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ABSTRACT

The present invention relates to a nucleic acid molecule, which codes for the
F-protein of the respiratory syncytial virus (RSV) or a fragment thereof, for the
expression in a human cell environment of codon optimized variants of said nucleic
acid molecule, vectors and compositions comprising said nucleic acid molecules and
the use thereof as vaccines and polypeptides coded by the nucleic acid molecules
and method for the production thereof.



CA 02673373 2009-06-19

RSV F-protein and its use

Field of the invention

The present invention is directed to a nucleic acid molecule which codes for
the F-protein of the respiratory syncytial virus or a fragment thereof, for the
expression in a human cell environment, codon-optimized variants of this nucleic acid
molecule and their use with viral vectors or plasmid vectors as vaccines.

Background of the Invention

As early as 1957 a virus was identified in children with severe diseases of the
lower airway, which was designated respiratory syncytial virus (RSV). This name
refers to the characteristic pf the virus to cause diseases of the respiratory tract and
to induce the formation of synctia in vitro.

RSV belongs to the family of paramyxoviruses and, within this, to the subfamily
of the pneumoviriane. As with the other representatives of this family, RSV has a non-
- segmented, continuous RNA genome in negative strand orientation. The genome of
the RSV is 15222 bases long and exists in complex with proteins as a nucleocapsid.

The virus genome codes a series of virus proteins. Among these are the
membrane proteins, which are known as RSV G-proteins and RSV F-proteins. The G-
proteins is responsible for the specific adsorption of the virus particle onto the cell
surface, while the F-protein induces the fusion of the viral with the cellular membrane.
The F-protein is synthesized as a precursor polypeptide F, and has on the N-terminal
- end, a signal peptide for the transport of the translocation complex to the membrane
of the endoplasmic reticulum. After the amino acid chain is fed through the
membrane, a hydrophobic sequence at the C-terminal end effects the anchoring of
the o protein in the membrane and the signal peptide is cleaved off. Following this,
the protein is glycosylated during its transport through the Golgi apparatus. A
cleavage of the F, protein into the amino terminal F; part and the F4 protein also
takes place in the Golgi apparatus. The cleavage site lies between a segment of
basic amino acids and a hydrophobic domain. This hydrophobic domain of about 25
amino acids in length forms, after the cleavage, the N-terminus of the F; protein and
mediates the merging of the viral with the celiular membrane following absorption.
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The F protein remains connected to the F4 protein via a disulfide bridge.

Antibodies directed against this fusion-mediating peptide of the F4 protein can
prevent the virus from being taken up into the cell and thus have a neutralizing effect.

Infection with RSV is highly contagious; in a milliliter of saliva there exist up to
10° infectious virus particies. It is transmitted primarily by droplet and direct contact
with infected persons. Especially children become infected during the winter months.

RSV is considered the main infectological problem of the first year of life.
Infants in the age between six weeks and a half year are especially in danger. At the
age of four years, 80% of children have antibodies against the virus.

However, reinfections with mild forms of the disease also develop in later age
as a result of a reduced antibody concentration. Especially frequent are noskomial
infections in convalescent homes, kindergartens and -clinics.

The incubation time of RSV is approximately 4-5 days. The disease presents
with mild to severe life threatening influenzal infections with fever and sniffles.
Infections of the throat (pharyngitis) and the trachea (tracheitis) as well as of the
bronchiae (bronchitis) are also commonly observed.

Following the droplet infection of the upper respiratory tract, the virus
reproduces in the cells of the mucous membranes and, from there, can spread into
the lower air passages within one to two days.

A vaccine against RSV is not presently known. Viruses killed by formalin were
minimally successful, since the F-protein is destroyed by the chemical treatment and
only antibodies against the G-protein are formed. While these are virus-neutralizing,
they cannot however prevent the spread of the virus by cell fusions. Although a
passive immunization by giving immunoglobulins is used, it is associated with high
costs and is thus unsuitabie for the prophylactic immunization of larger population
groups.

There thus continues to exist a need for an effective vaccine against an
infection with RSV.

Summary of the Invention

The present invention is directed to a nucleic acid molecule, which comprises
a nucleotide sequence which codes for the F-protein of the respiratory syncytial virus
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(RSV) or an immunogenic fragment thereof, as well as polynucleotides derived from
this nucleic acid molecule which were codon-optimized for an efficient expression of
the F-protein of RSV in a host cell. In one embodiment the nucleotide sequence

which codes for an F-protein of RSV comprises the nucleotide sequence of SEQ ID

NO: 1 or a fragment thereof. A nucleotide sequence which has been codon-optimized
for the expression of the F-protein in a human host cell can, for example, comprise
the nucleotide sequence of SEQ ID NO: 2 or a fragment thereof.

In one embodiment of the invention, the nucleotide sequence which codes for
the F-protein of RSV consists of SEQ ID NO: 1 or a fragment thereof. In an alternative
embodiment the nucleotide sequence which codes for the F protein of RSV consists
of the nucleotide sequence of the codon-optimized nucleotide sequence SEQ ID NO:
2 or a fragment thereof.

A further aspect of this invention are the polypeptide molecules obtained by
the expression of the nucleic acid molecules according to the invention. In one
embodiment these polypeptides comprise or consist of the amino acid sequence SEQ
ID NO: 3 ora fragment thereof.

The present invention also further comprises a vector which contains one of
the nucleic acid molecules according to the invention. The nucleic acid molecules
according to the invention can be contained in the vector in the form of an
(expression) cassette which, in addition to the nucleotide sequence according to the
Invention, can also comprise a transcription- and/or translation control sequence,
such as for example a promoter, functionally linked with the nucleic acid sequence. A
still further aspect of this invention are cells which contain such a vector.

In a preferred embodiment of the invention the vector used is a viral vector or a
plasmid. Especially preferred is an adenoviral vector, in which the E1-region is at
least partially deleted, so that adenoviral vector is replication deficient. In addition the

E3-region can also optionally be deleted.

In one embodiment of the invention the adenoviral vector contains the
nucleotide sequence according to the invention in the form of an expression cassette
in which the nucleotide sequence coding the F protein of RSV is functionally linked
with a suitable promoter, for example the CMV promoter. The promoter used in the
adenoviral vector is preferably regulable, for example a tetracycline regulable
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promoter, in order to prevent the expression of the F-protein in the adenoviral
production cell. In all cells which do not contain the regulation system, the promoter is
active and expresses the F-protein of RSV. Such an adenoviral vector can be
employed as a vaccine vector. |

In a further aspect the present invention also comprises plasmid vectors which
comprise the nucleotide sequences according to the invention. In one embodiment
these plasmid vectors can be employed as shuttle vectors and thus comprise a
nucleic acid portion which enables homologous recombination with a suitable
backbone plasmid, which for example contains a majority of a viral genome. It is
especially preferred that adenoviral sequences are contained in the shuttle vector,
said sequences allowing the homologous recombination with another plasmid which
contains the majority of the adenoviral genome. In this way, the above-mentioned
adenoviral vaccine vectors can for example be made.

In a further aspect the present invention further refers to Immunogenic
compositions which comprise the nucleotide sequences with SEQ ID NO: 1 or 2 or
fragments thereof according to the invention. In one such composition, the nucleotide
sequence according to the invention can also be present in the form of the above-
mentioned vectors, preferably in the form of an adenoviral vaccine vector. One such
vector allows the transport of the nucleic acid molecules according to the invention
into a human host and the expression of the coded protein. Here, the protein is
expressed in an amount which suffices to elicit the intended immune response.

Alternatively, the immunogenic compositions can also contain the proteins
coded by these nucleotide sequences.

Depending on the desired type of use, the immunogenic compositions can
also contain a pharrnaceutically acceptable carrier and, if need be, further excipients.

A further aspect is the use of the nucleic acid molecules, vectors or proteins
according to the invention of the preparation of a vaccine composition for the
vaccination of a subject against diseases caused by infection with RSV. This subject

IS preferably a human.

The present invention further relates to a method for the preparation of the
RSV F-protein, wherein the method comprises the expression of a nucleic acid
molecule according to the invention in a suitable host cell. In a preferred embodiment
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of this method, the nucleic acid molecule according to the invention is codon-
optimized for expression in the host cell.

Brief description of the Figures

Figure 1 shows the results of an RSV-qRT-PCR of RNA isolates from a
bronchoalveaolar lavage (BAL) of mice which were immunized with different plasmid
DNA constructs. The numbers above the brackets indicate the statistical significance
of the difference between the single results of the groups compared (Tukey test).

Figure 2 shows the results of an RSV-qRT-PCR of RNA isolates from a
bronchoalveolar lavage (BAL) of mice which were immunized with different constructs
after infection with RSV. The copy number of RSV following qRT-PCR was
standardized by RNA quantification and is shown here for the RNA recovered of the
BALs obtained. The individual values from 6 mice (black symbols) as well as the
average value (bars) are shown for each of these.

Figure 3 shows the results of an 1gG antibody ELISA. The serum samples
obtained before the first immunization (prad), after the second immunization (post) and
after the challenge (approximately 1 x 10° iE (infektiése Einheiten; Engl.: infectious
units) of RSV purified from plaque, intranasal) on the day of death (nC) of mice
immunized with different compositiohs (AdV-Fsyn: for the synthetic codon-optimized)
F-protein of RSV-coding nucleic acid in adenoviral vector; AdV-Ova: adenoviral vector
with nucleic acid which codes for ovalbumin; pcDF g, ep: plasmid which codes for the
ectodomain of the synthetic (codon-optimized) F-protein of RSV) or of non-immunized
mice were tested in the IgG antibody ELISA for RSV-specific IgG1- and IgG2a-
antibodies. The intensity of the absorption at the wavelength 405 corresponds to the
antibody titer in the blood of the mice. Each of the individual values from 6 mice
(black symbols) as well as the average value (bars) are shown.

Figure 4 shows the result of a neutralization test. The serum samples of the
mice obtained before the first immunization (pré), after the second immunization
(post) and after the challenge on the day of death (nC) were serially diluted and then
the dilution series was tested in the neutralization test for neutralizing antibodies
against RSV. in each case, the highest serum dilution at which the infection by RSV
is inhibited by neutralizing antibodies to 50% (1C50) is shown. Each of the individual
values from 6 mice (black symbols) as well as the average value (bars) are shown.
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Figure § shows an RSV-QRT-PCR of RNA isolates from a bronchoalveolar
lavage (BAL) of mice which were immunized via different administration paths with an
adenoviral vector according to the invention, said adenoviral vector comprising a
nucleic acid molecule coding for a codon-optimized RSV-F protein. The copy number
of RSV according to gqRT-PCR was standardized by RNA-quantification and is shown
here for the RNA isolates of the BALs obtained on the day of death. Also shown are
each of the individual values from 6 mice (black symbols) as well as the average
value (bars).

Figure 6 shows an RSV-gRT-PCR from RNA isolates from the lung
homogenate of mice which were immunized by different administration paths with an
adenoviral vector according to the invention, said adenoviral vector comprising a
nucleic acid molecule coding for a codon-optimized RSV-F protein. The results of the
gRT-PCR from the RNA isolates of the lung homogenates obtained on the day of
death are shown. The copy humber of RSV according to qRT-PCR was standardized
by RNA quantification and converted relative to the RNA content of the isolates. Each
of the individual values of 5 (*) or 6 mice {black symbols) as well as the average value
(bars) are shown.

Figure 7 shows an IgG antibody ELISA of mice which were immunized by
different administration paths with an adenoviral vector according to the invention,
said adenoviral vector comprising a nucleic acid molecule coding for a codon-
optimized RSV-F protein. The serum samples of the mice obtained before the first
immunization (pra), after the first immunization (post 1), after the second immunization
(post Il) and after the challenge on the day of death (nC) were tested in IgG antibody
ELISA for RSV-specific IgG1- and IgG2a-antibodies. The intensity of the absorption at
the wavelength 405 corresponds to the antibody titer in the blood of the mice. Each of
the individual values of 5 (*) or 6 mice (black symbols) as well as the average value

(bars) are shown.

Figure 8 shows the result of a neutralization test of mice, which were
iImmunized by different administration paths with an adenoviral vector according to
the invention, said adenoviral vector comprising a nucleic acid molecule coding for a
codon-optimized RSV-F protein. The serum samples of the mice obtained before the
first immunization (pra), after the first immunization (post 1), after the second
immunization (post ll) and after the challenge on the day of death (nC) were serially
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diluted and then the dilution series was tested in the neutralization test for neutralizing
antibodies against RSV. Each of the highest serum dilution at which the infection by
RSV was inhibited by 50% (IC50) is shown. Each of the individual values of 5 (*) or 6
mice (black symbols) as well as the average value (bars) are shown.

Figure 9 shows the results of an RSV-qRT-PCR of RNA isolates from the
bronchoalveolar lavage (BAL) of mice following subcutaneous immunization with an
adenoviral vector according to the invention, said adenoviral vector comprising a
nucleic acid molecule coding for a codon-optimized RSV-F protein (AdV-Fg;) in
differing dosages (dose escalation). The RSV copy number according to gRT-PCR
was standardized by RNA quantification and is depicted for the RNA isolates of the
BALs recovered on the day of death. Each of the individual values of 5 (*) or 6 mice
(black symbols) as well as the average value (bars) are shown.

Figure 10 shows the results of an RSV-qRT-PCR of RNA isolates from the
lung homogenate of mice following subcutaneous immunization with an adenoviral
vector according to the invention, said adenoviral vector comprising a nucleic acid
molecule coding for a codon-optimized RSV-F protein (AdV-Fs) in differing dosages
(dose escalation). The results of the gRT-PCR of the RNA isolates of the lung
homogenates recovered on the day of death are depicted. The RSV copy number
according to qRT-PCR was standardized by RNA guantification and converted
relative to the RNA content of the isolates. Each of the individual values of 5 (*) or 6
mice {black symbols) as well as the average value (bars) are shown.

Figure 11 shows the result of an IgG antibody ELISA from mice following

- subcutaneous immunization with an adenoviral vector according to the invention, said
adenoviral vector comprising a nucleic acid molecule coding for a codon-optimized
RSV-F protein (AdV-F,,) in differing dosages (dose escalation). The serum samples
of the mice obtained before the first immunization (pra), after the first immunization
(post 1), after the second immunization (post ll) and after the challenge on the day of
death (nC) were tested in the IgG antibody ELISA for RSV-specific IgG1- and IgG2a-
antibodies. The intensity of the absorption at the wavelength 405 corresponds to the
antibody titer in the blood of the mice. Each of the individual values of & (*) or 6 mice
(black symbols) as well as the average value (bars) are shown.

Figure 12 shows the result of a neutralization test with mice after
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subcutaneous immunization with an adenoviral vector according to the invention, said
adenoviral vector comprising a nucleic acid molecule (AdV-F,) coding for a codon-
optimized RSV-F protein in differing dosages (dose escalation). The serum samples
of the mice obtained before the first immunization (pra), after the first immunization
(post I), after the second immunization (post It) and after the challenge on the day
death (nC) were serially diluted and then the dilution series was tested in the
neutralization test for neutralizing antibodies against RSV. Each highest serum
dilution at which the infection by RSV was inhibited by 50% (IC50) with neutralizing
antibodies is depicted. Each of the individual values of 5 (*) or 6 mice (black symbols)
as well as the average value (bars) is shown.

Figure 13 shows the vector map of a shuttle plasmid into which the codon-
optimized RSV-F was cloned via the restriction sites Hindllt and Xhol or of a shuttle
plasmid which was used for incorporation of codon-optimized RSV-F, and which
contains a tetracycline-dependent promoter (pS-DP-delta). This promoter is shut off
via a genetic switching element in 293TRex-cells (Invitrogen).

Figure 14 shows expression differences of pFwt (expression plasmid with the
wild-type sequence of the RSV-F protein), pIFwt (expression plasmid with the wild-
type sequence of the RSV-F protein with an additional intron before the open reading
frame), pFsyn (expression plasmid with the codon-optimized sequence of the RSV-F
protein) and plFsyn (expression plasmid with the codon-optimized sequence of the
RSV-F protein with an additional intron before the oben reading frame) after
transfection in Hep2 cells, lysis of the cells 48 hours after transfection, separation of
the proteins of the cell lysate by means of gel electrophoresis, transfer onto a
nitrocellulose membrane and detection by means of a specific antibody (Ab: anti-
RSV-F). pcDNA3.1: plasmid without foreign gene (empty plasmid); Hep2: cells
without plasmid; RSV: cells infected with RSV (positive control); kD: molecular weight
in kilodaiton.

Figure 15 shows an analysis of the expression strengths. The expression of
the codon-optimized construct of the RSV-F protein with the upstream intron (plFsyn)
was compared by serial dilution (1:10° to 1:10%) of the cell lysate with the expression
of the plasmid with the wild-type sequence with the upstream intron (pIFwt) in
undiluted cell lysate (1:1). The amount of protein from RSV-F by expression of the
codon-optimized construct at a dilution of 1000 foid (1:10°) is significantly higher than
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that by the plasmid with the original sequence (kDa = molecular weight in kilodalton).
Detailed Description of the Invention

In a first aspect the subject matter of the present invention is a nucleic acid
molecule which comprises a nucleic acid sequence coding for the F protein of the
respiratory syncytial virus (RSV) or a fragment thereof, wherein this nucleotide
sequence comprises SEQ ID NO: 1 or a fragment thereof. This sequence differs from
the known sequences coding the F protein of RSV by a substitution of a nucleotide in
the coding sequence. This substitution leads to a changed amino acid sequence of
the F protein of RSV, in which a valine is present at position 241 instead of an
alanine. This nucleic acid molecule can be used as a vaccine or as part of a vaccine
composition.

“Fragment” in the context of a nucleic acid refers to parts of a nucleic acid
sequence which, relative to this nucleic acid sequence, are shortened 3' and/or §'. In
particular, such fragments are at least 30, preferably at least 60, even more
preferably at least 100 nucleotides long and code a part of an RSV F protein having a
sufficient immunogenicity to elicit an immune response in an organism.

“‘Immunogen” or “immunogenicity” refers to the ability of a substance, for
example of a peptide or of a protein, to elicit an immune response in an organism.
The immunogenicity of a substance can for example be determined by the detection
of antibodies.

In a further aspect the invention is directed to synthetic nucleic acid molecules
derived from this nucleic acid molecule, said synthetic nucleic acid molecules having
been codon-optimized for expression in a host organism, a host tissue or a host cell.

“Synthetic” in the context of a nucleic acid means, in the context of the préSent
invention, that it is a nucleic acid molecule that does not naturally exist. One such
synthetic nucleic acid molecule can for example be a codon-optimized nucleic acid

molecule.

“Codon-optimized” in the context of a nucleic acid molecule refers to a nucleic
acid molecule, the nucleotide sequence of which has been changed in such a way
that the expression in a host organism is improved, i.e. a larger amount of the protein
coded by the nucleic acid molecule is produced.
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In the past, attempts to express the F protein of the respiratory syncytial virus
(RSV) by transfection with polymerase i dependent DNA expression plasmids were
not successful.

Eukaryotic cells differ from prokaryotic cells by a more pronounced
compartmentalization of the intracellular space, which serves to enable complex
enzymatic reactions necessary for an efficient protein expression, cell metabolism
and/or cell division. The key for the replication of every virus is the adaptation to the
host cell and, in particular, to its expression machinery. RNA viruses which replicate
in the cytoplasm of their host cells have developed under the environmental
conditions of the cytoplasm. These viruses thus have their own transcription
machinery comprising an RNA-dependent RNA polymerase, which leads to the
synthesis of MRNA from the genomic RNA. For this reason, cytoplasmic RNA viruses
are not adapted to the complex nuclear milieu of the eukaryotic host cell. The
inefficient expression of viral genes under the control of a eukaryotic promoter can
thus be explained by the lack of elements required for the stabilization of the pre-
MRNA, the mRNA-processing and/or the axport out of the nucleus. The changing of
the codon of viral genes to the codons which are most often used by the host cell
allows the efficient expression of viral genes.

For this reason, the nucleic acid sequence with SEQ ID NO: 1 was
transformed, consistent with this invention, into a synthetic, codon-optimized
sequence, which leads to an identical translated sequence, but which uses alternative
codons. Here, the method of the codon optimization comprises the following steps:
identification of the placing of the codons for an exact open reading frame,
comparison of the codon with the frequency of use in the desired host organism, in
the event that the codon is not that most frequently used, replacement by the optimal
codon for the expression, repeating this process for the entire gene segment,
checking the new gene sequence for undesired sequences which were generated by
the codon exchange, such as for example polyadenylation sites, undesired restriction
sites, intron splice recognition sites, etc., assembly of the synthetic gene segments
and testing of the expression in a host organism or a host cell.

One example for a synthetic nucleic acid sequence which was obtained by this
method, and which has been codon-optimized for the expression in human cells is a
nucleic acid molecule which comprises the nucleotide sequence of SEQ ID NO: 2 or
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consists of this. Another component of this invention are fragments of this nucleotide
sequence which code for a part of the RSV F protein.

In comparison to the wild-type sequence with SEQ ID NO: 1, the inventors
could observe, using the nucleotide sequence of SEQ ID NO: 2 in human cells, an
improved expression of the F of RSV improved by a factor of 1000.

The codon-optimized sequences are then inserted into an expression cassette
which additionally comprises sequences enabling the efficient expression of the
coded protein in a host cell, preferably in 2 human cell. One such expression cassette
then contains the codon-optimized nucleotide éequence with, functionally linked to
thereto, associated transcription and translationcontrol sequences, such as for
example a promoter and/or termination sequences.

The term “cassette” or “expression cassette” refers to the nucleotide
sequences according to the invention, said nucleotide sequences containing
nucleotide sequences which are to be expressed. Due to corresponding restriction
sites at the 5’- and 3'-ends of the sequences, this cassette/expression cassette can
simply be inserted into, removed from, or replaced in a vector or a plasmid. In
addition to the coding nucleotide sequence, the expression cassette normally
contains transcription and translationcontrol sequences, such as for example a
promoter and/or termination sequences which are functionally connected with the
nucleotide sequence and which allow expression in a host cell.

The term “promoter” in the sense of the present invention, refers to a region on
a DNA strand, which allows recognition by the RNA polymerase. Following the
recognition of the promoter region by an RNA polymerase, an initiation complex by
the binding of the RNA polymerase in order to initiate transcription. This complex can
be additionally modulated and regulated by additional activating sequences
(enhancers) or inhibiting sequences (silencers).

A suitable promoter for the expression of the nucleotide sequences according
to the invention is fqr example the CMV (cytomegalovirus) promoter. This can be
functionally linked with the nucleotide sequence according to the invention in an

expression cassette for the expression in human cells.

One such expression cassette which contains the nucleotide sequence
according to the invention in connection with additional sequences required for the
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expression in a host cell, can be inserted into a vector.

The term “vector” refers to means with which DNA molecules can be
introduced into a host organism or a host tissue or a host cell. There are different
types of vectors including for example include plasmids, cosmids, viruses, e.g.
adenoviruses, and bacteriophages.

A vector obtained in this way is also a component of the present invention. The
vector is preferably a plasmid or a viral vector, in particular an adenoviral vector.

Such an adenoviral vector which contains the nucleotide sequence according
to the invention can have a non-functional E1 gene region in order to prevent the
replication of the virus and the generation of infectious virus particles in a host ceill.
Preferably, the E1 gene region is deleted and/or replaced by the inserted expression
cassette. In addition, such a vector can also a deletion of the E3 gene region, which is
normally responsible for dealing with host immunity. Such recombinant adenoviruses
are, for example, known from US 5,822,576 and can be reproduced in known ceil
lines ("packaging line”) such as e.qg. 293-, 911- or PerC.6 cells which express the viral
£1 gene.

In order to produce such an adenoviral vector, the expression cassette which
comprises the nucleotide sequence according to the invention can be inserted info a
plasmid vector, e.g. via suitable restriction cleavage sites. Such a plasmid vector can
comprise adenoviral nucleic acid sequences which allow homologous recombination
with a suitable backbone plasmid containing a majority of the adenoviral genome. By
recombination, one then obtains an adenoviral transfer (shuttle) plasmid which
contains the nucleotide sequence according to the invention in the form of an
expression cassette. Such an adenoviral transfer (shuttle) plasmid can for exampie
also mediate a regulated expression of the inserted nucleotide sequence according to
the invention. In this way, a large amount of adenoviral vectors can be produced. The
adenoviral vectors can then subsequently be used as vaccine vectors.

For the preparation of adenoviral vectors expressing the F-protein, the CMV
promoter can be replaced by a regulable promoter. With this, the vector can be
expanded in cells which contain a regulation system for the expression of the RSV F-
protein, for example the tetracycline regulated expression system (293TRex celis).
For example, 293TRex cells are used for the production and the expansion of the

12
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adenoviral vector.

Regulable promoters are promoters which mediate a changed expression of
the downstream transgene by means of substances, e.g. by means of antibiotics or of
a protein that binds to a specific DNA sequence. Such regulable promoters are for
example a CMV promoter with binding sites for the tetracycline repressor (tetracycline
regulable promoter) or regulable expression mediated via the steroid ecdyson, but
also other regulable expression systems. ’

The present invention thus also comprises in one aspect plasmids, for
example the above described shuttle plasmid and adenoviral vectors which contain
the nucleotide sequences according to the invention. The adenoviral vector preferably
contains the nucleotide sequence with SEQ ID NO: 2 or a fragment thereof in form of
an expression cassette with a promoter, for example the CMV promoter. Especially
preferred is such a vector according to the invention of the adenoviral vector AdV-

Feyn-

The molecular biological standard techniques for the preparation and the
purification of DNA constructs of the invention, for the preparation of adenoviruses
and adenoviral vectors and of the (shuttle) plasmids are known to one of ordinary skill
in the art.

The adenoviral vectors or plasmids which contain the nucleotide seqguence
according to the invention can be administered to a subject, for example to a human,
in order to induce an immune response against RSV.

For this reason the present invention relates in a further aspect to
Immunogenic compositions which comprise the nucleotide sequences with SEQ ID
NO: 1 or 2 according to the invention or fragments thereof. In one such composition
the nucleotide sequence according to the invention can be present in the form of the

above-mentioned plasmids or vectors, preferably in the form of an adenoviral vector.
One such vector allows the transport of the nucleic acid molecules according to the
invention into a human host and the expression of the coded protein. Here, the
protein is expressed in an amount which is sufficient to elicit the intended immune

response.

Alternatively, the immunogenic compositions can also contain the protein
coded by these nucleotide sequences.
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Depending on the desired type of use, the immunogenic compositions can
also contain a pharmaceutically acceptable carrier and/or exgipient. Among other
things, excipients also comprise known adjuvants.

The administration of the immunogenic compositions can take place in a
manner known to one of ordinary skill in the art and includes oral dosing forms such
as e.g. tablets, capsules, powder, granulates, solutions, suspensions, syrups and
emuisions or alternatively injections, for example intravenous, intraperitoneal,
subcutaneous or inframuscular. Intranasal or inhalative administration are also
possible. All of these administration paths are known to one of ordinary skill in the art
in the field. Preferred administration paths are oral, intranasal, inhalative,
subcutaneous or intramuscular injection.

The formulation of the immunogenic compositions in a form which is suitable
for the desired type of administration is known to the skilled person and can for
example be taken from Remington: the Science and Practice of Pharmacy
(“Remington’s Pharmaceutical Sciences”) of Gennaro A.R., 20" Edition 2000:
Williams & Wilkins PA, USA. For example, the nucleic acid molecules according to
the invention can be present in a physiologically acceptable solution, such as e.g.
sterile saline or sterile buffered salt solution.

Also included is thus the use of the nucleic acid molecules, plasmids, vectors
or proteins according to the invention for the preparation of a vaccine composition for
the vaccination of a subject against diseases caused by infection with RSV. This
subject is preferably a human. The vaccination can for example take place in a “prime
and boost” method.

The amount of expressible DNA to be introduced into the recipient in a
vaccination depends partially on the strength of the promoter used and the
immunogenicity of the expressed gene product. in general, a dose of 1 ng to 100 mg
preferably from about 10 ug to 300 pg is generally administered directly into the
muscle tissue for an immunologically or prophylactically effective dose of a plasmid
vaccine vector. An effective dose for recombinant adenoviruses are approximately
10°-10" particles, preferably 107-10"" particles.

A method for the preparation of the RSV F-protein, wherein the method
comprises the expression of a nucleic acid molecule according to an invention in a

14



CA 02673373 2009-06-19

suitable host cell, is also a component of the present invention. In a preferred
embodiment of this method, the nucleic acid molecule according to the invention is
codon-optimized for the expression in the host cell. This method comprises the
transfection of a nucleic acid sequence according to the invention, for example in the
form of a plasmid, into a suitable host cell, expression of the RSV-F protein in the
host cell and, as the case may be, the isolation and purification of the RSV-F protein

from the cells. The method is preferably an in vitro method.

A turther aspect are polypeptide molecules obtained by the expression of the
nucleic acid molecules with SEQ ID NO: 1 or 2 according to the invention or
fragments thereof. In one embodiment these polypeptides comprise or consist of the
amino acid sequence of SEQ ID NO: 3 or fragments thereof. As already mentioned

above, these polypeptide molecules can also be contained in immunogenic
compositions of the invention and can be used for vaccination.

“Fragment” in the context of a polypeptide refers to C- and/or N-terminally

shortened proteins. The resulting peptides are preferably immunogenic and are at
least 10 or more, preferably 20 or more, even more preferably 30 or more amino

acids long.

The following examples serve to illustrate the invention in more detail and are
not intended to restrict the invention in any way.

Examples
Example 1: Cultivation of RSV

The passage of RSV was performed with Hep2 cells and was stored at —-80°C. Hep2
or 293T cells were infected by addition of cell supernatant containing RSV. Two hours
after the addition of the virus, the supernatants were removed and the cells were

supplied with DMEM medium containing 0.5 % fetal calf serum (FCS) and 100 pg/m!
penicillin G and streptomycin sulfate.

Example 2: Preparation of the RSV-F expression plasmid

For the preparation of the RSV-F expression plasmid, cytoplasmic RNA was

isolated from RSV infected Hep2 cells using the Qiagen Rneasy® Minikit. Following
reverse transcription (ThermoScript™ RT-PCR system, Invitrogen) the RSV cDNA
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was amplified by PCR (primers: sense: 5-[GATCCAAGCTTCCAC CIATG
GAGTTGCCAATCCTCAAA: antisense: S-[TCGACCTCGAG]TTA
GTTACTAAATGCAATATTATTTATAC C)using the Platinum® Tag
DNA Polymerase (Invitrogen). The 1.7 kb fragment was subcloned into the
pcDNAZ.1(+) vector (Invitrogen).

The codon-optimization of the open reading frame (ORF) of the wild-type was
performed by the firm Geneart (Regensburg, Germany). Here, synthetically prepared
oligonucleotides were ligated and the resulting fragment was cloned into the pUCSH7
plasmid and sequenced.

The codon-optimized ORF was subcloned into the pCDNA3.1(+) vector
(Invitrogen) and the pl vector via Hindlll / Xhol restriction. The deletion of the stop
codon of the RSV-F ORF was performed with PCR mutagenesis. The sequence of all
plasmids was confirmed by sequence analysis (Genterprise, Mainz, Germany).

Example 3: Cell Transfection

293T and Hep2 cells were cultivated in Dulbecco’s modified Eagle's medium
(Invitrogen) supplemented with 10% fetal calf serum (Invitrogen), penicillin G and
streptomycin sulfate in a respective end concentration of 100 ug/mi. The cells were
transfected in 25 cm? flasks with 5 Hg of the plasmid DNA prepared in example 2 by
means of the calcium phosphate co-precipitation method as described by DuBridge et
al. (DuBridge et al . (1987) Analysis of mutation in human cells Dy using an Epstein-
Barr virus shuttle system. Mol. Cell Biol. , 7, 379- 387).

Example 4: Homologous Recombination by means of electroporation and
preparation of electrocompetent BJ5183 bacteria

The method of homologous recombination was used for the preparation of
recombinant adenoviral vectors. A linearized shuttle vector (Fig. 13) and an

adenoviral vector (pAdEasy-1; Q BlOgene, Carlsbad, CA USA) were co-transformed
by means of electroporation. Due to homologous arms in the plasmid, a
recombination took place in BJ5183 bacteria: the resulting plasmid carried a
kanamycin resistance, whereby positive clones could be selected on an L Bkan agar
plate. One such vector system is for example also available under the name AdEasy
from Q BIOgene (Carlsbad, CA, USA).
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For the preparation of electrocompetent BJ5183 bacteria a fresh colony or a
frozen stock of the bacteria were cultured overnight in 10 mi LB-medium with -
streptomycin; this pre-culture was used to inoculate a 1 | culture. The bacteria were
shaken at 37°C in a horizontal shaker at 200 - 220 rpm to an ODgqg of 0.6 - 0.8
(approximately 3 hours). After that the cells were collected in a centrifuge cup and
were incubated for 60 minutes on ice. After the incubation, the cells were pelleted at
2,600 g and 4°C for 10 minutes and were then washed with 1 | of ice cold water with
10 % glycerol and were pelleted for 30 minutes. After repeating the washing step, the
cells were resuspended in 20 mi residual volume and were transferred into a 50 mi
container and were once again pelleted for 10 minutes. Now the cells were
resuspended in 3 - 5 ml residual volume, aliquoted, frozen in liquid nitrogen and
stored at —80°C.

For the homologous recombination 40 pl BJS183 bacteria were furmished on
ice in a cooled electroporation cuvette and approximately 100 ng plasmid DNA of the
adenoviral vector and approximately 1 ug plasmid DNA of the shuttle vector were
pipetted thereto. The electroporation proceeded at a voltage of 2500 V. Foliowing
addition of 300 ul SOC medium, the bacteria were incubated at 37°C for 1h in a
shaking apparatus and were subsequently plated out onto LBka, plates overnight.

The DNA was isolated in analytical scale from the grown clones and checked.
Upon positive recombination it was re-transformed in DHS5a bacteria to prevent further
recombination events. To this end, 1 pl DNA was added to 50 yl DHSa bacteria and

electroporated.

Example 5: Preparative recovery of the plasmid DNA cloned in vitro or
recombined in BJ5183 bacteria

The Escherichia coli strains XL2-Blue (Stratagene) and DH5a (Invitrogen)
served for the preparative recovery of the plasmid DNA cloned in vitro or recombined
in BJ5183 bacteria. By means of a resistance gene the plasmids which were used
allowed selection by corresponding antibiotics (ampicillin or kanamycin). The
transformed bacteria were selected on LB agar plates and in LB liquid medium with
an addition of the respective antibiotic. 3 mi of overnight culiures which were
incubated at 37°C in a horizontal shaker served as a pre-culture for the preparative
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plasmid isolations. For the extraction of larger quantities of DNA, 100 ml or 250 m! of
LB medium were incubated with 1 ml of a pre-culture in sterile Erlenmeyer flasks and
were incubated at 37°C overnight in the horizontal shaker at 200 - 220 rpm.

Example 6: Calcium phosphate transfection of cells

For growing adenoviral vectors, the prepared adenoviral plasmids (following
linearization by Pac! digestion and subsequent purification by phenol / chloroform
extraction) had to be transfected in T-REx -293 cells (Invitrogen). To this end, the
method of the calcium phosphate co-precipitation was used, wherein the DNA binds
to the cell membrane via salt complexes and is taken up.

1 day before the transfection, 800,000 T-REXx cells were taken out of a
logarithmically growing culture, were seeded with 5 ml medium into a fresh 25 cm®
cell culture flask and were incubated overnight at 37°C in the incubator.

At the time of transfection, the celis were approximately 50 % confluent. 1-4
hours before the transfection, the cell culture medium was replaced with fresh
medium. 15-20 ug DNA with 169 pl sterile H,O were furnished on ice for the
transfection. To this were pipetted 31 pl of 2 mM CaCl, and were carefully mixed. 250
Hi 2X HBS buffer solution were added drop-wise to the HoO-DNA-CaCl, mixture at
room temperature. The subsequent ten-minute incubation at room temperature
enabled the formation of a milky precipitate. Following this, the transfection mixture
was mixed once again and dripped into the cell culture medium.

After a maximum of 18 hours incubation in the incubator, the medium was
changed, since the CaCl, can be toxic to the cells.

The plasmid for AdV-eGFP (adenoviral vector which expresses the eGFP
protein) was in each case transformed in parallel into a second cell cuiture bottle, so
that the success of the transfection and the progress of the production of
adenoviruses could be monitored in the fluorescence microscope by the developing
fluorescence of infected cealls. Generally all cells were compietely lysed one week
later, and the supernatant with the produced adenoviruses was taken off and could be

used for the next infection for further growing the adenoviral vectors.
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Example 7: Growing of adenoviruses

The adenoviral vectors were grown in T-REx 293 celis (Invitrogen). This cell
line was chosen since its tetracycline-regulated expression system rendered it
suitable for the cultivation of adenoviruses expressing a cell-toxic gene such as the
fusion protein of RSV. For instance, when propagating adenovirus in other cell lines,
the expression of the RSV-F protein leads to the formation of syncytia in the cell
culture, reducing the virus production. In contrast, in the T-REx cells the expression of
the RSV-F protein in the virus reproduction is suppressed in the absence of
tetracycline, and the viral yield is significantly higher.

The growth of adenoviruses in T-REXx cells proceeded via multiple infection
cycles. In each of the first passages, a 75 cm? cell culture bottle was infected, in each
of the later a 175 cm? cell culture bottle. For infection, 3-8 ml of the cell culture
supernatant harvested in the prior passage was in each case used in a suitable
amount of fresh medium. At the time point of infection the cell cuitures were about
75% confluent. In the first four hours after addition of virus, the cells were regularly
rotated in order to increase the rate of infection. This was followed by a change of
medium (10-15 ml medium in a 75 cm? bottle, 20 ml in a 175 cm? bottle).

The progress of the infection was checked daily and was visible by the CPE
(cytopathic effect), which can be seen as a separation of the cells. Harvest of the
virus took place after 3-6 days, as soon as all cells were completely infected and
washed away. Here, the cell culture supernatant was removed and was subsequently
alternately frozen at —-80°C and thawed in a 25°C water bath three times so that the
cells which had not yet burst would also release the adenoviruses produced. After the
three freeze/thaw cycles the cell debris was centrifuged off at 1000 g and 4°C for 10
minutes. The supernatant with the adenoviruses was stored at —80°C and was used
for the next infection.

The adenoviral vectors were passaged in T-REXx cells until as high as titer as
possible (determined according to the GTU method) of ideally at least 10" GTU/mI
was reached. Only then were 2-3 175 cm? cell culture bottles infected and, with the

supernatant harvested therefrom, 5 or 10 175 cm? cell culture bottles, in order to
obtain enough starting material for the subsequent virus purification.

19



CA 02673373 2009-06-19

Example 8: Purification and concentration of adenoviruses

The purification and concentration of the adenovirus vectors proceeded with
the Vivapure® AdenoPACK™ 100 kit (Sartorius) according to the instructions of the
manufacturer. Here, a concentration by a factor of 1000 was achieved. The buffer
exchange step was performed in the context of the final concentration, wherein the
recovered adenoviruses were taken up in storage buffer.

Example 9: Determination of titer of adenoviral preparations

For the determination of titer of adenoviral vectors, two different methods were

used.

In the determination of the OPU (optical particie units), the titer of the
adenoviral preparations were calculated via a photometric DNA determination. For
this, all DNA-containing viral particles is ascertained, meaning also defective particles
which are not infectious or which do not carry the desired gene. Advantages of the
OPU determination are that this method of determining the titer is the fastest and is

the most reproducible.

For the determination of the OPU a dilution series with, for example, the
dilutions 1:2, 1:5, 1:10, 1:20, 1:25 and 1:50 were prepared from the adenoviral
preparation. Here, the purified adenoviruses were in each case diluted in virion lysis
buffer (0.1 % SDS 10 mM Tris-HCI pH 7.4, 1 mM EDTA in H-0). For each dilution
stage, a blank solution was prepared in which storage buffer (10% glycerin in
Dubecco’s modified PBS) (instead of the adenoviral preparation) was analogously
diluted in virion lysis buffer. Following an inactivation of the virus-containing samples
at 96°C for ten minutes, the absorption of the dilutions at the wavelength A=260 nm
(OD260) was measured, wherein the photometer in each case was previously set with
the corresponding blank solution. The OPU was subsequently determined from the
OD2go values according to the following formula in which the value of 1.1 X 10" [74]
was chosen as the extinction coefficient:

OPU / ml = ODys X dilution of the preparation x 1.1 x 102

Here, the OPU was determined as the average of the values measured for the
individual dilutions.
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Since the OPU (as described above) also includes defective particles, the GTU
(gene transducting units) was additionally determined, in other words the fraction of
the infectious and gene transducing, and thus of the desired, adenoviral vectors by
the OPU, by means of a serial dilution series on 293A cells with subsequent specific
immune cytochemical staining of the RSV-F protein expressed on infected cells.

The titration was performed on 293A-cells. To this end, a 96-well plate of type
F with approximately 10,000 293A-cells (in 100 yt medium) per well was loaded and
cultivated in the incubator. The titer plate was infected one day later. Here, the
adenoviral preparation was added into the first well of the titer plate in the ratio 1:1000
(10 pl of a 1:100 pre-dilution were added to the 100 yl medium in the first well) and
further serially diluted from well to well 1:10 in a horizontally successive fashion (in
each case 10 yl were transferred from well to well). This dilution series was
performed repeatedly in 3-5 series. 2-3 series remained virus-free as a negative
control and were analogously diluted.

A specific immmune cytochemical staining of the F-protein of RSV was
performed 2-3 days after the infection of the titer plate. This was directly possible in
testing the adenoviral vector Adv-F¢y, (adenoviral vector containing the nucleotide
sequence of SEQ ID NO: 2), since the infected cells express the RSV-F protein on
their surface.

In the first step of the staining of the titer plate the medium was removed and
the cells were fixed for ten minutes with 100 pl 80% ethanol per well. After removal of
the ethanol the plate was air dried. Then 200 pl PBS-T.0s% (0.05 % (v/v) Tween 20 in
PBS) were placed into every well for rehydration and were left on the plate for 5
minutes. The plate was knocked empty and then 100 ul of a 1:250 dilution of the
18F12 primary antibody in PBS-Tg 059, were placed into every well. The plate was
subsequently incubated for 1 hour at 37°C. Here, the 18F12 antibody, which is
directed against the F-protein of RSV, binds to the F-protein expressed on the
infected cells. Non-bound antibody was removed in a 3X washing step performed
three times with PBS-Ty gs%. Rabbit anti-mouse immunoglobulin P0260 (Dako ™), which
binds to the monoclonal 18F12 antibody, was used for the detection of the primary
antibody as an enzyme-coupled secondary antibody, and was diluted 1:400 in PBS-
To.0s5%. 100 pl of this solution were placed into every well, the plate was once again
incubated for 1 hour at 37°C. After a washing step performed three times with PBS-
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To.0s%, the staining reaction mediated by the enzyme bound to the secondary antibody
was initiated by addition of 100 pi of the staining solution (200 pl AEC (3-amino-9-
ethylcarbazoi 10 mg/ml dissolved in 96% ethanol) and 10 ul H,O, in 10 ul phosphate-
citrate) into every well. The staining reaction took place in an incubation at 37°C for
‘30 minutes and was stopped by addition of 100 Ul H20 per well after knocking empty

the plate.

The interpretation was performed under the microscope, in that for every
series the number of the stained cells in the last well in which an infection could still
be demonstrated by staining, was determined and was multiplied by the dilution stage
applicable for this well. The GTU is calculated based on the average of all rows.

The staining method described above refers to the determination of titer of
preparations of adenoviral vectors expressing RSV-F protein. In contrast, in the
determination of the titer of a preparation of AdV-eGFP, no staining was performed,
the titer plate was evaluated by counting the green luminescent cells as observed by

fluorescence microscopy.

Example 10: Immunization study in BALB/c mouse model

In the context of a first immunization study, a group of 6 BALB/c mice were
subcutaneously immunized with 1 x 10° GTU (5 x 10° OPU) AdV-Fgy,. A boost
followed after four weeks. As a comparison, one group of, also, six mice were
subcutaneously immunized with plasmid DNA. Here, the plasmid pcDF s gp was
used, which codes for the ectodomain of the synthetic F-protein RSV and in pre-
studies with BALB/c mice had induced the best protection following DNA
immunization against RSV (Fig. 1) as compared to the plasmids pCliFgyn and pclF,
which code for the synthetic F-protein (full length) and the wild-type F-protein of RSV,
respectively. Here, FI-RSV served as a control of the induction of the immune '
response against RSV and denotes the RS-viruses which were used for the
Immunization and inactivated with formalin. As contro| groups, 6 mice were
immunized subcutaneously with AdV-OVA (adenoviral vector which expresses
ovalumin), and 3 mice were not immunized at all. The mice were infected three weeks
after the second immunization with about 1 x10” i.E. (infectious units) of plaque-

purified RSV.
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Following anesthetization the mice were killed on day 5 after infection and a
BAL (bronchoalveolar lavage) was obtained. The viral RNA was extracted from the

BAL and the content of RSV RNA was determined by means of quantitative RT-PCR
as a measure of the protection of the animals. A high RSV load was determined in the

control groups, with on average approximately 20,000 copies of RSV. While the RSV
copy number was already significantly reduced by a factor of about 55 (on average
360 copies per BAL) following immunization with pcDF g, ep, following immunization
with AdV-Fgn no more RSV could be detected at all in any mice of the group,
meaning that the RSV load was reduced here by a factor of at least about 400, since
- the limit of detection of gqRT-PCR is 50 copies. Following vaccination with pcDF gyn en,
the animals are thus only somewhat protected from RSV, since RSV replication in the
lungs of the mice is only inhibited but not completely prevented. In contrast, following
vaccination with AdV-Fgy,, the animals appear to be completely protected since RSV
can no longer be detected (Fig 2).

In the course of the experiment, blood was taken from the mice in week 0
(before the first immunization) and 7 (after the second immunization) as well as on
the day of killing, and serum was obtained from this. In this first immunization study, '
an additional removal of blood was not yet performed following the first and before the
second immunization.

The titer of RSV-spacific IgG1 and IgG2a antibodies in the blood of the mice
was determined by means of the serum samples in antibody ELISA. Since a
standardization of this ELISA was hitherto impossible, the results here can only be
compared within the groups of one immunization study. Here, all samples of an
immunization study were investigated simultaneously on one ELISA plate.

RSV-specific IgG1 or IgG2a antibodies could not be detected in any mice
group prior to immunization. In the control groups the titer remained identically low
over the course of the experiment. In contrast, a clear increase in the RSV-specific
antibodies could be shown with the AdV-F,, or with pcDFsnep vaccinated mice after
the second immunization and on the day of death. While the 1gG1 antibodies in both
groups increased in similar manner, the increase in the 1gG2a antibodies following
vaccination with AdV-F,, was many times stronger than following vaccination with
pCcDFgynep. The two fold immunization with AdV-F,y, thus effects a strong immune

response with regard to the formation of systemic RSV-specific IgG antibodies and, in
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this context, induces the production of much more igG2a than following twofold
Immunization with pcDFgep (Fig. 3). The fact that the 1gG2a antibodies increased
many times more strongly than the IgG1 antibodies in the AdV-F,,, vaccinated mice
indicates a Ty1-based immune response following immunization with AdV-Fgy,, which
can be judged as particularly positive, since the disease exacerbation observed in the
1960s following immunization experiments with formalin-inactivated RSV was
primarily attributed to a shifting of the immune response in favor of a T2 response.

The sera of the mice were additionally tested in the neutralization test for
neutralizing antibodies against RSV. No neutralizing antibodies were present in any
mice group at the beginning of the experiment. While no neutralizing antibodies
against RSV could be found in any of the serum samples of the contro! groups, the
Immunization with AdV-Feyn or pcDFgynep led to the formation of neutralizing
antibodies. Here, these increased following AdV-F,, vaccination about 13 times more
strongly than following vaccination with pcDFsep, S0 that, here as well, the
immunization with AdV,y, can be viewed as superior to the vaccination with
PCDFsynep. IN comparison to the serum samples following the second immunization, a
slight reduction in the titer of neutralizing antibodies could be observed in each of the
serum samples from the day of killing, meaning following challenge, which can be
explained by a consumption of these over the course of the infection (Fig. 4).

In the immunization studies performed, the superiority of AdV-Fs,, over
PCDFgynep could thus be clearly shown (induction of a higher titer of RSV-specific
antibodies, lower RSV load in the lung and correspondingly better protection of the
mice).

Example 11: Immunization with AdV-F,, via different administration routes

This experiment is intended to investigate the influence of administration route
on the immunization with AdV-Fsy,. To this end, three groups, each of 6 BALB/c mice,
were immunized with 1 x 10° GTU (5 x 10° OPU) Adv-Fgyn, wherein the vaccine was
administered intranasally to the first group, intramuscularly to the second and

subcutaneously to the third. A fourth group, also of 6 BALB/c mice, was not
Immunized and served as a negative control. The timeline for vaccinations, blood
removal and challenge was adopted from the first immunization study (see example
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10).

On the day of Killing (5 days after infection) the BAL of the mice was obtained.
Following isolation of viral RNA from the BAL, the content of RSV RNA was
determined by means of quantitative RT-PCR in order to make a statement regarding
the protection of the animals following vaccination. While the RSV load in the non-
immunized control group was very high, all three of the mouse groups immunized
with AdV-Fsy, showed a very good protection. With the exception of a single mouse
from the intramuscularly vaccinated mouse group, in which the RSV load in the BAL
was 88 copies, no RSV load was detectable in any BAL, meaning that all mice were
very well protected following vaccination with AdV-F,, irrespective of the
administration route (reduction by a factor of at least 160 in all three mice groups)
(Fig. 5).

Since no differences with regard to the RSV load in the lungs of the different
mice groups could be determined by quantitative RT-PCR performed based on the
RNA isolates from the BALs of the mice, the total RNA from the lung homogenate,
which had also been obtained on the day of killing, was additionally isolated. These
RNA isolates were also tested in the quantitative RT-PCR for their RSV content in
order to obtain a second value for the RSV load in the mice lungs, and thus for the
protection of the mice from RSV. Here, the results of the qRT-PCR were
subsequently converted in relation to the RNA content of the RNA isolate, since in the
RNA isolation not only viral RNA, but also total RNA was isolated. In this way, an
RSV copy number of on average approximately 160,000 copies / pg RNA was
determined by quantitative RT-PCR in the non-immunized control group. The
determination of the RSV load based on RNA isolates from the lung homogenate is
thus significantly more sensitive than that based on the RNA isolates from the BAL,
where in the non-immunized control group an RSV load of on average approximately
only 8,000 copies/BAL was found. Corresponding differences in the immunized mice
groups were also observed. The best protection was achieved following intranasal
iImmunization with AdV-F,y,. Here, the RSV load in all mice was below the level of

detection of 50 copies by gRT-PCR. Converted in relation to RNA content of the
samples, this means that the intranasally vaccinated animals showed only a very low
RNA load. Even assuming 50 copies as the resuit of qRT-PCR, 1 animal was
completely protected, while the other 5 animals had 1-5 copies / ug RNA. Thus, very
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good, nearly complete protection from RSV is induced by intranasal immunization,
wherein the RSV load is reduced by a factor of approximately 70,000. In contrast,
following intramuscular and subcutaneous vaccination with AdV-Fy,, an RSV load
was detectable by gRT-PCR. From each group, only 2 animals with an RSV load of 2
copies / ug RNA were very well-protected; each of the other 4 animals showed an
average RSV load of approximately 570 copies / ug RNA following intramuscular
vaccination (approximately 280-fold reduction) or approximately 275 copies / ug RNA
following subcutaneous vaccination (approximately 580-fold reduction), respectively
(Fig. 6). In an immunization with AdV-F,, the intranasal route is thus clearly the best
suited to induce very good protection from RSV.

The sera of the mice recovered over the course of the experiment were again
tested in the IgG antibody ELISA and in the neutralization test for the induction of
systemic RSV-specific antibodies.

Prior to the immunization, RSV-specific IgG1 or IgG2a antibodies were not
detectable in any mouse group. In the control group, the titer remained similarly low
even in the further serum samples. In contrast, a clear increase in the RSV-specific
titer was observed not only for IgG1 but also for IgG2a antibodies in the three mouse
groups vaccinated with AdV-Fs,,. Here, this increase was dependent on the route of
administration of AdV-F,, since the antibody titer in the intranasal (i.n.),
Intramuscular (i.m.) and subcutaneous (s.c.) vaccinated mice each came out
differently. Here, the titer of primarily the igG2a antibodies varied quite strongly, the
subcutaneous immunization led to an increase in [gG2a antibodies which was many
times stronger than the intranasal or the intramuscular vaccination. In contrast, the
differences in the IgG1 titer were not so strongly pronounced, since the induction of

IgG1 antibodies in all mouse groups turned out weaker than that of the IgG2a
antibodies. Despite this, it is apparent that the subcutaneous immunization effected

the weakest increase in IgG1. It could already be shown in the context of the first
immunization study that the subcutaneous AdV-F,, vaccination induces an antibody
titer which is many times higher for IgG2a than for IgG1, which speaks for a Tu1-
mediated immune reaction. This result was also seen here in the second experiment
with subcutaneous vaccination. In contrast, in intramuscular and intranasal
immunization with AdV-Fg,, the IgG2a / IgG1 ratio was smaller. While still more

lgG2a than IgG1 antibodies were formed following intramuscular vaccination, the
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proportion of IgG2a and IgG1 following intranasal immunization was quite balanced
(Fig. 7). The Ty1-mediated path is thus most strongly activated in the immune
reaction against RSV with subcutaneous immunization. But the ratio of Tq1 (IgG2a)
and Ty2 (IgGG1) is also balanced in intranasal vaccination, which speaks for a
balanced Ty1 / Tu2 response. Thus, according to the distribution of IgG antibody
classes, no excess Ty2 response is generated via any of the three administration
routes, which is significant for a vaccination against RSV.

Moreover, a further increase in titer for both IgG antibody classes was present
from the serum sample following the first imnmunization to the serum sample following
the second administration in all three mice groups immunized with AdV-Fgn, wherein
the increase in titer was lowest with intranasal immunization and was highest with
subcutaneous immunization (Fig. 7). One can thus establish that a boost with AdV-
Fsyn Vaccination induces a further antibbdy increase and thus makes sense for
building up good immunity against RSV.

It was also seen once again in the neutralization test that vaccination with Adv-
Fsyn induces a very strong specific serum antibody response against RSV: while no
neutralizing antibodies against RSV could be detected in any of the mice groups prior
to the first immunization, and while this titer aiso did not increase in the non-
iImmunized control group, a strong increase of RSV-specific neutralizing antibodies
was observed in the three groups vaccinated with AdV-Fgy,. As in the IgG ELISA and
in the RSV qRT-PCR (lung homogenate), differences were also present here as
dependent on the route of administration. For instance, the intranasal immunization
led to the strongest increase of neutralizing activity, wherein the titer increased by a
factor of approximately 200. Here, the increase in titer following intranasal
immunization was 10-fold stronger than after intramuscular vaccination (here, an
Increase in titer by a factor of approximately 20 was observed) and 6-fold stronger
than following subcutaneous vaccination (here, an increase in titer by a factor of
approximately 35 was observed). It was thus shown that the immunization with AdV-
Fsyn €licits a very good response of systemic neutralizing antibodies against RSV
independent of the route of administration (intranasal, intramuscular, subcutaneous),
wherein the intranasal route induces the strongest response (Fig. 8).

It was further observed here, as also already by ELISA, that the second
immunization induces a further increase in antibodies. The neutralizing activity had
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increased significantly in the serum following the second immunization in comparison
to the serum following the first immunization, most strongly in the intranasally
immunized group (approximately 14-fold), and most weakly in the subcutaneously
immunized group (approximately 2-fold) (Fig. 8).

In total, the result of the neutralization test showed stronger analogies to the
qRT-PCR from the RNA isolates from the lung homogenate than to the ELISA. For
instance, the induced titer of RSV-specific neutralizing antibodies corresponded to the
reduction of RSV load in the lung, but not with the titer of the RSV-specific antibodies
detected in the ELISA. This leads to the conclusion that the ELISA detects not only
the RSV-specific neutralizing antibodies, but rather other non-neutralizing antibodies
directed against RSV. Since the RSV-specific neutralizing antibodies participate
essentially in the induction of protection against RSV, as is clear from the correlation
between the titer of neutralizing antibodies and the reduction of the RSV load in the
lung, one can better rely on the neutralization test than the ELISA in an evaluation of
the protection following vaccination.

The clearly best vaccination result was achieved in the immunization study
performed with the intranasal immunization, since, following intranasal immunization,
on the one hand the highest titer of neutralizing antibodies was found with AdV-Fsn,
and, on the other hand, the RSV load in the lung was most strongly (almost
completely) reduced. The intranasal route is thus to be favored in prime-boost
vaccination with AdV-Fgy,.

Example 12: Subcutaneous immunization with AdV-F,y, in different doses (dose

escailation)

In this experiment, the influence of the vaccine dose on the subcutaneous
immunization with AdV-F, is to be studied. To this end, four groups, each with 6
BALB/c mice, were each immunized subcutaneously with dosings of 2 x 10° to 2 x 10°
GTU (1x 10" to 1 x 10" OPU) AdV-Fe,n. A fifth group, also with 6 BALB/c mice was
not immunized (negative control). The timeline for the vaccinations, blood removal
and challenge was adopted from the first immunization study (see example 10).

On the day of killing (5 days following infection), the BALs and lung
homogenates of the mice were obtained. Following isolation of viral RNA from the
BAL and total RNA from the lung homogenate, quantitative RT-PCRs were performed
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in order to determine the RSV load in the RNA isolates and make a statement with
regard to the protection of the animais following vaccination. in the RNA isolates from
the BALs as waell as the RNA isolates from the lung homogenates, the RSV load was
very high in the non-immunized control group, wherein the detection of the RSV
copies was again clearly more sensitive in the RNA isolates from the lung

homogenates.

All 4 immunized mice groups showed a good protection in QRT-PCR from the
isolates from the BALS, since no RSV load was detectable in any single mouse
(reduction by a factor of at least approximately 95-fold) (Fig. 9).

In contrast, in the more sensitive gRT-PCR from the isolates of the lung
homogenates, an RSV load was detectable even in the immunized mice, wherein the
RSV copy number was comparable in all four immunization groups. For instance, an
average reduction of the RSV load by a factor of approximately 340 from on average
around 47,000 copies to on average around 140 copies was observed in all
immunization groups (Fig. 10). All immunized mice were thus protected to the same
extent irespective of the vaccine dose, wherein a good, but not complete protection
was observed. This means that the protection induced by a subcutaneous AdV-Fgy,
vaccination is limited and cannot be further increased by raising the vaccine dose. On
the one hand, a low vaccine dose is thus just as effactive as a high vaccine dose in
subcutaneous vaccination for building up a good protection. On the other hand, the
subcutaneous route is not optimal in the AdV-F,, vaccination, since here (as
opposed to the intranasal vaccination in the previous experiment) only a limited
protection can be induced.

The sera of the mice obtained over the course of the immunization study were
tested in IgG antibody ELISA and in the neutralization test for the induction of
systemic RSV-specific antibodies.

Prior to the immunization, RSV-specific IgG1 or IgG2a antibodies were not
detectable by ELISA in any mouse group. Nor did any increase in titer occur in the
non-immunized control group over the course of the experiment. In contrast, a clear
increase in RSV-specific titer in 1IgG1 as well as in IgG2 antibodies was observed in
the four mouse groups vaccinated subcutaneously with AdV-F,,. Here, this increase
- as opposed to in RSV-qRT-PCR - was dependent on the dose of the vaccine. Only
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a minimal difference in the mouse groups was observed in the IgG1 antibodies since,
as was aiso already shown in the immunization studies up to now, in principle only
low IgG1 antibody titers are induced by subcutaneous vaccination, since the immune
response proceeds in a Ty1 mediated manner. The increase in titer of the RSV-
specific igG1 antibodies in all four groups thus turned out to be equally weak. A
slightly stronger increase could be induced by the boost only with very high vaccine
dose. In contrast, with the IgG2a antibodies the four mouse groups showed, a clearly
varying increase in titer irrespective of the vaccine dose, so that a direct dependence
between vaccine dose and increase in titer exists here as well. For instance, the titer
increased differently dependent on the dose not only after the first immunization but
also after the second immunization. While following the first immunization the titer
increased from one stage of the dosing to the next (from mouse group to mouse
group) relatively linearly, in other words approximately by the same amount in each,
an exponential dependence was observed after the boost, since the second
Immunization in low dose effected only a weak further increase in titer, but at high
dose a strong further increase in titer. Subcutaneous immunization with AdV-Fs,, thus
leads to a dose-dependent increase in the titer of RSV-specific antibodies, differently
than in the RSV load corresponding to qRT-PCR.

While the second immunization at high dose led to a strong further increase in
titer, nardly any further increase in titer was effected at low doses by the boost, so
that - as far as the RSV-specific antibody titer corresponding to the ELISA is
concerned - the boost only seems to make sense at the two highest doses (Fig. 11).

A neutralization test for RSV-specific neutralizing antibodies was also
performed. Both before immunization and in the non-immunized control group, no titer
was detectable. In contrast, neutralizing antibodies were formed following
subcutaneous vaccination with AdV-F,,. Here, in the neutralization test, another
picture was observed than in the ELISA. Here, a clear dose dependence in the
induction of neutralizing antibodies was already apparent after the first immunization,
wherein the titer increased exponentially from dose stage to dose stage. For instance,
the titer at the dose of 2 x 10° GTU (1 x10” OPU) increased by a factor of
approximately 2.6, at the dose of 2 x 10° GTU (1 x 10® OPU) by a factor of
approximately 3.3; at the dose of 2 x 10" GTU (1 x 10° OPU) by a factor of

approximately 21; at the dose of 2 x 10° GTU (1 x 10" OPU) by a factor of
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approximately 36.

Thus, while only a slight effect of increasing the dose was observed in the
ELISA following the first immunization, the neutralizing antibodies were significantly
more strongly induced by a high vaccine dose than by a low vaccine dose. In
contrast, following the second immunization, a dose dependence could no longer be
seen in the neutralization test (in contrast to the ELISA). In all immunized groups the
antibody titer increased independently of the vaccine dose to a maximal value
following the second immunization, wherein in each case the highest serum dilution at
which the infection by RSV is inhibited by neutralizing antibodies by 50% (IC50) was
on average 1:295. This means that in the two-fold subcutaneous immunization with
AdV-Fq,, only one maximal titer of neutralizing antibodies can be built up, and this
cannot be increased by a further increase in dose. This result is consistent with that
from gRT-PCR of RNA isolates from the lung homogenate, since in this case as well
a comparatively good protection (similar reduction of the RSV load) was observed in
all immunized mice groups independent of the vaccine dose, once again showing that
the antibodies detected in the neutralization test are essentially responsible for the
protection from RSV infection. The result of the neutralization test thus shows, as
does the RSV qRT-PCR, that a good protection from RSV infection with two-fold
subcutaneous AdV-Fgy, immunization can also be achieved by a low vaccine dose
and cannot be further increased by increasing this dose. As can be seen from the
neutralization test, however, the boost seems to be absolutely necessary in order to
induce, with a low vaccine dose, a protection which is just as good as with a high
vaccine dose (Fig. 12).

Accordingly, in the two-fold subcutaneous immunization with AdV-Fgyn only a
limited protection is achieved, since the maximal achieved value with regard to the
reduction of RSV load in the lung and induced titer of neutralizing antibodies cannot
be further increased, even by raising the dose. This result reinforces the conclusion,
drawn from the previous immunization study, that the intranasal route is to be
favored. Further, since following the second immunization the same maximal titer of
neutralizihg antibodies was achieved and the RSV load in the lung was reduced to
the same extent in all mouse groups, it seems that in the subcutaneous immunization
with AdV-Fgn alower dose of AdV-Fy is sufficient for the same vaccination success

as long as a prime-boost strategy is chosen.
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Example 13: Increase in expression of RSV-F protein in the use of codon-
optimized expression sequences

Following incorporation (transfection) of the expression plasmids pFwt
(expression plasmid with the wild-type sequence of the RSV-F protein), plFwt
(expression plasmid with the wild-type sequence of the RSV-F protein with an
additional intron before the open reading frame), pFsyn (expression plasmid with the
codon-optimized sequence of the RSV-F protein) and plFsyn (expression plasmid
with a codon-optimized sequence of the RSV-F protein with an additional intron
before the open reading frame) in Hep2 cells, these were lysed 48 hours thereafter.
The proteins of the cell lysate were separated by means of gel electrophoresis

according to their size and subsequently transferred onto a nitrocellulose membrane.

In the cell lysates, the amount of expressed RSV-F protein was determined
(Fig. 14). A plasmid without a foreign gene (empty plasmid; pcDNA3.1), cells without
plasmid (Hep2) and cells infected with RSV (positive control; RSV) served as
controls. The results show that expression is only achievable by codon-optimization
(comparison of pFwt or plFwt to pFsyn or plFsyn).

The expression of the codon-optimized construct (plFsyn) was compared by
serial dilution (1:10° to 1:10%) of the cell lysate with the expression of the plasmid
carrying the original sequence (plFwt) in undiluted cell lysate (1:1) (Fig. 15). The
amount of protein from RSV-F by expression of the codon-optimized construct in a
dilution of 1000-fold (1:10°) is still significantly greater than that by the plasmid with
the original sequence. (kDa = molecular weight in kilodalton)

The results show that the codon-optimized nucleic acid sequence with the
SEQ ID NO: 2 according to the invention increases the expression of the RSV-F
protein in celis in an uncommonly strong manner (Fig. 14; Fig. 15). In contrast to the

known increases in expression of generally 50- to a maximum of 100-fold, in the case

of using the sequence according to the invention, an increase in the expression of
RSV-F protein of over 1000-fold is observed. In contrast to other viral proteins, e.g.
VSV-G protein, an amplification of expression of the RSV-F protein cannot be

achieved simply by upstream placement of an intron.
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CLAIMS:

1. A nucleic acid molecule comprising a nucleotide sequence which encodes an F-

protein of the respiratory syncytial virus (RSV), wherein the nucleotide sequence
comprises SEQ |D NO:2.

2. A vector comprising the nucleic acid molecule according to claim 1.

3. The vector according to claim 2, wherein the vector is a viral vector or a plasmid
vector.

4. The vector according to claim 3, wherein the viral vector i1s an adenoviral vector,

which comprises:
(a) the nucleic acid molecule according to claim 1, and
(b) a transcription and/or translation control sequence for driving expression

from the nucleic acid molecule.

5. A cell comprising the vector according to any one of claims 2 to 4.

6. An immunogenic composition comprising the nucleic acid molecule according to
claim 1 or the vector according to any one of claims 2 to 4, and a pharmaceutically

acceptable carrier.

7. Use of the nucleic acid molecule according to claim 1, or of the vector according to
any one of claims 2 to 4, for the preparation of a vaccine for the vaccination of a subject

against a disease caused by an RSV infection.

8. A method for the preparation of an RSV-F protein wherein the method comprises:
(a) transfection of a host cell with the nucleic acid molecule according to claim
1, and

(b) the expression of the nucleic acid molecule in the host cell.
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