCAGUTTGAGGGTAACARGCGAATCACATGE

Tk R R EE E R R AR kR R E R R R A R AR dREEEF AR EEF AR EFF R FH A ER

AGAAATGCACARATGGTCAGAACCACCARAMAPGCTTACATCCGTCTGTAATATCECGAGRAR
AGAAACGGACAGTGETCAGAGCCACCARMGTGCTTACACCCGIGEGTAATCTCCCGAGAG

FhEAR AR AR FREREREE RARERER R SRR R E R H AR RERAE R R R R R

ATTATGGARRATTATARCATAGUATTAAGGTGEACAGUCARATAGAAGCTGTATTCGAGA

ATTATGGAGAACTACAACATCGCATTARGGTGGACAGCUCAAGCAGAAGETGTACTCGAGA
B T I o T T T

ACAGGTGRATCAGTIGAATTTGTGIGTAARCGEGGATATCGTCTITCATCACGTICTICAC

ACAGGTGAGTCAGTIGAGTICGTIGTGCAAGCCGLLLATACCGTCTITCATCACGTICTCAD &

Fde kg R R EREER AR RE SRR hE Rk Rk R kR R Rk R R e Rk
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Figure 11 — continued

FH ACATIGCGARCAACATCTITGOGATGGEAARCTGGACTATCCEACTTCTGCAARRAGATRR 37240
optiFH ACATTCCCAACARCATGCIGOGATGGEARGCTGGAGTACCCRACTTOUGURARGAGATAR 3720

e e e R R e e e e R R e R e R R R R R e R R e R R R R R R R e e R e e e
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