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RECOMBINANT MODIFIED VACCINIA VIRUS ANKARA (MVA) RESPIRATORY SYNCYTIAL
VIRUS (RSV) VACCINE

FIELD

The present invention relates to a recombinant modified vaccinia virus Ankara (MVA virus) as
an improved vaccine against an infection with Respiratory Syncytial Virus (RSV virus) and to
related products, methods and uses. Specifically, the present invention relates to a genetically
engineered recombinant MVA vector comprising at least one nucleotide sequence encoding an
antigenic determinant of an RSV membrane glycoprotein and at least one nucleotide sequence
encoding an antigenic determinant of an RSV nucleocapsid protein. The invention also relates
to products, methods and uses thereof, e.g., suitable to affect an immune response in a subject,
or suitable to diagnose an RSV infection, as well as to determine whether a subject is at risk of

recurrent RSV infection.
BACKGROUND

RSV is a significant respiratory pathogen. Acute lower respiratory tract (LRT) infection causes
significant morbidity and mortality in infants and children under the age of five years worldwide
[A.M. Aliyu et al. (2010), Bayero J. Pure Appl. Sci. 3(1):147-155]. Respiratory syncytial virus
(RSV) is the most clinically important cause of LRT infection; primary infection with RSV
generally occurs by age 2 [W.P. Glezen (1987), Ped. Virol. 2:1-4; Y. Murata (2009), Clin. Lab.
Med. 29(4):725-739]. Because primary RSV infection does not induce complete immunity to
RSV, frequent re-infections occur throughout life, with the most severe infections developing in
the very young, the very old, and in immune-compromised patients of any age [Y. Murata
(2009)].

As many of 40% of those infected with RSV eventually develop serious LRT disease requiring
hospitalization, with the severity and intensity of the disease depending on the magnitude and
intensity of infection and the host response [Aliyu et al. (2010)]. RSV can also cause serious
LRT disease in patients of any age having compromised immune, respiratory, or cardiac
systems, and may also predispose children to later development of asthma. In the United States
alone, RSV causes an estimated 126,000 hospitalizations and 300 infant deaths a year [Y.
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Murata (2009)]. Furthermore, RSV accounts for more than 80,000 hospitalizations and more
than 13,000 deaths each winter among elderly patients, and those with underlying
cardiopulmonary or immunosuppressive conditions [Y. Murata (2009)]. Despite the importance
of RSV as a respiratory pathogen, however, there is currently no safe and effective RSV

vaccine on the market.

RSV is an enveloped RNA virus of the family Paramyxoviridae, subfamily Pneumovirinae [Aliyu
et al. (2010)]. Each RSV virion contains a non-segmented, negative-sense, single-stranded
RNA molecule of approximately 15,191 nucleotides containing ten genes encoding eleven
separate proteins (M2 contains two open reading frames), including eight structural (G, F, SH,
M1, N, P, M2.1, and L) and three non-structural proteins (NS1, NS2, and M2.2) [Y. Murata
(2009)]. The genome is transcribed sequentially from NS1 to L, in the following order: 3'-NS1-
NS2-N-P-M1-SH-G-F-M2.1-M2.2-L-5’.

The viral envelope contains three tfransmembrane glycoproteins (attachment glycoprotein (G),
fusion glycoprotein (F), and small hydrophobic protein (SH)), as well as the matrix (M1) protein
[Y. Murata (2009)]. During RSV replication, the virus first attaches to the target cell in a process
mediated by the heavily glycosylated G protein. The virus then fuses with the host cell in a
process mediated by the F protein, thereby penetrating the cell membrane and entering the host
cell; the F protein is also required for the formation of the syncytia characteristic of RSV-infected
cells. The attachment and fusion processes are augmented by SH protein. The M1 protein
regulates the assembly of mature RSV by interacting with the envelope proteins F and G and
with the nucleocapsid proteins N, P, and M2.1 (see below). Within the envelope, viral RNA is
encapsidated by a ftranscriptase complex consisting of the nucleocapsid protein (N),
phosphoprotein (P), transcription elongation factor (M2.1) and RNA polymerase (L) proteins [Y.
Murata (2009)]. N associates with the genomic RNA, while P is a cofactor for L, the viral RNA
polymerase. M2.1 is an elongation factor necessary for viral transcription, and M2.2 regulates
transcription of the viral genome. Finally, NS1 and NS2 inhibit type | interferon activity.

Clinical RSV isolates are classified according to antigenic group (A or B) and further subdivided
into multiple genotypes (e.g., A2 or Aong for the A group; and B1, CH-18537, or 8/60 for the B
group) based on the genetic variability within the viral genome of each antigenic group [Y.
Murata (2009)]. Classification is based on the reactivity of the viruses with monoclonal
antibodies directed against the attachment glycoprotein (G protein) and by various genetic
analyses. [M. Sato et al., J. Clin. Microbiol. 43(1):36-40 (2005)]. Among viral isolates, some
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RSV-encoded proteins are highly conserved at the level of amino acid sequence (e.g., F), while
others vary extensively (e.g., G) between and within the two major antigenic groups [Y. Murata
(2009)]. The F proteins from the A and B antigenic groups share considerable homology. In
contrast, the G protein differs considerably between the two antigenic groups.

The G protein is the most variable RSV protein, with its hypervariable C-terminal region
accounting for most of the strain-specific epitopes. The molecular epidemiology and
evolutionary patterns of G protein have provided important information about the clinical and
epidemiological features of RSV. Typically several different genotypes circulate at once, and the
one that predominates in a community every year may change. However, the importance of
strain diversity to the clinical and epidemiological features of RSV remains poorly understood.
Recombinant RSV proteins are therefore accompanied by a strain designation to indicate the
original RSV strain from which the gene or protein was cloned. For example, a cloned G protein
from RSV strain A ong is designated G(Aiong), RSV Aigng G, 0or RSV A ng G protein.

RSV stimulates a variety of immune responses in infected hosts, including the secretion of
chemokines and cytokines, production of neutralizing humoral and mucosal antibodies, and
production of CD4+ (e.g., Tu1 and Ty2) and CD8+ (e.g., CTL) T-cells. Such host immune
responses are largely responsible for the clinical manifestations of RSV infection, since the virus
causes limited cell cytopathology in vivo [Y. Murata (2009)]. The phenotypic manifestations and
severity of RSV-induced disease are apparently mediated by the balance and interactions
among the range of immune responses stimulated by RSV infection [Y. Murata (2009)].

Many previous studies suggest that the cellular and humoral immune responses play different
roles in the induction of immunity to RSV and the resolution of RSV infection, as well as in
disease progression [Y. Murata (2009) and references therein]. For example, studies with a
humanized anti-F antibody showed that while anti-RSV antibodies are sufficient to prevent or
limit the severity of infection, they are not required for clearing viral infection [Y. Murata (2009);
A.F.G. Antonis et al. (2007), Vaccine 25:4818-4827]. In contrast, T-cell responses are
necessary for clearing established RSV infections [Y. Murata (2009)]. The RSV-induced T-cell
response also plays a key role in pulmonary pathology during infection. For example, interferon-
vy (IFNy)-secreting Ty1 cells—with or without an associated CD8+ CTL response—clear RSV
with minimal lung pathology, while interleukin 4 (IL-4)-secreting Ty2 cells also clear RSV, but
frequently accompanied by significant pulmonary changes, including eosinophilic infiltration, a
hallmark of the enhanced disease observed during previous vaccine trials (see below).
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Despite the abundance of information available regarding the immunology, virology, and
physiology of RSV infection, however, it remains far from clear precisely what sort of immune
response is likely to be most effective at inducing lasting immunity while also not producing
enhanced disease on post-vaccination exposure to RSV, as discussed in more detail in the

following sections.
Prior Vaccine Development

Vaccines typically use one of several strategies to induce protective immunity against a target
infectious agent or pathogen (e.g., a virus, bacterium, or parasite), including: (1) inactivated
pathogen preparations; (2) live attenuated pathogen preparations, including genetically
attenuated pathogen strains; (3) purified protein subunit vaccine preparations; (4) viral vector-
based vaccines encoding pathogen antigens and/or adjuvants; and (5) DNA-based vaccines
encoding pathogen antigens.

Initial RSV vaccine development efforts focused on an inactivated virus preparation, until a
clinical trial testing efficacy of a formalin-inactivated RSV (FI-RSV) vaccine was conducted in
the United States during the 1960s with disastrous results [M.R. Olson & S.M. Varga (2007), J.
Immunol. 179:5415-5424]. A significant number of vaccinated patients developed enhanced
pulmonary disease characterized by eosinophil and neutrophil infiltrations and a substantial
inflammatory response after subsequent natural infection with RSV [Olson & Varga (2007),
[Blanco JC et al. (2010) Hum Vaccin. 6:482-92]. Many of those patients required hospitalization
and a few critically ill patients died. Consequently, investigators began searching for viral and/or
host factors contributing to the development of enhanced disease after subsequent challenge in
an effort to develop a safer RSV vaccine. That search has yielded much new information about
RSV biology and the broad spectrum of immune responses it can induce, but a safe and

effective RSV vaccine remains elusive.

Post-FI-RSV vaccine development efforts have focused in large part on single antigen vaccines
using G, F, and, to a lesser extent, N or M2, with the viral antigens delivered either by viral or
plasmid DNA vectors expressing the viral genes or as purified proteins. [See, e.g., W.
Olszewska et al. (2004), Vaccine 23:215-221; G. Taylor et al. (1997), J. Gen. Virol. 78:3195-
3206; and L.S. Wyatt et al. (2000), Vaccine 18:392-397]. Vaccination with a combination of F+G
has also been tested in calves, cotton rats and BALB/c mice with varying results [Antonis et al.
(2007) (calves); B. Moss, US Patent Application No. 06/849,299 (‘the '299 application’), filed
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April 8, 1986 (cotton rats); and L.S. Wyatt et al. (2000) (BALB/c mice)]. Both F and G are
immunogenic in calves, mice, cotton rats, humans, and to at least some degree in infant
macaques [A.F.G. Antonis et al. (2007) (calves); B. Moss, the '299 application (cotton rats); L.
de Waal et al. (2004), Vaccine 22:923-926 (infant macaques); L.S. Wyatt et al. (2000) (BALB/c
mice); Y. Murata (2009) (humans)].

Significantly, however, the nature and type of immune response induced by RSV vaccine
candidates varies—often quite considerably—depending on the type of vaccine used, the
antigens selected, the route of administration, and even the model organism used. For example,
immunization with live RSV or with replicating vectors encoding RSV F protein induces a
dominant Tu1 response accompanied by production of neutralizing anti-F antibodies and CD8+
CTLs, both associated with minimal pulmonary pathology upon post-vaccination virus challenge
[Y. Murata (2009) and references cited therein]. In contrast, immunization with an Fl-inactivated
RSV preparation induces a dominant T2 response completely lacking a CD8+ CTL response,
which produces increased pathological changes in the lungs [Y. Murata (2009) and references
cited therein]. Interestingly, the administration of RSV G protein as a purified subunit vaccine or
in a replicating vector induces a dominant Ty2 response eventually producing eosinophilic
pulmonary infilirates and airway hyper-reactivity following post-vaccination virus challenge, a
response very similar to the enhanced disease observed with FI-RSV [Y. Murata (2009) and
references cited therein]. In addition, while vaccination with modified vaccinia virus Ankara
(MVA) encoding RSV F protein induced anti-F antibodies and F-specific CD8+ T-cells in calves,
vaccination with MVA-F+MVA-G induced anti-F and anti-G antibodies but no F- or G-specific
CD8+ T-cells [A.F.G. Antonis et al. (2007)].

Vaccination of mice with vaccinia virus (VV) expressing F protein (VV-F) induced a strong CD8+
T-cell response which lead to clearance of replicating RSV from lung accompanied by a similar
or greater weight loss than mice immunized with FI-RSV [W. Olszewska et al. (2004)]. However
it was not related to the enhanced disease induced by FI-RSV or VV expressing G protein (VV-
G) (combined Ty2 response lung eosinophilia and weight loss) resulting from enhanced
secretion of Ty2 cytokines such as IL-4 and IL-5. Some in the field suggested that an RSV
vaccine capable of inducing a relatively balanced immune response including both a cellular
and a humoral component would be less likely to display enhanced immunopathology on post-
vaccination challenge [W. Olszewska et al. (2004)].
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However, while vaccination of BALB/c mice with modified vaccinia virus Ankara (MVA) encoding
F, G, or F+G induced just such a balanced immune response, including both a humoral
response (i.e., a balanced IgG1 and IgG2a response) and a Ty1 response (i.e., increased levels
of IFNy/interleukin-12 (IL-12) and decreased levels of interleukin-4 (IL-4)/interleukin-5 (IL-5)),
vaccinated animals nevertheless still displayed some weight loss [W. Olszewska et al. (2004)].

Despite expending considerable effort to characterize the nature and extent of the immune
responses induced by various vaccine candidates in several different model systems, it remains
unclear precisely what sort of immune response is required to convey lasting and complete
immunity to RSV without predisposing vaccine recipients to enhanced disease. Because of the
marked imbalance between the clinical burden of RSV and the available therapeutic and
prophylactic options, development of an RSV vaccine remains an unmet medical need.

DESCRIPTION

While prior unsuccessful efforts to develop an RSV vaccine focused primarily on vaccination
with either RSV-F or RSV-G membrane glycoprotein or both, the present inventors have
discovered that vaccination with a recombinant vaccinia virus Ankara (MVA) expressing at least
one antigenic determinant of an RSV membrane glycoprotein and at least one antigenic
determinant of an RSV nucleocapsid protein induces better protection. In addition, such
constructs induce almost complete sterile immunity when applied by the intranasal route
compared to subcutaneous application, or even when compared to the intramuscular route of
administration used by Wyatt and colleagues [L.S. Wyatt et al. (2000)]. Enhanced protection can
be obtained by administering candidate RSV vaccines intranasally in comparison to

intramuscular administration.

With recombinant MVAs expressing either RSV F or RSV G membrane glycoprotein (or both)
(e.g., MVA-mBN199B) or with recombinant MVAs expressing at least one antigenic determinant
of an RSV membrane glycoprotein and at least one antigenic determinant of an RSV
nucleocapsid protein (e.g., MVA-mBN201B), the present inventors observed no replicating RSV
in the lung 4 days post-challenge, although RSV genomes were still detectable by RT-qPCR.
Recombinant MVAs expressing at least one antigenic determinant of an RSV membrane
glycoprotein and at least one antigenic determinant an RSV nucleocapsid protein (e.g., MVA-
mBN201B) induced better protection and a larger decrease in the RSV viral load detectable by
RT-gPCR because they induced a stronger CD8+ T cell response against the antigenic
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determinant of an RSV nucleocapsid protein. Administration of such recombinant viruses by the
intranasal route furthermore induced almost complete sterile immunity (almost no RSV viral load
detectable by RT-gPCR) because they induced the mucosal immune response and IgA
antibody secretion, responses which were absent when such constructs were administered

subcutaneously.

In contrast to FI-RSV, such constructs induce a balanced Th1-immune response generating
good antibody responses, as well as strong, specific cellular immune responses to the RSV
antigens. With intranasal administration of the vaccine producing IgG antibody levels even
higher than those resulting from conventional subcutaneous administration in addition to the
induction of a good IgA antibody response, protection is improved and body weight loss
reduced. The magnitude of the cellular immune response was independent of the route of
administration, however. Interestingly, the inventors observed a pattern of T-cell response
induced by recombinant MVAs expressing at least one heterologous nucleotide sequence
encoding an antigenic determinant of an RSV membrane glycoprotein and at least one
heterologous nucleotide sequence encoding an antigenic determinant of an RSV nucleocapsid
protein (e.g., MVA-mBN201B, expressing RSV F, G, N, and M2 proteins) that was similar to the

T-cell response induced by RSV administrations, albeit much higher.

Thus, in a first aspect, the present invention provides a recombinant modified vaccinia virus
Ankara (MVA) comprising at least one nucleotide sequence encoding an antigenic determinant
of a respiratory syncytial virus (RSV) membrane glycoprotein and at least one nucleotide
sequence encoding an antigenic determinant of an RSV nucleocapsid protein.

Modified Vaccinia Virus Ankara (MVA)

MVA has been generated by more than 570 serial passages on chicken embryo fibroblasts of
the dermal vaccinia strain Ankara [Chorioallantois vaccinia virus Ankara virus, CVA; for review
see Mayr et al. (1975), Infection 3, 6-14] that was maintained in the Vaccination Institute,
Ankara, Turkey for many years and used as the basis for vaccination of humans. However, due
to the often severe post-vaccinal complications associated with vaccinia viruses, there were

several attempts to generate a more attenuated, safer smallpox vaccine.

During the period of 1960 to 1974, Prof. Anton Mayr succeeded in attenuating CVA by over 570
continuous passages in CEF cells [Mayr et al. (1975)]. It was shown in a variety of animal
models that the resulting MVA was avirulent [Mayr, A. & Danner, K. (1978), Dev. Biol. Stand.
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41: 225-234]. As part of the early development of MVA as a pre-smallpox vaccine, there were
clinical trials using MVA-517 in combination with Lister Elstree [Stickl (1974), Prev. Med. 3: 97-
101; Stickl and Hochstein-Mintzel (1971), Munich Med. Wochenschr. 113: 1149-1153] in
subjects at risk for adverse reactions from vaccinia. In 1976, MVA derived from MVA-571 seed
stock (corresponding to the 571 passage) was registered in Germany as the primer vaccine in
a two-stage parenteral smallpox vaccination program. Subsequently, MVA-572 was used in
approximately 120,000 Caucasian individuals, the majority children between 1 and 3 years of
age, with no reported severe side effects, even though many of the subjects were among the
population with high risk of complications associated with vaccinia (Mayr et al. (1978), Zentralbl.
Bacteriol. (B) 167:375-390). MVA-572 was deposited at the European Collection of Animal Cell
Cultures as ECACC V94012707.

As a result of the passaging used to attenuate MVA, there are a number of different strains or
isolates, depending on the passage number in CEF cells. For example, MVA-572 was used in
Germany during the smallpox eradication program, and MVA-575 was extensively used as a
veterinary vaccine. MVA-575 was deposited on Dec. 7, 2000, at the European Collection of
Animal Cell Cultures (ECACC) with the deposition number V00120707. The attenuated CVA-
virus MVA (Modified Vaccinia Virus Ankara) was obtained by serial propagation (more than 570
passages) of the CVA on primary chicken embryo fibroblasts.

Even though Mayr et al. demonstrated during the 1970s that MVA is highly attenuated and
avirulent in humans and mammals, certain investigators have reported that MVA is not fully
attenuated in mammalian and human cell lines since residual replication might occur in these
cells [Blanchard et al. (1998), J Gen Virol 79:1159-1167; Carroll & Moss (1997), Virology
238:198-211; U.S. Pat. No. 5,185,146; Ambrosini et al. (1999), J Neurosci Res 55: 569]. It is
assumed that the results reported in these publications have been obtained with various known
strains of MVA, since the viruses used essentially differ in their properties, particularly in their
growth behaviour in various cell lines. Such residual replication is undesirable for various

reasons, including safety concerns in connection with use in humans.

Strains of MVA having enhanced safety profiles for the development of safer products, such as
vaccines or pharmaceuticals, have been developed by Bavarian Nordic: MVA was further
passaged by Bavarian Nordic and is designated MVA-BN. MVA as well as MVA-BN lacks
approximately 15% (31 kb from six regions) of the genome compared with ancestral CVA virus.
The deletions affect a number of virulence and host range genes, as well as the gene for Type
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A inclusion bodies. A sample of MVA-BN corresponding to passage 583 was deposited on Aug.
30, 2000 at the European Collection of Cell Cultures (ECACC) under number V00083008.

MVA-BN can attach to and enter human cells where virally-encoded genes are expressed very
efficiently. However, assembly and release of progeny virus does not occur. MVA-BN is strongly
adapted to primary chicken embryo fibroblast (CEF) cells and does not replicate in human cells.
In human cells, viral genes are expressed, and no infectious virus is produced. MVA-BN is
classified as Biosafety Level 1 organism according to the Centers for Disease Control and
Prevention in the United States. Preparations of MVA-BN and derivatives have been
administered to many types of animals, and to more than 2000 human subjects, including
immune-deficient individuals. All vaccinations have proven to be generally safe and well
tolerated. Despite its high attenuation and reduced virulence, in preclinical studies MVA-BN has
been shown to elicit both humoral and cellular immune responses to vaccinia and to
heterologous gene products encoded by genes cloned into the MVA genome [E. Harrer et al.
(2005), Antivir. Ther. 10(2):285-300; A. Cosma et al. (2003), Vaccine 22(1):21-9; M. Di Nicola et
al. (2003), Hum. Gene Ther. 14(14):1347-1360; M. Di Nicola et al. (2004), Clin. Cancer Res.,
10(16):5381-5390].

“Derivatives” or “variants” of MVA refer to viruses exhibiting essentially the same replication
characteristics as MVA as described herein, but exhibiting differences in one or more parts of
their genomes. MVA-BN as well as a derivative or variant of MVA-BN fails to reproductively
replicate in vivo in humans and mice, even in severely immune suppressed mice. More
specifically, MVA-BN or a derivative or variant of MVA-BN has preferably also the capability of
reproductive replication in chicken embryo fibroblasts (CEF), but no capability of reproductive
replication in the human keratinocyte cell line HaCat [Boukamp et al (1988), J Cell Biol 106:
761-771], the human bone osteosarcoma cell line 143B (ECACC No. 91112502), the human
embryo kidney cell line 293 (ECACC No. 85120602), and the human cervix adenocarcinoma
cell line HeLa (ATCC No. CCL-2). Additionally, a derivative or variant of MVA-BN has a virus
amplification ratio at least two fold less, more preferably three-fold less than MVA-575 in Hela
cells and HaCaT cell lines. Tests and assay for these properties of MVA variants are described
in WO 02/42480 (US 2003/0206926) and WO 03/048184 (US 2006/0159699), both incorporated
herein by reference.

The amplification or replication of a virus is normally expressed as the ratio of virus produced
from an infected cell (output) to the amount originally used to infect the cell in the first place
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(input) referred to as the “amplification ratio”. An amplification ratio of “1” defines an
amplification status where the amount of virus produced from the infected cells is the same as
the amount initially used to infect the cells, meaning that the infected cells are permissive for
virus infection and reproduction. In contrast, an amplification ratio of less than 1, i.e., a decrease
in output compared to the input level, indicates a lack of reproductive replication and therefore

attenuation of the virus.

The advantages of MVA-based vaccine include their safety profile as well as availability for
large scale vaccine production. Preclinical tests have revealed that MVA-BN demonstrates
superior attenuation and efficacy compared to other MVA strains (W002/42480). An additional
property of MVA-BN strains is the ability to induce substantially the same level of immunity in
vaccinia virus prime/vaccinia virus boost regimes when compared to DNA-prime/vaccinia virus

boost regimes.

The recombinant MVA-BN viruses, the most preferred embodiment herein, are considered to be
safe because of their distinct replication deficiency in mammalian cells and their well-
established avirulence. Furthermore, in addition to its efficacy, the feasibility of industrial scale
manufacturing can be beneficial. Additionally, MVA-based vaccines can deliver multiple

heterologous antigens and allow for simultaneous induction of humoral and cellular immunity.

In another aspect, an MVA viral strain suitable for generating the recombinant virus may be
strain MVA-572, MVA-575 or any similarly attenuated MVA strain. Also suitable may be a
mutant MVA, such as the deleted chorioallantois vaccinia virus Ankara (dCVA). A dCVA
comprises del I, del Il, del lll, del 1V, del V, and del VI deletion sites of the MVA genome. The
sites are particularly useful for the insertion of multiple heterologous sequences. The dCVA can
reproductively replicate (with an amplification ratio of greater than 10) in a human cell line (such
as human 293, 143B, and MRC-5 cell lines), which then enable the optimization by further
mutation useful for a virus-based vaccination strategy (see WO 2011/092029).

Definitions

The term “antigenic determinant” refers to any molecule that stimulates a host's immune system
to make an antigen-specific immune response, whether a cellular response and/or a humoral
antibody response. Antigenic determinants may include proteins, polypeptides, antigenic protein
fragments, antigens, and epitopes which still elicit an immune response in a host and form part
of an antigen, homologue or variant of proteins, polypeptides, and antigenic protein fragments,

10
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antigens and epitopes including, for example, glycosylated proteins, polypeptides, antigenic
protein fragments, antigens and epitopes, and nucleotide sequences encoding such molecules.
Thus, proteins, polypeptides, antigenic protein fragments, antigens and epitopes are not limited
to particular native nucleotide or amino acid sequences but encompass sequences identical to
the native sequence as well as modifications to the native sequence, such as deletions,

additions, insertions and substitutions.

Preferably, such homologues or variants have at least about 50%, at least about 60% or 65%,
at least about 70% or 75%, at least about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, or
89%, more typically, at least about 90%, 91%, 92%, 93%, or 94% and even more typically at
least about 95%, 96%, 97%, 98% or 99%, most typically, at least about 99% identity with the
referenced protein, polypeptide, antigenic protein fragment, antigen and epitope at the level of
nucleotide or amino acid sequence. The term homologue or variant also encompasses
truncated, deleted or otherwise modified nucleotide or protein sequences such as, for example,
(1) RSV-F or RSV-G nucleotide sequences encoding soluble forms of the corresponding RSV-F
or RSV-G proteins lacking the signal peptide as well as the transmembrane and/or cytoplasmic
domains of the full-length RSV-F or RSV-G proteins, (2) RSV-M2 or RSV-N nucleotide
sequences encoding deleted, truncated or otherwise mutated versions of the full-length RSV-M2
or RSV-N proteins, (3) soluble forms of the RSV-F or RSV-G proteins lacking the signal peptide
as well as the transmembrane and/or cytoplasmic domains of the fulllength RSV-F or RSV-G
proteins, or (4) deleted, truncated or otherwise mutated versions of the full-length RSV-M2 or
RSV-N proteins.

Techniques for determining sequence identity between nucleic acids and amino acids are
known in the art. Two or more sequences can be compared by determining their “percent
identity.” The percent identity of two sequences, whether nucleic acid or amino acid sequences,
is the number of exact matches between two aligned sequences divided by the length of the
shorter sequences and multiplied by 100.

“Percent (%) amino acid sequence identity” with respect to proteins, polypeptides, antigenic
protein fragments, antigens and epitopes described herein is defined as the percentage of
amino acid residues in a candidate sequence that are identical with the amino acid residues in
the reference sequence (i.e., the protein, polypeptide, antigenic protein fragment, antigen or
epitope from which it is derived), after aligning the sequences and introducing gaps, if

necessary, to achieve the maximum percent sequence identity, and not considering any

11
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conservative substitutions as part of the sequence identity. Alignment for purposes of
determining percent amino acid sequence identity can be achieved in various ways that are
within the skill in the art, for example, using publically available computer software such as
BLAST, ALIGN, or Megalign (DNASTAR) software. Those skilled in the art can determine
appropriate parameters for measuring alignment, including any algorithms needed to achieve
maximum alignment over the full length of the sequences being compared.

The same applies to “percent (%) nucleotide sequence identity”, mutatis mutandis.

For example, an appropriate alignment for nucleic acid sequences is provided by the local
homology algorithm of Smith and Waterman, (1981), Advances in Applied Mathematics 2:482-
489. This algorithm can be applied to amino acid sequences by using the scoring matrix
developed by Dayhoff, Atlas of Protein Sequences and Structure, M. O. Dayhoff ed., 5 suppl.
3:353-358, National Biomedical Research Foundation, Washington, D.C., USA, and normalized
by Gribskov (1986), Nucl. Acids Res. 14(6):6745-6763. An exemplary implementation of this
algorithm to determine percent identity of a sequence is provided by the Genetics Computer
Group (Madison, Wis.) in the “BestFit” utility application. The default parameters for this method
are described in the Wisconsin Sequence Analysis Package Program Manual, Version 8 (1995)
(available from Genetics Computer Group, Madison, Wis.). A preferred method of establishing
percent identity in the context of the present invention is to use the MPSRCH package of
programs copyrighted by the University of Edinburgh, developed by John F. Collins and Shane
S. Sturrok, and distributed by IntelliGenetics, Inc. (Mountain View, Calif). From this suite of
packages the Smith-Waterman algorithm can be employed where default parameters are used
for the scoring table (for example, gap open penalty of 12, gap extension penalty of one, and a
gap of six). From the data generated the “Match” value reflects “sequence identity.” Other
suitable programs for calculating the percent identity or similarity between sequences are
generally known in the art, for example, another alignment program is BLAST, used with default
parameters. For example, BLASTN and BLASTP can be used using the following default
parameters: genetic code=standard; filter=none; strand=both; cutoff=60; expect=10;
Matrix=BLOSUMG62; Descriptions=50 sequences; sort by=HIGH SCORE; Databases=non-
redundant, GenBank+EMBL+DDBJ+PDB+ GenBank CDS translations+Swiss
protein+Spupdate+PIR. Details of these programs can be found at the following internet
address: http:// http://blast.ncbi.nim.nih.gov/.

12
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As used herein, a “heterologous” gene, nucleic acid, antigen, or protein is understood to be a
nucleic acid or amino acid sequence which is not present in the wild-type poxviral genome (e.g.,
MVA). The skilled person understands that a “heterologous gene”, when present in a poxvirus
such as MVA, is to be incorporated into the poxviral genome in such a way that, following
administration of the recombinant poxvirus to a host cell, it is expressed as the corresponding
heterologous gene product, i.e., as the “heterologous antigen” and\or “heterologous protein.”
Expression is normally achieved by operatively linking the heterologous gene to regulatory
elements that allow expression in the poxvirus-infected cell. Preferably, the regulatory elements

include a natural or synthetic poxviral promoter.

“Sterile immunity” as used herein means protective immunity in the absence of detectable RSV
genome when sensitive detection methods, such as RT-gPCR, are applied.

(TP LT3

It must be noted that, as used herein, the singular forms “a”, “an”, and “the”, include plural
references unless the context clearly indicates otherwise. Thus, for example, reference to “an
epitope” includes one or more of epitopes and reference to “the method” includes reference to
equivalent steps and methods known to those of ordinary skill in the art that could be modified
or substituted for the methods described herein.

Unless otherwise indicated, the term "at least" preceding a series of elements is to be
understood to refer to every element in the series. Those skilled in the art will recognize, or be
able to ascertain using no more than routine experimentation, many equivalents to the specific
embodiments of the invention described herein. Such equivalents are intended to be

encompassed by the present invention.

Throughout this specification and the claims which follow, unless the context requires otherwise,
the word “comprise”, and variations such as “comprises” and “comprising”, will be understood to
imply the inclusion of a stated integer or step or group of integers or steps but not the exclusion
of any other integer or step or group of integer or step. When used herein the term “comprising”
can be substituted with the term “containing” or “including” or sometimes when used herein with
the term “having”. Any of the aforementioned terms (comprising, containing, including, having),
though less preferred, whenever used herein in the context of an aspect or embodiment of the
present invention can be substituted with the term “consisting of”.
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When used herein “consisting of” excludes any element, step, or ingredient not specified in the
claim element. When used herein, "consisting essentially of" does not exclude materials or

steps that do not materially affect the basic and novel characteristics of the claim.

As used herein, the conjunctive term “and/or” between multiple recited elements is understood
as encompassing both individual and combined options. For instance, where two elements are
conjoined by “and/or”, a first option refers to the applicability of the first element without the
second. A second option refers to the applicability of the second element without the first. A
third option refers to the applicability of the first and second elements together. Any one of these
options is understood to fall within the meaning, and therefore satisfy the requirement of the
term “and/or” as used herein. Concurrent applicability of more than one of the options is also

understood to fall within the meaning, and therefore satisfy the requirement of the term “and/or.”
RSV Nucleotide Sequences and Proteins

The RSV genes as mentioned herein refer to the genes, or to a homologue or variant of the
genes, encoding the corresponding protein in any RSV strain or isolate, even though the exact

sequence and/or genomic location of the gene may differ between strains or isolates.

Likewise, the RSV proteins mentioned herein refer to proteins, or to a homologue or variant of

the proteins, encoded and expressed by the corresponding protein gene as defined above.

By way of example, as used interchangeably herein, the terms “F protein gene”, “F glycoprotein
gene”, “RSV F protein gene”, “RSV F glycoprotein gene” or “F gene” refer to the gene, or to a
homologue or variant of the gene, encoding the transmembrane fusion glycoprotein in any RSV
strain or isolate, even though the exact sequence and/or genomic location of the F protein gene
may differ between strains or isolates. For example, in the A2 strain of RSV, the F(A2) protein
gene comprises nucleotides 5601-7499 (endpoints included) as numbered in GenBank
Accession Number M11486. The F(A2) protein gene further comprises a protein coding open
reading frame (ORF) spanning nucleotides 5614-7338 (endpoints included) as numbered in
GenBank Accession No. M11486. The nucleotide sequence of the F protein gene from RSV A2
is set forth in SEQ ID NO:28.

Also interchangeably used herein are the terms “F protein”, “F glycoprotein”, “RSV F protein”,
“‘RSV F glycoprotein®, or “F” which refer to the heavily glycosylated transmembrane fusion

glycoprotein, or to a homologue or variant of the protein, encoded and expressed by an RSV F
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protein gene as defined above. The amino acid sequence of the F protein from RSV A2 is set
forth in SEQ ID NO:29. The RSV(A2) F protein comprises a signal peptide, an extracellular
domain, a transmembrane domain, and a cytoplasmic domain (see, e.g., UniProtKB/Swiss-Prot
Accession No. P03420). The signal peptide of RSV A2 F protein consists of amino acids 1-21 of
SEQ ID NO:29; the extracellular domain of RSV A2 F protein consists of amino acids 1-529 of
SEQ ID NO:29 or amino acids 22-529 of SEQ ID NO:29; the transmembrane domain of RSV A2
F protein consists of amino acids 530-550 of SEQ ID NO:29; and the cytoplasmic domain of
RSV A2 F protein consists of amino acids 551-574 of SEQ ID NO:29.

LI ]

Likewise, also the terms “G protein gene”, “G glycoprotein gene”, “RSV G protein gene”, “RSV
G glycoprotein gene” or “G gene” are used interchangeably herein. For example, in the A2
strain of RSV, the G(A2) protein gene comprises nucleotides 4626-5543 (endpoints included) as
numbered in GenBank Accession Number M11486. The G(A2) protein gene further comprises a
protein coding open reading frame (ORF) spanning nucleotides 4641-5537 (endpoints included)
as numbered in GenBank Accession No. M11486. The nucleotide sequence of the G protein
gene from RSV A2 is set forth in SEQ ID NO:30.

LI ]

The terms “G protein”, “G glycoprotein®, “RSV G protein”, “RSV G glycoprotein”, or “G” refer to
the heavily glycosylated transmembrane attachment glycoprotein, or to a homologue or variant
of the protein. The amino acid sequence of the G protein from RSV A2 is set forth in SEQ ID
NO:31. RSV A2 G protein comprises an extracellular domain, a transmembrane domain, and a
cytoplasmic domain (see, e.g., UniProtkKB/Swiss-Prot Accession No. P03423). The extracellular
domain of RSV A2 G protein consists of amino acids 67-298 of SEQ ID NO:31; the
transmembrane domain of RSV A2 G protein consists of amino acids 38-66 of SEQ ID NO:31;
and the cytoplasmic domain of RSV A2 G protein consists of amino acids 1-37 of SEQ ID
NO:31.

Interchangeably used herein are also the terms “M2 protein gene”, “M2 nucleocapsid protein
gene”, “RSV M2 protein gene”, “RSV M2 matrix protein gene”, “RSV M2 nucleocapsid protein
gene” or “M2 gene”. For example, in the A2 strain of RSV, the M2(A2) protein gene comprises
nucleotides 7550-8506 (endpoints included) as numbered in GenBank Accession Number
M11486. The M2(A2) protein gene further comprises a protein coding open reading frame
(ORF) spanning nucleotides 7559-8143 (endpoints included) as numbered in GenBank
Accession No. M11486. The nucleotide sequence of the M2 protein gene from RSV A2 is set
forth in SEQ ID NO:32.
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Used interchangeably herein are the terms “M2 protein”®, “M2 nucleocapsid protein”®, “RSV M2
protein”, “RSV M2 nucleocapsid protein”, “RSV M2 matrix protein”, or “M2”. The amino acid
sequence of the M2 protein from RSV A2 is set forth in SEQ ID NO:33 (see, e.g.,
UniProtKB/Swiss-Prot Accession No. P04545).

Also, the terms “N protein gene”, “N nucleocapsid protein gene”, “RSV N protein gene”, “RSV N
nucleocapsid protein gene” or “N gene” may be used interchangeably herein. For example, in
the A2 strain of RSV, the N(A2) protein gene comprises nucleotides 1081-2277 (endpoints
included) as numbered in GenBank Accession Number M11486. The N(A2) protein gene further
comprises a protein coding open reading frame (ORF) spanning nucleotides 1096-2271
(endpoints included) as numbered in GenBank Accession No. M11486. The nucleotide
sequence of the N protein gene from RSV A2 is set forth in SEQ ID NO:34.

The amino acid sequence of the “N protein”, “N nucleocapsid protein”, “RSV N protein”, “RSV N
nucleocapsid protein”, or “N”, terms which are interchangeably used herein, from RSV A2 is set
forth in SEQ ID NO:35 (see, e.g., UniProtKB/Swiss-Prot Accession No. P03418).

Certain Embodiments of the Invention

In certain embodiments, the recombinant MVA expresses at least one heterologous nucleotide
sequence encoding an antigenic determinant of an RSV membrane glycoprotein. In certain
embodiments, the at least one heterologous nucleotide sequence encoding an antigenic
determinant of an RSV membrane glycoprotein encodes an RSV F antigenic determinant. In
certain embodiments, the at least one heterologous nucleotide sequence encoding an antigenic
determinant of an RSV membrane glycoprotein encodes an RSV G antigenic determinant. In
certain embodiments, the RSV F antigenic determinant is derived from RSV strain A2. In certain
embodiments, the RSV G antigenic determinant is derived from RSV strain A2.

In certain embodiments, the recombinant MVA comprises two heterologous nucleotide
sequences, each encoding an antigenic determinant of an RSV membrane glycoprotein. In
certain embodiments, the first antigenic determinant of an RSV membrane glycoprotein is an
RSV F antigenic determinant and the second antigenic determinant of an RSV membrane
glycoprotein is an RSV G antigenic determinant. In certain embodiments, the RSV F antigenic
determinant is derived from RSV strain A2. In certain embodiments, the RSV G antigenic
determinant is derived from RSV strain A2. In certain embodiments, both the RSV F antigenic
determinant and the RSV G antigenic determinant can be derived from RSV strain A2.
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In certain embodiments, the recombinant MVA expresses at least one heterologous nucleotide
sequence encoding an antigenic determinant of an RSV membrane glycoprotein and at least
one heterologous nucleotide sequence encoding an antigenic determinant of an RSV
nucleocapsid protein. In certain embodiments, the at least one heterologous nucleotide
sequence encoding an antigenic determinant of an RSV membrane glycoprotein encodes an
RSV F antigenic determinant and the at least one heterologous nucleotide sequence encoding
an antigenic determinant of an RSV nucleocapsid protein encodes an RSV M2 antigenic
determinant. In certain embodiments, the at least one heterologous nucleotide sequence
encoding an antigenic determinant of an RSV membrane glycoprotein encodes an RSV F
antigenic determinant and the at least one heterologous nucleotide sequence encoding an
antigenic determinant of an RSV nucleocapsid protein encodes an RSV N antigenic
determinant. In certain embodiments, the at least one heterologous nucleotide sequence
encoding an antigenic determinant of an RSV membrane glycoprotein encodes an RSV G
antigenic determinant and the at least one heterologous nucleotide sequence encoding an
antigenic determinant of an RSV nucleocapsid protein encodes an RSV M2 antigenic
determinant. In certain embodiments, the at least one heterologous nucleotide sequence
encoding an antigenic determinant of an RSV membrane glycoprotein encodes an RSV G
antigenic determinant and the at least one heterologous nucleotide sequence encoding an
antigenic determinant of an RSV nucleocapsid protein encodes an RSV N antigenic

determinant.

In certain embodiments, the recombinant MVA comprises two heterologous nucleotide
sequences, each encoding an antigenic determinant of an RSV membrane glycoprotein. In
certain embodiments, the first antigenic determinant of an RSV membrane glycoprotein is an
RSV F antigenic determinant and the second antigenic determinant of an RSV membrane
glycoprotein is an RSV G antigenic determinant. In certain embodiments, the recombinant MVA
comprises two heterologous nucleotide sequences, each encoding an antigenic determinant of
an RSV membrane glycoprotein and at least one heterologous nucleotide sequence encoding
an antigenic determinant of an RSV nucleocapsid protein. In certain embodiments, the first
antigenic determinant of an RSV membrane glycoprotein is an RSV F antigenic determinant, the
second antigenic determinant of an RSV membrane glycoprotein is an RSV G antigenic
determinant, and the antigenic determinant of an RSV nucleocapsid protein is an RSV M2
antigenic determinant. In certain embodiments, the first antigenic determinant of an RSV
membrane glycoprotein is an RSV F antigenic determinant, the second antigenic determinant of
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an RSV membrane glycoprotein is an RSV G antigenic determinant, and the antigenic
determinant of an RSV nucleocapsid protein is an RSV N antigenic determinant. In certain
embodiments, both the RSV F antigenic determinant and the RSV G antigenic determinant can
be derived from RSV strain A2.

In certain embodiments, the recombinant MVA comprises two heterologous nucleotide
sequences, each encoding an antigenic determinant of an RSV membrane glycoprotein and two
heterologous nucleotide sequences, each encoding an antigenic determinant of an RSV
nucleocapsid protein. In certain embodiments, the first antigenic determinant of an RSV
membrane glycoprotein is an RSV F antigenic determinant, the second antigenic determinant of
an RSV membrane glycoprotein is an RSV G antigenic determinant, the first antigenic
determinant of an RSV nucleocapsid protein is an RSV M2 antigenic determinant, and the
second antigenic determinant of an RSV nucleocapsid protein is an RSV N antigenic
determinant. In certain embodiments, both the RSV F antigenic determinant and the RSV G
antigenic determinant are derived from RSV strain A2.

In certain embodiments, the recombinant MVA comprises three heterologous nucleotide
sequences, each encoding an antigenic determinant of an RSV membrane glycoprotein and two
heterologous nucleotide sequences, each encoding an antigenic determinant of an RSV
nucleocapsid protein. In certain embodiments, the first antigenic determinant of an RSV
membrane glycoprotein is an RSV F antigenic determinant and the second antigenic
determinant of an RSV membrane glycoprotein is an RSV G antigenic determinant, the first
antigenic determinant of an RSV nucleocapsid protein is an RSV M2 antigenic determinant, and
the second antigenic determinant of an RSV nucleocapsid protein is an RSV N antigenic
determinant. In certain embodiments, both the first antigenic determinant of an RSV membrane
glycoprotein and the second antigenic determinant of an RSV membrane glycoprotein are
derived from RSV strain A2. In certain embodiments, the third antigenic determinant of an RSV
membrane glycoprotein is an RSV F antigenic determinant.

In certain embodiments, the recombinant MVA comprises four heterologous nucleotide
sequences, each encoding an antigenic determinant of an RSV membrane glycoprotein and two
heterologous nucleotide sequences, each encoding an antigenic determinant of an RSV
nucleocapsid protein. In certain embodiments, the first antigenic determinant of an RSV
membrane glycoprotein is an RSV F antigenic determinant and the second antigenic
determinant of an RSV membrane glycoprotein is an RSV G antigenic determinant, the first
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antigenic determinant of an RSV nucleocapsid protein is an RSV M2 antigenic determinant, and
the second antigenic determinant of an RSV nucleocapsid protein is an RSV N antigenic
determinant. In certain embodiments, both the first antigenic determinant of an RSV membrane
glycoprotein and the second antigenic determinant of an RSV membrane glycoprotein are
derived from RSV strain A2. In certain embodiments, the third antigenic determinant of an RSV
membrane glycoprotein is an RSV F antigenic determinant. In certain embodiments, the fourth
antigenic determinant of an RSV membrane glycoprotein is an RSV G antigenic determinant.

In certain embodiments, the at least one heterologous nucleotide sequence encoding an
antigenic determinant of an RSV membrane glycoprotein encodes an RSV F antigenic
determinant. In certain embodiments, the RSV F antigenic determinant is full-length. In certain
embodiments, the RSV F antigenic determinant is truncated. In certain embodiments, the RSV
F antigenic determinant is a variant RSV F antigenic determinant. In certain embodiments, the
full-length, truncated or variant RSV F antigenic determinant is derived from RSV strain A2. In
certain embodiments, the full-length RSV(A2) F antigenic determinant comprises the nucleotide
sequence of SEQ ID NO:28 encoding the amino acid sequence of SEQ ID NO:29. In certain
embodiments, the variant RSV(A2) F antigenic determinant comprises the nucleotide sequence
of SEQ ID NO:3 encoding the amino acid sequence of SEQ ID NO:4. In certain embodiments,
the truncated RSV(A2) F antigenic determinant lacks the cytoplasmic and transmembrane
domains of the full-length RSV(A2) F antigenic determinant. In certain embodiments, the
truncated RSV(A2) F antigenic determinant comprises the nucleotide sequence of SEQ ID
NO:15 encoding the amino acid sequence of SEQ ID NO:16. In certain embodiments, the full-
length, truncated or variant RSV F antigenic determinant is derived from RSV strain ALong. In
certain embodiments, the variant RSV(ALong) F antigenic determinant comprises the nucleotide
sequence of SEQ ID NO:5 encoding the amino acid sequence of SEQ ID NO:6. In certain
embodiments, the truncated RSV(ALong) F antigenic determinant lacks the cytoplasmic and
transmembrane domains of the full-length RSV(ALong) F antigenic determinant.

In certain embodiments, the at least one heterologous nucleotide sequence encoding an
antigenic determinant of an RSV membrane glycoprotein encodes an RSV G antigenic
determinant. In certain embodiments, the RSV G antigenic determinant is full-length. In certain
embodiments, the RSV G antigenic determinant is truncated. In certain embodiments, the RSV
G antigenic determinant is a variant RSV G antigenic determinant. In certain embodiments, the
full-length, truncated or variant RSV G antigenic determinant is derived from RSV strain A2. In
certain embodiments, the full-length RSV(A2) G antigenic determinant comprises the nucleotide
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sequence of SEQ ID NO:1 encoding the amino acid sequence of SEQ ID NO:2. In certain
embodiments, the truncated RSV(A2) G antigenic determinant lacks the cytoplasmic and
transmembrane domains of the full-length RSV(A2) G antigenic determinant. In certain
embodiments, the full-length, truncated or variant RSV G antigenic determinant is derived from
RSV strain B. In certain embodiments, the truncated RSV(B) G antigenic determinant lacks the
cytoplasmic and transmembrane domains of the full-length RSV(B) G antigenic determinant. In
certain embodiments, the truncated RSV(B) G antigenic determinant comprises the nucleotide
sequence of SEQ ID NO:7 encoding the amino acid sequence of SEQ ID NO:8.

In certain embodiments, the at least one heterologous nucleotide sequence encoding an
antigenic determinant of an RSV nucleocapsid protein encodes an RSV M2 antigenic
determinant. In certain embodiments, the RSV M2 antigenic determinant is full-length. In certain
embodiments, the RSV M2 antigenic determinant is truncated. In certain embodiments, the RSV
M2 antigenic determinant is a variant RSV M2 antigenic determinant. In certain embodiments,
the full-length, truncated or variant RSV M2 antigenic determinant is derived from RSV strain
A2. In certain embodiments, the RSV(A2) M2 antigenic determinant comprises the nucleotide
sequence of SEQ ID NO:32, encoding the amino acid sequence of SEQ ID NO:33.

In certain embodiments, the at least one heterologous nucleotide sequence encoding an
antigenic determinant of an RSV nucleocapsid protein encodes an RSV N antigenic
determinant. In certain embodiments, the RSV N antigenic determinant is full-length. In certain
embodiments, the RSV N antigenic determinant is truncated. In certain embodiments, the RSV
N antigenic determinant is a variant RSV N antigenic determinant. In certain embodiments, the
full-length, truncated or variant RSV N antigenic determinant is derived from RSV strain A2. In
certain embodiments, the RSV(A2) N antigenic determinant comprises the nucleotide sequence
of SEQ ID NO:34, encoding the amino acid sequence of SEQ ID NO:35.

In certain embodiments, both the RSV N antigenic determinant and the RSV M2 antigenic
determinant are encoded by a single open reading frame and separated by a self-cleaving
protease domain. In certain embodiments, the RSV M2 antigenic determinant is full-length. In
certain embodiments, the RSV M2 antigenic determinant is truncated. In certain embodiments,
the RSV M2 antigenic determinant is a variant RSV M2 antigenic determinant. In certain
embodiments, the full-length, truncated or variant RSV M2 antigenic determinant is derived from
RSV strain A2. In certain embodiments, the RSV N antigenic determinant is full-length. In
certain embodiments, the RSV N antigenic determinant is truncated. In certain embodiments,
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the RSV N antigenic determinant is a variant RSV N antigenic determinant. In certain
embodiments, the full-length, truncated or variant RSV N antigenic determinant is derived from
RSV strain A2. In certain embodiments, the self-cleaving protease domain is derived from Foot
and Mouth Disease Virus. In certain embodiments, the self-cleaving protease domain is the
protease 2A fragment from Foot and Mouth Disease Virus, comprising the nucleotide sequence
of SEQ ID NO:11, encoding the amino acid sequence of SEQ ID NO:12. In certain
embodiments, the at least one heterologous nucleotide sequence encoding an RSV N antigenic
determinant and an RSV M2 antigenic determinant comprises the nucleotide sequence of SEQ
ID NO:17, encoding the amino acid sequence of SEQ ID NO:18.

Integration sites into MVA

In certain embodiments, the heterologous nucleotide sequences encoding one or more
antigenic determinants of RSV membrane glycoproteins and one or more antigenic
determinants of RSV nucleocapsid proteins are incorporated in a variety of insertion sites in the
MVA genome, or in the MVA-BN genome. The heterologous nucleotide sequences encoding
one or more antigenic determinants RSV proteins can be inserted into the recombinant MVA as
separate transcriptional units or as fusion genes, as depicted in Figure 1.

In certain embodiments, the heterologous RSV nucleotide sequences are inserted into one or
more intergenic regions (IGR) of the MVA. The IGR may be selected from IGR07/08, IGR 44/45,
IGR 64/65, IGR 88/89, IGR 136/137, and IGR 148/149, preferably from IGR64/65, IGR88/89,
and/or IGR 148/149. The heterologous RSV nucleotide sequences may be, additionally or
alternatively, inserted into one or more of the naturally occurring deletion sites I, 11, 11, IV, V, or VI
of the MVA. In certain embodiments, less than 5, 4, 3, or 2 of the integration sites comprise
heterologous RSV nucleotide sequences.

The number of insertion sites of MVA comprising heterologous RSV nucleotide sequences can
be 1, 2, 3, 4, 5 6, 7, or more. The recombinant MVA can comprise heterologous RSV
nucleotide sequences inserted into 4, 3, 2, or fewer insertion sites, but preferably two insertion
sites are used. In certain embodiments, three insertion sites are used. Preferably, the
recombinant MVA comprises at least 4, 5, 6, or 7 nucleotide sequences inserted into 2 or 3

insertion sites.

The recombinant MVA viruses provided herein can be generated by routine methods known in
the art. Methods to obtain recombinant poxviruses or to insert heterologous nucleotide
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sequences into a poxviral genome are well known to the person skilled in the art. For example,
methods for standard molecular biology techniques such as cloning of DNA, DNA and RNA
isolation, Western blot analysis, RT-PCR and PCR amplification techniques are described in
Molecular Cloning, A laboratory Manual (2nd Ed.) [J. Sambrook et al., Cold Spring Harbor
Laboratory Press (1989)], and technigues for the handling and manipulation of viruses are
described in Virology Methods Manual [B.W.J. Mahy et al. (eds.), Academic Press (1996)].
Similarly, techniques and know-how for the handling, manipulation and genetic engineering of
MVA are described in Molecular Virology: A Practical Approach [A.J. Davison & R.M. Elliott
(Eds.), The Practical Approach Series, IRL Press at Oxford University Press, Oxford, UK
(1993)(see, e.g., Chapter 9: Expression of genes by Vaccinia virus vectors)] and Current
Protocols in Molecular Biology [John Wiley & Son, Inc. (1998)(see, e.g., Chapter 16, Section IV:

Expression of proteins in mammalian cells using vaccinia viral vector)].

For the generation of the various recombinant MVAs disclosed herein, different methods may be
applicable. The nucleotide sequences to be inserted into the virus can be placed into an E. coli
plasmid construct into which DNA homologous to a section of DNA of the MVA has been
inserted. Separately, the DNA sequence to be inserted can be ligated to a promoter. The
promoter-gene linkage can be positioned in the plasmid construct so that the promoter-gene
linkage is flanked on both ends by DNA homologous to a DNA sequence flanking a region of
MVA DNA containing a non-essential locus. The resulting plasmid construct can be amplified by
propagation within E. coli bacteria and isolated. The isolated plasmid containing the DNA gene
sequence to be inserted can be transfected into a cell culture, e.g., of chicken embryo
fibroblasts (CEFs), at the same time the culture is infected with MVA. Recombination between
homologous MVA DNA in the plasmid and the viral genome, respectively, can generate an MVA
modified by the presence of foreign DNA sequences.

According to a preferred embodiment, a cell of a suitable cell culture as, e.g., CEF cells, can be
infected with a poxvirus. The infected cell can be, subsequently, transfected with a first plasmid
vector comprising a foreign gene or genes, preferably under the ftranscriptional control of a
poxvirus expression control element. As explained above, the plasmid vector also comprises
sequences capable of directing the insertion of the exogenous sequence into a selected part of
the poxviral genome. Optionally, the plasmid vector also contains a cassette comprising a
marker and/or selection gene operably linked to a poxviral promoter. Suitable marker or
selection genes are, e.g., the genes encoding the green fluorescent protein, B-galactosidase,
neomycin-phosphoribosyltransferase or other markers. The use of selection or marker cassettes
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simplifies the identification and isolation of the generated recombinant poxvirus. However, a
recombinant poxvirus can also be identified by PCR technology. Subsequently, a further cell
can be infected with the recombinant poxvirus obtained as described above and transfected
with a second vector comprising a second foreign gene or genes. In case, this gene can be
introduced into a different insertion site of the poxviral genome, the second vector also differs in
the poxvirus-homologous sequences directing the integration of the second foreign gene or
genes into the genome of the poxvirus. After homologous recombination has occurred, the
recombinant virus comprising two or more foreign genes can be isolated. For introducing
additional foreign genes into the recombinant virus, the steps of infection and transfection can
be repeated by using the recombinant virus isolated in previous steps for infection and by using
a further vector comprising a further foreign gene or genes for transfection.

Alternatively, the steps of infection and transfection as described above are interchangeable,
i.e., a suitable cell can at first be transfected by the plasmid vector comprising the foreign gene
and, then, infected with the poxvirus. As a further alternative, it is also possible to introduce
each foreign gene into different viruses, coinfect a cell with all the obtained recombinant viruses
and screen for a recombinant including all foreign genes. A third alternative is ligation of DNA
genome and foreign sequences in vitro and reconstitution of the recombined vaccinia virus DNA
genome using a helper virus. A fourth alternative is homologous recombination in E.coli or
another bacterial species between a vaccinia virus genome cloned as a bacterial artificial
chromosome (BAC) and a linear foreign sequence flanked with DNA sequences homologous to
sequences flanking the desired site of integration in the vaccinia virus genome.

Expression of RSV genes

In one embodiment, expression of one, more, or all of the heterologous RSV nucleotide
sequences is under the control of one or more poxvirus promoters. In certain embodiments, the
poxvirus promoter is a Pr7.5 promoter, a hybrid early/late promoter, a PrS promoter, a synthetic
or natural early or late promoter, or a cowpox virus ATl promoter. In certain embodiments, the
poxvirus promoter is selected from the group consisting of the PrS promoter (SEQ ID NO:39),
the Pr7.5 promoter (SEQ ID NO:40), the PrSynlim promoter (SEQ ID NO:41), the PrLE1
promoter (SEQ ID NO:42), and the PrH5m promoter (SEQ ID NO:43 [L.S. Wyatt et al. (1996),
Vaccine 14(15):1451-1458]). In certain embodiments, the poxvirus promoter is the PrS promoter
(SEQ ID NO:39). In certain embodiments, the poxvirus promoter is the Pr7.5 promoter (SEQ ID
NO:40). In certain embodiments, the poxvirus promoter is the PrSynllm promoter (SEQ ID
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NO:41). In certain embodiments, the poxvirus promoter is the PrLE1 promoter (SEQ ID NO:42).
In certain embodiments, the poxvirus promoter is the PrH5m promoter (SEQ ID NO:43).

A heterologous RSV nucleotide sequence or sequences can be expressed as a single
transcriptional unit. For example, a heterologous RSV nucleotide sequence can be operably
linked to a vaccinia virus promoter and/or linked to a vaccinia virus transcriptional terminator. In
certain embodiments, one or more heterologous RSV nucleotide sequences are expressed as a
fusion protein. The fusion protein can further comprise a recognition site for a peptidase or a
heterologous self-cleaving peptide sequence. The heterologous self-cleaving peptide sequence
may be the 2A peptidase from Foot and Mouth Disease Virus.

In certain embodiments, the “transcriptional unit” is inserted by itself into an insertion site in the
MVA genome, but may also be inserted with other transcriptional unit(s) into an insertion site in
the MVA genome. The “transcriptional unit” is not naturally occurring (i.e., it is heterologous,
exogenous or foreign) in the MVA genome and is capable of transcription in infected cells.

Preferably, the recombinant MVA comprises 1, 2, 3, 4, 5, or more transcriptional units inserted
into the MVA genome. In certain embodiments, the recombinant MVA stably expresses RSV
proteins encoded by 1, 2, 3, 4, 5, or more transcriptional units. In certain embodiments, the
recombinant MVA comprises 2, 3, 4, 5, or more transcriptional units inserted into the MVA
genome at 1, 2, 3, or more insertion sites in the MVA genome.

RSV Vaccines and Pharmaceutical Compositions

Since the recombinant MVA viruses, including MVA-BN, described herein are highly replication
restricted and, thus, highly attenuated, they are ideal candidates for the treatment of a wide
range of mammals including humans and even immune-compromised humans. Hence,
provided herein are the recombinant MVAs according to the present invention for use as active
pharmaceutical substances as well as pharmaceutical compositions and vaccines, all intended

for inducing an immune response in a living animal body, including a human.

For this, the recombinant MVA, vaccine or pharmaceutical composition can be formulated in
solution in a concentration range of 10* to 10° TCIDsy/ml, 10° to 5 x 10® TCIDso/ml, 10° to 10®
TCIDsy/ml, or 10" to 10® TCIDso/ml. A preferred dose for humans comprises between 10° to 10°
TCIDso, including a dose of 10° TCIDso, 10" TCIDso, 10% TCIDso or 5 x 10® TCIDsp.
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The pharmaceutical compositions provided herein may generally include one or more
pharmaceutically acceptable and/or approved carriers, additives, antibiotics, preservatives,
adjuvants, diluents and/or stabilizers. Such auxiliary substances can be water, saline, glycerol,
ethanol, wetting or emulsifying agents, pH buffering substances, or the like. Suitable carriers are
typically large, slowly metabolized molecules such as proteins, polysaccharides, polylactic
acids, polyglycolic acids, polymeric amino acids, amino acid copolymers, lipid aggregates, or
the like.

For the preparation of vaccines, the recombinant MVA viruses provided herein can be converted
into a physiologically acceptable form. This can be done based on experience in the preparation
of poxvirus vaccines used for vaccination against smallpox as described by H. Stickl et al.,
Dtsch. med. Wschr. 99:2386-2392 (1974).

For example, purified viruses can be stored at -80°C with a titer of 5x10® TCIDso/ml formulated
in about 10 mM Tris, 140 mM NaCl pH 7.7. For the preparation of vaccine shots, e.g., 10?-10° or
10%-10° particles of the virus can be lyophilized in 100 ml of phosphate-buffered saline (PBS) in
the presence of 2% peptone and 1% human albumin in an ampoule, preferably a glass
ampoule. Alternatively, the vaccine shots can be produced by stepwise freeze-drying of the
virus in a formulation. This formulation can contain additional additives such as mannitol,
dextran, sugar, glycine, lactose or polyvinylpyrrolidone or other aids such as antioxidants or
inert gas, stabilizers or recombinant proteins (e.g., human serum albumin) suitable for in vivo
administration. The glass ampoule is then sealed and can be stored between 4°C and room
temperature for several months. However, as long as no need exists, the ampoule is stored

preferably at temperatures below -20 °C.

For vaccination or therapy, the Iyophilisate can be dissolved in an aqueous solution, preferably
physiological saline or Tris buffer, and administered either systemically or locally, i.e.,
parenteral, subcutaneous, intravenous, intramuscular, intranasal, or any other path of
administration known to the skilled practitioner. The mode of administration, the dose and the
number of administrations can be optimized by those skilled in the art in a known manner.
However, most commonly a patient is vaccinated with a second shot about one month to six

weeks after the first vaccination shot.
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Kits Comprising Recombinant MVA Viruses

Also provided herein are kits comprising any one or more of the recombinant MVVAs described
herein. The kit can comprise one or multiple containers or vials of the recombinant MVA,
together with instructions for the administration of the recombinant MVA to a subject at risk of
RSV infection. In certain embodiments, the subject is a human. The instructions may indicate
that the recombinant MVA is administered to the subject in a single dose, or in multiple (i.e., 2,
3, 4, etc.) doses. In certain embodiments, the instructions indicate that the recombinant MVA
virus is administered in a first (priming) and second (boosting) administration to naive or non-

naive subjects.

Further provided is a kit comprising the recombinant MVA virus in a first vial or container for a
first administration (priming) and in a second vial or container for a second administration
(boosting). The kit may also comprise the recombinant MVA in a third, fourth or further vial or
container for a third, fourth or further administration (boosting).

Methods and Uses of Recombinant MVA Viruses

Also provided herein are methods of immunizing a subject animal, as well as recombinant
MVAs for use in methods of immunizing a subject animal and use of the recombinant MVAs
provided herein in the preparation of a medicament or vaccine for immunizing a subject animal.
In certain embodiments, the animal is a mammal. In certain embodiments, the mammal is a rat,
rabbit, pig, mouse, or human, and the methods comprise administering a dose of any one or
more of the recombinant MVAs provided herein to the subject.

The subject is preferably a human and may be an adult, wherein the adult may be immune-
compromised. In certain embodiments, the adult is over the age of 50, 55, 60, 65, 70, 75, 80, or
85 years. In other embodiments, the subject’s age is less than 5 years, less than 3 years, less
than 2 years, less than 15 months, less than 12 months, less than 9 months, less than 6, or less
than 3 months. The subject’s age may also range from 0-3 months, 3-6 months, 6-9 months, 9-

12 months, 1-2 years, or 2-5 years.

In certain embodiments, any of the recombinant MVAs provided herein are administered to the
subject at a dose of 10° to 10° TCIDs, at a dose of 10° to 5x10% TCIDso. or 10" to 10® TCIDs.
The recombinant MVAs provided herein may also be administered to the subject at a dose of
10°, 10" TCIDso, 108, or 5x10% TCIDso. In certain embodiments, any of the recombinant MVAs
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provided herein are administered to a human subject at a dose of 10" TCIDso, 102, or 5x10°
TCIDso.

The recombinant MVAs provided herein are administered to the subject in a single dose, or in
multiple (i.e., 2, 3, 4, etc.) doses. In certain embodiments, the recombinant MVAs are
administered in a first (priming) and second (boosting) administration. In certain embodiments,
the first dose comprises 10’ to 10° TCIDs, of recombinant MVA virus and the second dose

comprises 10" to 10% TCIDs, of recombinant MVA virus.

The recombinant MVAs can be administered systemically or locally, parenterally,
subcutaneously, intravenously, intramuscularly, or intranasally, preferably subcutaneously or
intranasally. The recombinant MVAs can also be administered by any other path of
administration known to the skilled practitioner

In another aspect, provided herein are methods of diagnosing RSV infection and methods of
determining whether a subject is at risk of recurrent RSV infection, which may be a severe
threat, particularly for newborn infants, children between 1 and 6 years old, and/or the elderly.

The present inventors have found that current methods of diagnosing an RSV infection may
provide incorrect results. For example, an immunoassay detecting antibodies against RSV or a
viral plaque assay may not necessarily accurately identify individuals at risk of a recurrent
infection. Indeed, the present inventors observed that even though a sample taken from an
individual may return a negative result in a viral plaque assay [see, e.g., W. Olszewska et al.,
2004.], such results can sometimes be false negatives, since more sensitive methods
sometimes demonstrate that infectious RSV particles are still present. In fact, methods such as
guantitative real time-polymerase chain reaction (QRT-PCR) are required to confirm whether a
subject may actually be infected with RSV, is at risk of recurrent infection, or indeed, whether a
vaccinated subject has acquired sterile immunity to RSV. This determination may be critical,
because reinfection following vaccination sometimes causes enhanced disease, occasionally

resulting in death.

Accordingly, in certain embodiments, provided herein are methods of determining whether a
subject is at risk of recurrent RSV infection, comprising quantitatively determining whether a
sample obtained from the subject contains RSV genomes, wherein the presence of RSV
genomes indicates the likelihood of a recurrent infection with RSV. In certain embodiments, the
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guantitative determination of whether a sample obtained from a subject contains RSV genomes
is performed by qRT-PCR.

As used herein, the term “sample” refers to any biological sample obtained from an individual,
cell line, tissue culture, or other source containing polynucleotides and polypeptides or portions
thereof. Biological samples include body fluids (such as, for example, blood, serum, plasma,
urine, synovial fluid, spinal fluid, bronchoalveolar lavage (BAL)) and body tissues found and/or
suspected to contain RSV, including clinical samples obtained, for example, from subjects
participating in a clinical trial or other experimental study. Methods for obtaining tissue biopsies
and body fluids from mammals are well-known in the art. In certain embodiments, the biological

sample includes RSV nucleic acids.

As used interchangeably herein, the terms “RT-qPCR” or “gRT-PCR” refer to a method known
as “quantitative real time polymerase chain reaction” In some cases, this method may also be
referred to as kinetic polymerase chain reaction (KPCR).

In certain embodiments, provided herein are methods of determining whether a subject has
acquired sterile immunity against RSV, comprising quantitatively determining whether a sample
obtained from the subject contains RSV genomes, wherein the presence of RSV genomes
indicates that the subject has not acquired sterile immunity against RSV. Also provided herein
are methods of immunizing a subject that has not acquired sterile immunity against RSV,
comprising intranasally administering any one of the recombinant MVVAs described herein to the
subject. Additionally or alternatively, any one of the recombinant MVAs described herein is
provided for use in methods of immunizing a subject that has not acquired sterile immunity
against RSV, the method comprising intranasally administering any one of the recombinant
MVAs described herein to the subject. Provided herein is also the use of any of the recombinant
MVAs described herein in the preparation of a medicament and/or vaccine for immunizing a
subject that has not acquired sterile immunity against RSV, wherein the medicament or vaccine

is administered intranasally.

In certain embodiments, provided herein are methods of inducing sterile immunity against RSV
in a subject that has not acquired sterile immunity against RSV, comprising intranasally
administering any of the recombinant MVAs described herein to the subject. Also provided
herein is any one of the recombinant MVAs described herein for use in methods of inducing
sterile immunity against RSV in a subject that has not acquired sterile immunity against RSV,
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the methods comprising intranasally administering any one of the recombinant MVAs described
herein to the subject. Additionally or alternatively, provided herein is the use of any of the
recombinant MVAs described herein in the preparation of a medicament and/or vaccine for
inducing sterile immunity against RSV in a subject that has not acquired sterile immunity against

RSV, wherein the medicament or vaccine is administered intranasally.
Certain embodiments of the present invention also include the following items:

1. A recombinant modified vaccinia virus Ankara (MVA) comprising a nucleotide sequence
encoding an antigenic determinant of at least one respiratory syncytial virus (RSV) membrane
glycoprotein for treating or preventing an RSV infection by intranasal administration, wherein an

intramuscular administration is excluded.

2. Use of a recombinant modified vaccinia virus Ankara (MVA) comprising a nucleotide
sequence encoding an antigenic determinant of at least one respiratory syncytial virus (RSV)
membrane glycoprotein for the preparation of a pharmaceutical composition and/or vaccine,
wherein the pharmaceutical composition and/or vaccine is administered intranasally and

wherein an intramuscular administration is excluded.

3. A method of immunizing a subject, including a human, against RSV infection, comprising
intranasally administering a recombinant modified vaccinia virus Ankara (MVA) comprising a
nucleotide sequence encoding at least one antigenic determinant of a respiratory syncytial virus
(RSV) membrane glycoprotein to the subject, including the human, wherein an intramuscular

administration is excluded.

4, The recombinant MVA of item 1, the use of item 2 and/or the method of item 3

comprising solely intranasal administration.

5. The recombinant MVA of item 1, the use of item 2 and/or the method of item 3

comprising subcutaneous administration.

6. The recombinant MVA of any one of items 1 or 4 to 5, the use of any one of items 2, 4 or
5 and/or the method of any one of items 3 to 5, wherein the recombinant MVA further comprises
a nucleotide sequence encoding an antigenic determinant of an RSV nucleocapsid protein.

7. A recombinant modified vaccinia virus Ankara (MVA) comprising at least one nucleotide
sequence encoding an antigenic determinant of a respiratory syncytial virus (RSV) membrane
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glycoprotein and at least one nucleotide sequence encoding an RSV nucleocapsid antigenic

determinant.

8. The recombinant MVA, the use and/or method of any one of items 1 to 7, wherein the
nucleotide sequence encoding an antigenic determinant of the RSV membrane glycoprotein
encodes an RSV F antigenic determinant.

9. The recombinant MVA, the use and/or method of any one of items 1 to 8 further
comprising at least one nucleotide sequence encoding an antigenic determinant of an RSV F
membrane glycoprotein.

10. The recombinant MVA, the use and/or method of any one of items 1 to 9, wherein the
nucleotide sequence encoding an antigenic determinant of the RSV membrane glycoprotein
encodes a full length RSV F membrane glycoprotein.

11. The recombinant MVA, the use and/or method of any one of items 8 to 10, wherein the
nucleotide sequence encoding an antigenic determinant of the RSV F membrane glycoprotein is
derived from RSV strain A, preferably from A2 and/or Ajgng.

12. The recombinant MVA, the use and/or method of any one of items 8 to 11, wherein the
nucleotide sequence encoding an antigenic determinant of the RSV F membrane glycoprotein
comprises a nucleotide sequence encoding the amino acid sequence of SEQ ID NO:4.

13. The recombinant MVA, the use and/or method of any one of items 8 to 12, wherein the
nucleotide sequence sequence encoding an antigenic determinant of an RSV F membrane

glycoprotein comprises the nucleotide sequence SEQ ID NO:3.

14. The recombinant MVA, the use and/or method of any one of items 1 to 13, wherein the
nucleotide sequence encoding an antigenic determinant of the RSV membrane glycoprotein
encodes a truncated RSV F membrane glycoprotein.

15. The recombinant MVA, the use and/or method of item 14, wherein the nucleotide
sequence encoding the truncated RSV F membrane glycoprotein is derived from RSV strain A,
preferably from Aiong.

16. The recombinant MVA, the use and/or method of item 14 or 15, wherein the truncated

RSV F membrane glycoprotein lacks the transmembrane domain.
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17. The recombinant MVA, the use and/or method of any one of items 14 to 16, wherein the
truncated RSV F membrane glycoprotein lacks the cytoplasmic domain.

18. The recombinant MVA, the use and/or method of any one of items 8 to 17, wherein the
nucleotide sequence encoding an antigenic determinant of the RSV F membrane glycoprotein
comprises a nucleotide sequence encoding the amino acid sequence of SEQ ID NO:6.

19. The recombinant MVA, the use and/or method of any one of items 8 to 18, wherein the
nucleotide sequence encoding an antigenic determinant of the RSV F membrane glycoprotein
comprises the nucleotide sequence of SEQ ID NO:5.

20. The recombinant MVA, the use and/or method of any of the preceding items, wherein
the nucleotide sequence encoding an antigenic determinant of the RSV membrane glycoprotein
encodes an antigenic determinant of the RSV G membrane glycoprotein.

21. The recombinant MVA, the use and/or method of any one of items 1 to 20 further
comprising at least one nucleotide sequence encoding an antigenic determinant of an RSV G
membrane glycoprotein.

22. The recombinant MVA, the use and/or method of any one of item 1 to 21, wherein the
nucleotide sequence encoding an antigenic determinant of the RSV membrane glycoprotein
encodes a full length RSV G membrane glycoprotein.

23. The recombinant MVA, the use and/or method of any one of items 20 to 22, wherein the
nucleotide sequence encoding an antigenic determinant of the RSV G membrane glycoprotein
is derived from RSV strain A, preferably from strain A2, and/or B.

24. The recombinant MVA, the use and/or method of any one of items 20 to 23, wherein the
nucleotide sequence encoding an antigenic determinant of the RSV G membrane glycoprotein
comprises a nucleotide sequence encoding the amino acid sequence of SEQ ID NO:2.

25. The recombinant MVA, the use and/or method of any one of items 20 to 24, wherein the
nucleotide sequence encoding an antigenic determinant of the RSV G membrane glycoprotein
comprises the nucleotide sequence SEQ ID NO:1.
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26. The recombinant MVA, the use and/or method of any one of items 1 to 25 wherein the
nucleotide sequence encoding an antigenic determinant of the RSV membrane glycoprotein
encodes a truncated RSV G membrane glycoprotein.

27. The recombinant MVA, the use and/or method of item 26, wherein the nucleotide
sequence encoding an antigenic determinant of a truncated RSV G membrane glycoprotein is
derived from RSV strain B.

28. The recombinant MVA, the use and/or method of item 26 or 27, wherein the truncated
RSV G membrane glycoprotein lacks the transmembrane domain.

29. The recombinant MVA, the use and/or method of any one of items 26 to 28, wherein the

truncated RSV G membrane glycoprotein lacks the cytoplasmic domain.

30. The recombinant MVA, the use and/or method of any one of items 20 to 29, wherein the
nucleotide sequence encoding an antigenic determinant of the RSV G membrane glycoprotein
comprises a nucleotide sequence encoding the amino acid sequence of SEQ ID NO:8.

31. The recombinant MVA, the use and/or method of any one of items 20 to 30, wherein the
nucleotide sequence encoding an antigenic determinant of the RSV G membrane glycoprotein
comprises the nucleotide sequence of SEQ ID NO:7.

32. The recombinant MVA, the use and/or method of any one of items 6 to 31, wherein the
nucleotide sequence encoding an antigenic determinant of an RSV nucleocapsid protein
encodes an antigenic determinant of the RSV N nucleocapsid protein.

33. The recombinant MVA, the use and/or method of any of one of items 6 to 32, wherein
the nucleotide sequence encoding an antigenic determinant of an RSV nucleocapsid protein
encodes an antigenic determinant of an RSV M2 matrix protein.

34. The recombinant MVA, the use and/or method of any one of items 6 to 33, wherein the
nucleotide sequence encoding an antigenic determinant of an RSV nucleocapsid protein
encodes a full length protein.

35. The recombinant MVA, the use and/or method of any one of items 32 to 34, wherein the
nucleotide sequence encoding an antigenic determinant of the RSV N nucleocapsid protein is
derived from RSV strain A, preferably strain A2.
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36. The recombinant MVA, the use and/or method of any one of items 32 to 35, wherein the
nucleotide sequence encoding an antigenic determinant of an RSV nucleocapsid protein
encodes antigenic determinants of both the RSV N nucleocapsid and RSV M2 matrix proteins.

37. The recombinant MVA, the use and/or method of item 36, wherein both the antigenic
determinants of the RSV N nucleocapsid and of the RSV M2 matrix proteins are encoded by a
single open reading frame.

38. The recombinant MVA, the use and/or method of item 36 or 37, wherein the antigenic
determinants of the RSV N nucleocapsid and of the RSV M2 matrix proteins are separated by a
self-cleaving protease domain.

39. The recombinant MVA, the use and/or method of item 38, wherein the self-cleaving
protease domain sequence is derived from Foot and Mouth Disease Virus.

40. The recombinant MVA, the use and/or method of item 38 or 39, wherein the self-
cleaving protease domain sequence is the protease 2A fragment sequence.

41. The recombinant MVA, the use and/or method of any one items 38 to 40, wherein the
self-cleaving protease domain sequence comprises a nucleotide sequence encoding the amino
acid sequence of SEQ ID NO:12.

42. The recombinant MVA, the use and/or method of any one of items 38 to 41, wherein the
self-cleaving protease domain comprises the nucleotide sequence of SEQ ID NO:11.

43. The recombinant MVA, the use and/or method of any one of items 37 to 42, wherein the
single open reading frame comprises a nucleotide sequence encoding the amino acid sequence
of SEQ ID NO:18.

44, The recombinant MVA, the use and/or method of any one of items 37 to 43, wherein the
single open reading frame comprises the nucleotide sequence of SEQ ID NO:17.

45. The recombinant MVA, the use and/or method of any of the preceding items comprising
one nucleotide sequence encoding an antigenic determinant of an RSV membrane glycoprotein
and one nucleotide sequence encoding an antigenic determinant of an RSV nucleocapsid
protein.
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46. The recombinant MVA, the use and/or method of item 45 comprising antigenic
determinants of the RSV F membrane glycoprotein and of the RSV N nucleocapsid protein.

47. The recombinant MVA, the use and/or method of item 45 comprising antigenic
determinants of the RSV F membrane glycoprotein and of the RSV M2 matrix protein.

48. The recombinant MVA, the use and/or method of item 45 comprising antigenic
determinants of the RSV G membrane glycoprotein and of the RSV N nucleocapsid protein.

49. The recombinant MVA, the use and/or method of item 45 comprising antigenic
determinants of the RSV G membrane glycoprotein and of the RSV M2 matrix protein.

50. The recombinant MVA, the use and/or method of any one of items 1 to 44 comprising
two nucleotide sequences encoding an antigenic determinant of an RSV membrane
glycoprotein and one nucleotide sequence encoding an antigenic determinant of an RSV
nucleocapsid protein.

51. The recombinant MVA, the use and/or method of item 50 comprising antigenic
determinants of the RSV F and/or of the G membrane glycoproteins and of the RSV N
nucleocapsid protein.

52. The recombinant MVA, the use and/or method of item 50 comprising antigenic
determinants of the RSV F and/or of the G membrane glycoproteins and of the RSV M2 matrix
protein.

53. The recombinant MVA, the use and/or method of any one of items 1 to 44 comprising
two nucleotide sequences encoding antigenic determinants of an RSV membrane glycoprotein
and two nucleotide sequences encoding antigenic determinants of an RSV nucleocapsid
protein.

54. The recombinant MVA, the use and/or method of item 53 comprising nucleotide
sequences encoding antigenic determinants of an RSV F and/or of a G membrane glycoprotein
and antigenic determinants of an RSV N nucleocapsid and/or of an M2 matrix protein.

55. The recombinant MVA, the use and/or method of any one of items 1 to 44 comprising
three nucleotide sequences encoding an antigenic determinant of an RSV membrane
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glycoprotein and two nucleotide sequences encoding antigenic determinants of an RSV
nucleocapsid protein.

56. The recombinant MVA, the use and/or method of item 55 comprising antigenic
determinants of two RSV F membrane glycoproteins and/or of one RSV G membrane
glycoprotein and an antigenic determinant of the RSV N nucleocapsid protein and/or of the RSV
M2 matrix protein.

57. The recombinant MVA, the use and/or method of item 55 comprising antigenic
determinants of two RSV G membrane glycoproteins and/or of one RSV F membrane
glycoprotein and an antigenic determinant of the RSV N nucleocapsid protein and/or of the RSV

M2 matrixprotein.

58. The recombinant MVA, the use and/or method of any one of items 1 to 44 comprising
four nucleotide sequences encoding antigenic determinants of RSV membrane glycoproteins
and one nucleotide sequence encoding an antigenic determinant of an RSV nucleocapsid
protein.

59. The recombinant MVA, the use and/or method of item 58 comprising antigenic
determinants of two RSV F membrane glycoproteins and/or two RSV G membrane
glycoproteins and an antigenic determinant of the RSV N nucleocapsid protein or of the RSV
M2 matrix protein.

60. The recombinant MVA, the use and/or method of any one of items 1 to 44 comprising
four nucleotide sequences encoding antigenic determinants of RSV membrane glycoproteins
and two nucleotide sequences encoding antigenic determinants of RSV nucleocapsid proteins.

61. The recombinant MVA, the use and/or method of item 60 comprising antigenic
determinants of two RSV F membrane glycoproteins and/or of two RSV G membrane
glycoproteins and antigenic determinants of the RSV N nucleocapsid protein and/or of the RSV
M2 martrix proteins.

62. The recombinant MVA, the use and/or method of any one of items 1 to 61, wherein the
MVA used for generating the recombinant MVA is MVA-BN or a derivative thereof.

63. The recombinant MVA of any one of items 1 or 4 to 62 for use as an active
pharmaceutical substance.
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64. A pharmaceutical composition and/or vaccine comprising the recombinant MVA of any
one of items 1 or 4 to 63 and, optionally, a pharmaceutically acceptable carrier and/or diluent.

65. Use of the recombinant MVA of any one of items 1 or 4 to 63 for the preparation of a

pharmaceutical composition and/or vaccine.

66. The recombinant MVA of any one of items 6 to 63, the pharmaceutical composition
and/or vaccine of item 64 and/or the use of any one of items 2, 4 to 6, 8 to 62 or 65 for treating
or preventing an RSV infection.

67. A method of immunizing a subject, including a human, against RSV infection, comprising
administering the recombinant MVA of any one of items 1, 4 to 63 or 66 and/or the
pharmaceutical composition and/or vaccine according to item 64 or 66 to the subject, including

the human.

68. The recombinant MVA of any one of items 1, 4 to 63 or 66, the pharmaceutical
composition and/or vaccine of item 64 or 66, the use of any one of items 2, 4 to 6, 8 to 62, 65 or
66 and/or the method of any one of items 3 to 6, 8 to 62 or 67, wherein the recombinant MVA is
or is to be administered in a dose of between 10’—10° TCIDs.

69. The recombinant MVA, the pharmaceutical composition and/or vaccine, the use and/or
the method of any one of items 5 to 68, wherein the recombinant MVA is or is to be
administered intranasally and/or subcutaneously.

70. The recombinant MVA, the pharmaceutical composition and/or vaccine, the use and/or
the method of any one of items 1 to 69, wherein the recombinant MVA is or is to be
administered in a single or multiple doses to an immunologically naive or an immunologically

experienced subject, including a human.

71. The recombinant MVA, the pharmaceutical composition and/or vaccine, the use and/or
the method of any one of items 1 to 70 for administering to a subject, including the human, with
more than 2 years of age.

72. The recombinant MVA, the pharmaceutical composition and/or vaccine, the use and/or
the method of any one of items 1 to 70 for administering to a subject, including the human, with

less than 2 years of age.
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73. A kit comprising one or multiple vials of the recombinant MVA of any one of items 1, 4 to
63, 66 or 68 to 72 and instructions for the administration of the virus to a subject at risk of RSV

infection.

74. A kit comprising the recombinant MVA according to any one of items 1, 4 to 63, 66 or 68
to 72 and/or the kit according to item 73, comprising the recombinant MVA in a first vial or
container for a first administration (priming) and in a second vial or container for a second

administration (boosting).

75. The kit according to item 73 or 74, comprising the recombinant MVA in a third, fourth or
further vial or container for a third, fourth or further administration (boosting).

76. A cell comprising the recombinant MVA according to any one of items 1, 4 to 63 or 66.

77. A method of generating a recombinant MVA according to any one of items 1, 4 to 63, 66
or 68 to 72, comprising the steps of:

(a) infecting a host cell with an MVA virus,

(b) transfecting the infected cell with a recombinant vector comprising a nucleotide
sequence encoding an RSV antigenic determinant, said nucleotide sequence
further comprising a genomic MVA virus sequence capable of directing the
integration of the nucleotide sequence into the MVA virus genome,

(c) identifying, isolating and, optionally, purifying the generated recombinant MVA

virus.
78. A recombinant MVA generated according to the method of item 77.

79. A method for producing a recombinant MVA according to any one items 1, 4 to 63, 66 or
68 to 72 and/or for producing an antigenic determinant expressed from the genome of said
recombinant MVA comprising the steps of:

(a) infecting a host cell with the recombinant MVA of any one of items 1, 4 to 63, 66
or of items 68 to 72, or transfecting the cell with the recombinant DNA of the
recombinant MVA,

(b) cultivating the infected or transfected cell,
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(c) isolating the MVA and/or antigenic determinant from said cell.
80. A recombinant MVA and/or antigenic determinant obtainable by the method of item 79.

81. A method for determining whether a subject is at risk of recurrent RSV infection,
comprising determining by means of RT-qPCR whether in a sample obtained from the subject
RSV is present, whereby the presence of RSV indicates the presence of a recurrent RSV

infection.

82. A method for determining whether a subject has acquired sterile immunity against RSV,
comprising determining by means of RT-qPCR whether in a sample obtained from the subject
RSV is present, whereby the presence of RSV indicates that the subject has not acquired sterile
immunity against RSV.

83. A method of immunizing a subject diagnosed by the method of item 82 to not have
acquired sterile immunity against RSV, comprising intranasally administering the recombinant
MVA of any one of items 1, 4 to 63, 66, 68 to 72, 78 or 80 and/or the pharmaceutical
composition and/or vaccine of any one of items 64, 66 or 68 to 72 to the subject.

84. The recombinant MVA of any one of items 1, 4 to 63, 66, 68 to 72, 78 or 80 and/or the
pharmaceutical composition and/or vaccine of any one of items 64, 66 or 68 to 72 for use in a
method of immunizing a subject diagnosed by the method of item 82 to not have acquired sterile
immunity against RSV, said method comprising intranasally administering said recombinant
MVA to the subject.

85. Use of the recombinant MVA of any one of items 1, 4 to 63, 66, 68 to 72, 78 or 80 for the
preparation of a pharmaceutical composition and/or vaccine for immunizing a subject diagnosed
by the method of item 82 to not have acquired sterile immunity against RSV, wherein the

pharmaceutical composition and/or vaccine is for intranasal administration.

86. A method of inducing sterile immunity in a subject diagnosed by the method of item 82 to
not have acquired sterile immunity against RSV, comprising intranasally administering the
recombinant MVA of any one of items 1, 4 to 63, 66, 68 to 72, 78 or 80 and/or the
pharmaceutical composition and/or vaccine of any one of items 64, 66 or 68 to 72 to the subject.

87. The recombinant MVA of any one of items 1, 4 to 63, 66, 68 to 72, 78 or 80 and/or the
pharmaceutical composition and/or vaccine of any one of items 64, 66 or 68 to 72 for use in a
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method of inducing sterile immunity in a subject diagnosed by the method of item 82 to not have
acquired sterile immunity against RSV, said method comprising intranasally administering said
recombinant MVA to the subject.

88. Use of the recombinant MVA of any one of items 1, 4 to 63, 66, 68 to 72, 78 or 80 for the
preparation of a pharmaceutical composition and/or vaccine for inducing sterile immunity in a
subject diagnosed by the method of item 82 to not have acquired sterile immunity against RSV,

wherein the pharmaceutical composition or vaccine is for intranasal administration.

It is to be understood that both the foregoing general and detailed description are exemplary
and explanatory only and do not restrict or limit the invention as claimed. The accompanying
drawings, which are incorporated in and constitute a part of this specification, illustrate various
embodiments of the invention and together with the description, serve to explain the principles

of the invention.
BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 shows the heterologous RSV genes used in the tested recombinant MVA-constructs,
MVA-mBN199B, MVA-mBN201B, MVA-mBN201BAM2, MVA-MmBN294B, MVA-mBN295B and
MVA-mBN330B.

Figure 2 shows serum RSV-specific IgG responses measured by IBL Hamburg-based ELISA.
Mice were immunized (s.c. or i.n.) two or three times with TBS or 1x108 TCIDs, of either MVA-
mBN199B, MVA-mBN201B or MVA-mBN201BAM2. Control mice were immunized twice i.n.
with 10° pfu RSV. Sera were diluted 1/100 and analyzed using an RSV-specific IgG ELISA
based on the IBL Hamburg kit using plates coated with RSV F and G proteins.

Figure 3 shows serum RSV-specific IgG responses measured by IBL Hamburg-based ELISA
after serial dilution. Mice were immunized two or three times (s.c. or i.n.) with TBS or 1x10°
TCIDsy of MVA-mBN199B, MVA-mBN201B or MVA-mBN201BAMZ2. Control mice were
immunized twice i.n. with 10° pfu RSV. Sera were diluted (1/100, 1/200 and 1/400) and
analyzed using an RSV-specific IgG ELISA based on the IBL Hamburg kit using plates coated
with RSV F and G proteins.

Figure 4 shows serum RSV-specific IgG responses measured by IBL Hamburg-based ELISA

using plates coated only with the F protein. Mice were immunized s.c. two or three times with
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TBS or 1x10° TCIDs, of MVA-mBN199B, MVA-mBN201B or MVA-mBN201BAM2. Control mice
were immunized twice i.n. with 10° pfu RSV. Sera were diluted 1/100 and analyzed using an
RSV-specific IgG ELISA based on the IBL Hamburg kit using plates coated with RSV F protein
only.

Figure 5 shows serum RSV-specific IgG responses measured by Serion-based ELISA. Mice
were immunized two or three times (s.c. or i.n.) with TBS or 1x10° TCIDs, of either MVA-
mBN199B, MVA-mBN201B or MVA-mBN201BAM2. Control mice were immunized twice i.n.
with 10° pfu RSV. Sera were diluted (1/100) and analyzed using an RSV-specific IgG ELISA
based on the Serion kit using plates coated with an RSV lysate.

Figure 6 shows RSV-specific IgA versus IgG responses measured by IBL Hamburg-based
ELISA in bronchoalveolar lavage (BAL) fluid and sera. Mice were immunized two or three times
(s.c. or i.n.) with TBS or 1x10° TCIDs, of MVA-mBN199B, MVA-mBN201B or MVA-
mBN201BAM2. Control mice were immunized twice i.n. with 10° pfu RSV. Sera and BAL fluid
were diluted (1/100) and analyzed using an RSV-specific IgG or IgA ELISA based on the IBL
Hamburg kit using plates coated with RSV F and G proteins.

Figure 7 shows RSV F-, RSV G- and RSV M2-specific T-cell responses measured by
ELISPOT. Mice were immunized two or three times (s.c. or i.n.) with TBS or 1x10% TCIDs, of
either MVA-mBN199B, MVA-mMBN201B or MVA-mMBN201BAMZ2. Control mice were immunized
twice i.n. with 10° pfu RSV. Spleens were isolated on Day 48 and splenocytes were restimulated
with three different RSV F-specific peptides (RSV-1 (SEQ ID NO:19), RSV-2 (SEQ ID NO:20)
and RSV-3 (SEQ ID NO:21), one RSV G-specific peptide (RSV-4 (SEQ ID NO:22)), one RSV
M2-specific peptide (RSV-9 (SEQ ID NO:27)) or MVA-BN. IFNy-secreting cells were detected
by ELISPOT. The stimulation index was calculated as explained in the Examples.

Figure 8 shows relative body weight loss after challenged with RSV(A2). Mice were immunized
two or three times (s.c. or i.n.) with TBS or 1x10° TCIDs, of MVA-MBN199B, MVA-mBN201B or
MVA-mBN201BAM2. Control mice were immunized twice i.n. with 10° pfu RSV. Mice were then
challenged with 10° pfu RSV(A2) on Day 49. Weight was measured daily from the day of
challenge. The weight on the day of challenge was used as baseline to calculate percentage of
relative body weight change.
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Figure 9 shows RSV load in lungs measured by plaque assay. Mice were immunized two or
three times (s.c. or i.n.) with TBS or 1x10°® TCIDs, of MVA-mBN199B, MVA-mBN201B or MVA-
mBN201BAM2. Control mice were immunized twice i.n. with 10° pfu RSV. Mice were then
challenged with 10° pfu RSV(A2) on Day 49. Lungs were isolated 4 days later and the RSV load
(pfu per lung) was determined by plaque assay.

Figure 10 shows RSV load in lung measured by RT-gPCR. Mice were immunized two or three
times (s.c. or i.n.) with TBS or 1x10® TCIDs, of MVA-mBN199B, MVA-mBN201B or MVA-
mBN201BAM2. Control mice were immunized twice i.n. with 10° pfu RSV. Mice were then
challenged with 10° pfu RSV A2 on Day 49. Lungs were isolated 4 days later and the RSV load
(estimated based on the number of L gene copies observed) was determined by RT-gPCR.

Figure 11 shows IL4 level in bronchoalveolar lavage (BAL) 4 days post RSV(A2) challenge
measured by ELISA. Mice were immunized two times (s.c. or i.n.) with TBS or 1x10® TCIDs, of
MVA-mBN199B or MVA-mBN201B. Control mice were immunized twice i.n. with 10° pfu RSV.
Mice were then challenged with 10° pfu RSV A2. Lungs were washed with 1ml PBS 4 days later
and the IL4 level in BAL was determined by ELISA. (n.d. = not detectable)

Figure 12 shows IL5 level in bronchoalveolar lavage (BAL) 4 days post RSV(A2) challenge
measured by ELISA. Mice were immunized two times (s.c. or i.n.) with TBS or 1x10® TCIDs, of
MVA-mBN199B or MVA-mBN201B. Control mice were immunized twice i.n. with 10° pfu RSV.
Mice were then challenged with 10° pfu RSV A2. Lungs were washed with 1ml PBS 4 days later
and the IL5 level in BAL was determined by ELISA. (n.d. = not detectable)

Figure 13 shows serum RSV-specific IgG responses measured by Serion-based ELISA. Mice
were immunized s.c. twice 3 weeks apart with TBS or 1x108 TCIDs, of either MVA-mBN199B,
MVA-mBN201B or MVA-mBN294A. Control mice were immunized twice i.n. with 10° pfu RSV.
Sera of 5 mice per group obtained 2 weeks after the last immunization were diluted and
analyzed using an RSV-specific IgG ELISA based on the Serion kit using plates coated with an
RSV lysate.

Figure 14 shows serum RSV-specific neutralizing antibody responses measured by PRNT.
Mice were immunized s.c. twice 3 weeks apart with TBS or 1%x10% TCIDs, of either MVA-
mBN199B, MVA-mBN201B or MVA-mBN294A. Control mice were immunized twice i.n. with 10°
pfu RSV. Sera of 5 mice per group obtained 2 weeks after the last immunization analyzed by
PRNT.
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Figure 15 shows RSV F- and RSV M2-specific T-cell responses measured by ELISPOT. Mice
were immunized s.c. twice 3 weeks apart with TBS or 1x10® TCIDs, of either MVA-mBN199B,
MVA-mBN201B or MVA-mBN294A. Control mice were immunized twice i.n. with 10° pfu RSV.
Spleens were isolated on Day 34 and splenocytes were restimulated with one RSV F-specific
peptides (RSV-2 (SEQ ID NO:20), one RSV M2-specific peptide (RSV-9 (SEQ ID NO:27)) or
MVA-BN. IFNy-secreting cells were detected by ELISPOT. The stimulation index was calculated

as explained in the Examples.

Figure 16 shows RSV load in lungs measured by plaque assay. Mice were immunized s.c.
twice 3 weeks apart with TBS or 1x10° TCIDs, of either MVA-mBN199B, MVA-mBN201B or
MVA-mBN294A. Control mice were immunized twice i.n. with 10° pfu RSV or i.m. with 50ul FI-
RSV. Mice were then challenged with 10° pfu RSV(A2) on Day 49. Lungs were isolated 4 days

later and the RSV load (pfu per lung) was determined by plague assay.

Figure 17 shows RSV load in lung measured by RT-gPCR. Mice were immunized s.c. twice 3
weeks apart with TBS or 1x10° TCIDs, of either MVA-mBN199B, MVA-mBN201B or MVA-
mBN294A. Control mice were immunized twice i.n. with 10° pfu RSV or i.m. with 50ul FI-RSV.
Mice were then challenged with 10° pfu RSV A2 on Day 49. Lungs were isolated 4 days later
and the RSV load (estimated based on the number of L gene copies observed) was determined
by RT-qPCR.

Figure 18 shows eosinophil and neutrophil infiltrations in bronchoalveolar lavage (BAL) fluids 4
days post RSV(A2) challenge. Mice were immunized s.c. twice 3 weeks apart with TBS or
1x108 TCID50 of either MVA-mBN199B, MVA-mBN201B or MVA-mBN294A. Control mice were
immunized twice i.n. with 10° pfu RSV or i.m. with 50ul FI-RSV. Mice were then challenged with
10° pfu RSV A2. Lungs were washed with 1ml PBS 4 days later and the percentage of
eosinophil and neutrophil in BAL fluid was determined.

BRIEF DESCRIPTION OF THE SEQUENCES

SEQ ID NO:1 is a DNA sequence encoding full-length G protein from human RSV (hRSV) strain
A2 (GenBank Accession No. M11486).

SEQ ID NO:2 is the amino acid sequence of fullHength G protein from hRSV strain A2
(GenBank Accession No. M11486).
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SEQ ID NO:3 is a DNA sequence encoding full-length F protein (BN variant) from hRSV strain
A2.

SEQ ID NO:4 is the amino acid sequence of fulllength F protein (BN variant) from hRSV strain
A2.

SEQ ID NO:5 is a DNA sequence encoding full-length F protein (BN variant) from hRSV strain
Along.

SEQ ID NO:6 is the amino acid sequence encoding full-length F protein (BN variant) from hRSV
strain ALong.

SEQ ID NO:7 is a DNA sequence encoding truncated G protein lacking the transmembrane and
cytoplasmic domains from hRSV strain B (GenBank Accession No. P20896).

SEQ ID NO:8 is the amino acid sequence of truncated G protein lacking the transmembrane
and cytoplasmic domains from hRSV strain B (GenBank Accession No. P20896).

SEQ ID NO:9 is a DNA sequence encoding N protein lacking a stop codon from hRSV strain A2
(Genbank Accession No. M11486).

SEQ ID NO:10 is the amino acid sequence of N protein lacking a stop codon from hRSV strain
A2 (Genbank Accession No. M11486).

SEQ ID NO:11 is a DNA sequence encoding a fragment of protease 2A from Foot and Mouth
Disease Virus lacking both start and stop codons.

SEQ ID NO:12 is the amino acid sequence of a fragment of protease 2A from Foot and Mouth
Disease Virus lacking both start and stop codons.

SEQ ID NO:13 is a DNA sequence encoding full-length M2 protein lacking a start codon from
hRSV strain A2 (GenBank Accession No. M11486).

SEQ ID NO:14 is the amino acid sequence encoding fullength M2 protein lacking a start codon
from hRSV strain A2 (GenBank Accession No. M11486).

SEQ ID NO:15 is a DNA sequence encoding truncated F protein lacking the transmembrane
and cytoplasmic domains (BN variant) from hRSV strain A2 (GenBank Accession No. M11486).
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SEQ ID NO:16 is the amino acid sequence of truncated F protein lacking the transmembrane
and cytoplasmic domains (BN variant) from hRSV strain A2 (GenBank Accession No. M11486).

SEQ ID NO:17 is a DNA sequence encoding N protein lacking a stop codon hRSV strain A2
(Genbank Accession No. M11486) + a DNA sequence encoding protease 2A fragment from
Foot and Mouth Disease Virus, lacking both a start codon and a stop codon + a DNA sequence
encoding full-length M2 protein lacking a start codon from hRSV strain A2 (GenBank Accession
No. M11486).

SEQ ID NO:18 is the amino acid sequence of N protein from hRSV strain A2 (Genbank
Accession No. M11486) + the amino acid sequence of protease 2A fragment from Foot and
Mouth Disease Virus, lacking a start codon + the amino acid sequence of full-length M2 protein
lacking a start codon from hRSV strain A2 (GenBank Accession No. M11486).

SEQ ID NO:19 is the amino acid sequence of RSV-1 peptide derived from RSV F protein.
SEQ ID NO:20 is the amino acid sequence of RSV-2 peptide derived from RSV F protein.
SEQ ID NO:21 is the amino acid sequence of RSV-3 peptide derived from RSV F protein.
SEQ ID NO:22 is the amino acid sequence of RSV-4 peptide derived from RSV G protein.
SEQ ID NO:23 is the amino acid sequence of RSV-5 peptide derived from RSV G protein.
SEQ ID NO:24 is the amino acid sequence of RSV-6 peptide derived from RSV G protein.
SEQ ID NO:25 is the amino acid sequence of RSV-7 peptide derived from RSV G protein.
SEQ ID NO:26 is the amino acid sequence of RSV-8 peptide derived from RSV G protein.
SEQ ID NO:27 is the amino acid sequence of RSV-9 peptide derived from RSV M2 protein.
SEQ ID NO:28 is a DNA sequence encoding full-length F protein from hRSV strain A2.
SEQ ID NO:29 is the amino acid sequence of full-length F protein from hRSV strain A2.
SEQ ID NO:30 is a DNA sequence encoding full-length G protein from hRSV strain A2.

SEQ ID NO:31 is the amino acid sequence of full-length G protein from hRSV strain A2.
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SEQ ID NO:32 is a DNA sequence encoding full-length M2 protein from hRSV strain A2.
SEQ ID NO:33 is the amino acid sequence of full-length M2 protein from hRSV strain A2.
SEQ ID NO:34 is a DNA sequence encoding full-length N protein from hRSV strain A2.
SEQ ID NO:35 is the amino acid sequence of full-length N protein from hRSV strain A2.
SEQ ID NO:36 is Primer 1 used in RT-gPCR.

SEQ ID NO:37 is Primer 2 used in RT-gPCR.

SEQ ID NO:38 is Probe 6 used in RT-gPCR.

SEQ ID NO:39 is the nucleotide sequence of the PrS promoter.

SEQ ID NO:40 is the nucleotide sequence of the Pr7.5 promoter.

SEQ ID NO:41 is the nucleotide sequence of the PrSynlim promoter.

SEQ ID NO:42 is the nucleotide sequence of the PrLE1 promoter.

SEQ ID NO:43 is the nucleotide sequence of the PrH5m promoter.

EXAMPLES

Example 1: Construction of Recombinant MVAs.

Generation of recombinant MVA was done by insertion of the RSV coding sequences together

with the indicated promoters (Figure 1) into the MVA genome via homologous recombination in
CEF cells using a selection marker to select for recombinant MVA. The use of intergenic regions
(IGRs) as insertion sites is described in WO 03/097845. In order to delete the selection marker,

a second step of homologous recombination was employed.

MVA-BN® virus was used as starting material for the generation of the recombinant MVA-
mBN199B containing the genes for RSV-A2-G and RSV-F-A2_BN in IGR88/89. The PreMaster
material of MVA-mBN199 was used as starting material for the generation of MVA-mBN201B

described below.
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Insertions into IGR88/89 (MVA-mBN199B):
The coding sequence for RSV-A2-G is based on the naturally occurring sequence of the RSV-

A2-strain glycoprotein G. The coding sequence of the fusion protein RSV-F-A2 BN is also based
on the RSV-A2 strain but was modified by Bavarian Nordic. Both inserted genes were
synthesized by Geneart with human adapted codon usage and used for cloning of a
recombination plasmid. The protein sequence of RSV-A2-G shows 100% identity to GenBank
sequence P03423.1. The protein sequence of RSV-F-A2 BN shows only 99% identity to
GenBank sequence P03420.1 due to one single amino acid exchange (P to A) on position 103.

Insertions into IGR148/149 (MVA-mBN201B):
The coding sequences for RSV-N-A2 and RSV-M2-A2 are based on the naturally occurring

sequences of the respective RSV-A2-strain glycoproteins. Both genes are connected by a 2A
self-cleaving peptide sequence [M.D. Ryan et al. (1991), J. Gen. Virol. 72(Pt 11):2727-2732]
that allows the expression of two separate native proteins under the control of a single
promoter. The coding sequences for RSV-G(B) and RSV-F A long BN were truncated to remove
the trans-membrane domains so that the expressed proteins can be secreted. All inserted
genes were synthesized by Geneart with optimized codon usage and used for cloning of the
recombination plasmid. The protein sequences of RSV-N-A2 and RSV-M2-A2 show 100%
identity to GenBank sequence P03418.1 and P04545.1, respectively. The protein sequence of
RSV-G(B) truncated shows 100% identity to GenBank sequence P20896.1. The coding
sequence of RSV-F A long BN truncated was designed to contain the first 526 amino acids of
the RSV-F protein as described by R.P. Du et al. (1994) Biotechnology (N Y) 12(8):813-818.

Deletion mutant in M2(A2) of MVA-mBN210BAM?2:
MVA-mBN210BAM2 includes a deletion mutation in the 12™ codon of the M2(A2) gene not
allowing a functional M2 to be expressed. This deletion causes the addition of the two amino

acids threonine and alanine to the first 11 amino acids of M2 (A2) followed by a transcriptional
stop (UGA stop codon).

Example 2: Immunogenicity and Efficacy of Recombinant MVA Vaccines Expressing RSV
F Protein, RSV G Protein, RSV N Protein, and RSV M2 Protein.
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Vaccine candidate MVA-mBN199B encodes the glycoprotein (G) and the fusion (F) protein of
RSV, while MVA-mBN201BAM2 and MVA-mBN201B express truncated versions of F and G in
addition to full-length F and G proteins, the nucleocapsid protein (N) and in case of MVA-
mBN201B also the matrix protein (M2) of RSV (see Figure 1). The objective of these
experiments was to analyze the immunogenicity and protective efficacy of MVA-mBN201BAM?2
and MVA-mBN201B compared to MVA-mBN199B after two or three immunizations via the

subcutaneous (s.c.) or intranasal (i.n.) routes of administration.

The efficacy of these constructs was tested using an RSV(A2) challenge model in BALB/c mice.
Two immunizations with MVA-mBN199B or MVA-mBN201B offered partial protection as judged
by real time quantitative polymerase chain reaction (RT-gPCR) when applied subcutaneously
and an almost complete protection when applied by the intranasal route. The protection offered
by MVA-mBN201B was better than that offered by MVA-mBN199B. There was no difference in
the humoral immune responses induced by the two constructs, although major differences were
observed in the T-cell responses. MVA-mBN199B induced a good RSV F-specific cellular
response, whereas a strong M2-specific T-cell response with MVA-mBN201B was observed, as
well as a more pronounced G-specific response compared to MVA-mBN199B. As the IgG and
T-cell responses induced after subcutaneous and intranasal immunization were similar, the
almost complete sterile immunity obtained by intranasal immunizations likely correlates with the
induction and secretion of RSV-specific IgA at the mucosal infection site. For MVA-
mBN201BAM2, the lack of M2-specific T-cells responses correlated with a reduced protection
compared to MVA-mBNZ201B and resulted in a similar protection than MVA-mBN199B.

Study Design

Mice were treated subcutaneously (s.c.) or intranasally (i.n.) with 1x108 TCIDs, MVA-mBN199B
(Groups 3, 4 and 5), 1x10® TCIDs, MVA-mBN201B (Groups 6, 7 and 8), or 1x10° TCIDs, MVA-
mBN201BAM2 (Group 9). Mice were treated either two times (Groups 3, 4, 6, 7 and 9) or three
times (Groups 5 and 8) according to Table 1. The two control groups were treated (s.c.) twice
with TBS (Group 1) or i.n. with RSV (Group 2) according to Table 7. Blood was collected on the
day before immunization or challenge as well as on the day of sacrifice. RSV-specific IgG titres
were determined by Enzyme-Linked Immunosorbent Assay (ELISA). On Day 48, half of the
mice were sacrificed. Their spleens were removed and prepared for the analysis of RSV-
specific T-cell responses by Enzyme-Linked Immunosorbent Spot (ELISPOT). On Day 49, the
remaining mice were challenged (i.n.) with 10° pfu RSV A2. Appearance and body weight were
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monitored daily starting on the day of challenge. Four days post challenge, mice were sacrificed
by injection of an elevated dose of Ketamine-Xylazine and end-bled. After lung lavage, the lungs
were removed and RSV load was analyzed by plaque assay and by RT-qPCR.

Table 1: Experimental Design

Iﬁ\dministration of Test or Reference ltems Bleed
Group Dose and Challenge
Group | g6 | ©89€ | 1icctions ?g:e)‘ﬂ/“'e Route | per ELISPOT | (Day)%. #
yize Injection | (Day)%
13, 34
5 ’ ' | 49
14  and 48 & 53
1 - TBS 35 S.C. n.a. 13, o ]
and 48&
13, 34,
5 48 and | 49
2 RSV e i [10°pfu |53
. 13, 34|
and 48&
13, 34,
3 5 MVA- 14 and | [1x10° gg and | 49
mBN199B 35 €| TCIDs,
c 13, 34|
and 48&
13, 34,
. S MVA- 14 and| | 1x10® |20 and |49
mBN199B 35 . TCIDso
c 13, 34|
and 48&
1, 20 34,
. 5 MVA- 0,21and | _ | 1x10° gg and | 49
. mBN199B 35 TCDso 150732 :
and 48&
13, 34,
5 5 MVA- 14 and|_ | 1x10° gg and | 49
mBN201B 35 C | TCIDs
c 13, 34|
and 48&
13, 34,
. S MVA- 14 and | [1x100 | go 29|49
mBN201B 35 N TCIDs
c 13, 34|
and 48&
1, 20 34,
8 5 MVA- 021and | [1x10° gg and | 49
- mBN201B 35 TCIDso 2 5034 _
and 48&
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13, 34
MVA- 14 and 1x10? .4
° ° W | mBN201BAM? | 35 ¢ | TCIDso gg and | 49

% Relative to the first immunization.
# Mice were challenged by the intranasal route with 10° pfu of RSV A2. Four days after
challenge, mice were bled and sacrificed under anesthesia. BAL fluid and lungs were sampled.

& On Day 48, these mice were sacrificed and spleens were analyzed by ELISPOT.

Study Schedule. The schedule of the in-life phase is summarized in Table 2.

Table 2: Study schedule of the In-life Phase

Day'* | Procedures

Arrival and import in animal facility of 85 BALB/c mice, cage card
allocation and allocation of 5 mice per cage

-1 Ear clipping, inclusion/exclusion examination of all mice

Pre-bleed of mice from cages J, K, Q and R
(facial vein puncture right side)

0 1st administration of mice from cages J, K, Q and R

pre-bleed of all mice except mice from cages J, K, Q and R
(facial vein puncture right side)

14 1st administration of all mice except mice from cages J, K, Q and R
Bleed of mice from cages J, K, Q and R (facial vein puncture left
side)

21 2nd administration of mice from cages J, K, Q and R

34 Bleed of all mice (retro-bulbar vein puncture left eye)

2nd administration of all mice except mice from cages J, K, Q and
35 R
3rd administration of mice from cages J, K, Q and R

Bleed of all mice (retro-bulbar vein puncture right eye)

Final bleed for cages B, D, F, H, K, M, P and R

Spleens of mice from cages B, D, F, H, K, M, P and R will be
removed for analysis by ELISPOT

49 Challenge of all remaining mice

49 to
53
53 Final bleed, sacrifice & sampling of BAL & lung of remaining mice
** Relative to the day of the 1% immunization.

-16

48

48

Appearance and body weight measurement daily
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Material and Methods

Experimental Animals. Eighty-five female BALB/cJ Rj (H-2d) mice at the age of seven weeks

were obtained from Janvier (Route des Chénes Secs, F-53940 Le Genest-Saint-Isle, France).

All mice were specific pathogen free.

Housing. The study was performed in room 117 of the animal facility at Bavarian Nordic-
Martinsreid. This unit was provided with filtered air at a temperature of 20-24°C and a relative
humidity between 40% and 70%. The room was artificially illuminated on a cycle of 14 hours of
light and 10 hours of darkness. The study acclimatization period was 15 days. . The animals
were housed in transparent SealSafe™-cages (H Temp [polysulfon] cage Type Il L — Euro
standard), with a floor area of 530 cm?. The cages were covered with an H-Temp SealSafe™ lid.
The cages were placed in a TECNIPLAST-IVC SealSafe™ system with a SLIMLine™ circulation
unit providing every single cage separately with HEPA-filtered air. Animal bedding was changed

once a week.

Diet and water. Mice were provided with free access to irradiated maintenance diet (SSNIFF
R/M-H, irradiated, V1534-727) and water (autoclaved at 121°C for 20 minutes).

Pre-Treatment Procedures: Identification of Animals. To individually mark animals within each

cage, ear punching was done according to standard procedures.

Inclusion/Exclusion Examination. Inclusion/exclusion examination was done according to

standard procedures.

Blood Sampling for Pre-bleed. Blood samples of approximately 150 ul were obtained by facial

vein puncture according to standard procedures. Blood samples were fransferred to the

laboratory for further processing according to standard procedures.

Treatment Procedures: Preparation and administration of Test ltems 1 to 3 and Reference Item.

Preparation and administration of test and reference items was performed in a class |l
microbiological safety cabinet (HERAsafe®/class Il type H, Kendro) according to standard
procedures. Briefly, for s.c. administration, recombinant MVAs were diluted in TBS to obtain a
working solution with a concentration of 2x10% TCIDs¢/ml. 1x10® TCIDs, in 500ul was injected
s.c. according to standard procedures. For i.n. administration, recombinant MVAs were diluted
in TBS to obtain a working solution with a concentration of 2x10° TCIDso/ml. 50 pl of the diluted
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viruses was administered in one nostril of anesthetized (Xylazine/Ketamine) mice according to

standard procedures. 500ul TBS was administered s.c. according to standard procedures.

Preparation and Administration of Test Item 4 / Challenge Virus. The RSV stock vial was

thawed and used as quickly as possible due to virus instability (maximal 15 minutes on ice).
Virus was kept on ice at all times and used immediately to challenge anaesthetized
(Xylazine/Ketamine) mice with 100 ul of the neat virus solution by the intranasal route according
to standard procedures.

Post-Treatment Procedures:

Body Weight. Body weights were monitored on a daily basis from the day of challenge until
sacrifice according to standard procedures.

Blood Sampling. Blood samples (approximately 150 pl) were obtained by retro-bulbar or facial

venous puncture (for details see Table 1 and Table 2) according to standard procedures. Blood
samples were ftransferred to the laboratory for further processing according to standard
procedures.

Euthanasia. Euthanasia of half of the mice was performed on Day 48 by cervical dislocation. On
Day 53, the remaining mice received a double dose of Ketamine-Xylazine by intra-peritoneal
injection and euthanasia was done by cutting the aorta within the peritoneal cavity.

Spleen Removal. Spleens were removed aseptically. They were placed into tubes filled with

medium according to standard procedures. These tubes had been imported into the animal
facility and were then exported according to standard procedures.

Lung Lavage and Lung Removal. Bronchoalveolar lavage (BAL) fluid was collected by flushing

the lungs 4 times with 1 ml of PBS. The lungs were then removed and snap-frozen in two halves
in liquid nitrogen for subsequent plague assay and RNA extraction.

Analysis: Blood Sample Processing and Storage of Sera. Following transfer to the laboratory,

the blood samples were processed to serum according to standard procedures. After
preparation the sera were stored at -20°C (x 5°C) until required for analysis.

Analysis of RSV-Specific Antibody Titres from Serum Samples. The total RSV-specific 1gG

ELISA titres were determined from all serum samples using a modified ELISA kit (Serion ELISA
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classic, Catalog No. ESR113G): Instead of the Alkaline Phosphatase-conjugated anti-human
IgG antibody supplied with the kit, an Alkaline Phosphatase-conjugated goat anti-mouse I1gG
(Serotec cat: 103004) was used as the secondary antibody.

The RSV-F/G-specific IgG ELISA titers were determined from all serum samples and BAL fluid
using a modified ELISA kit (IBL-Hamburg Ref. RE56881). Instead of the POD-conjugated anti-
human IgG antibody supplied with the kit, an HRP-conjugated sheep anti-mouse IgG (ref. BN-
687-95/96, Serotec cat: AAC10P) was used as the secondary antibody.

Except for groups 4 and 7, The RSV-F-specific IgG ELISA titers were determined from serum
samples of Day 48 using a modified ELISA kit (IBL-Hamburg Ref. RE56881 reagents and RSV
(F-protein) IgG microtiter strips Ref. RE56692). Instead of the POD-conjugated anti-human IgG
antibody supplied within the kit, an HRP-conjugated sheep anti-mouse 1gG (ref. BN-687-95/96
Serotec cat: AAC10P) was used as the secondary antibody.

The RSV-specific IgA ELISA titers in sera and BAL fluid were determined from Day 48 and Day
53 samples, respectively, using a modified ELISA kit (IBL-Hamburg Ref. RE56881): Instead of
the POD-conjugated anti-human IgG antibody supplied within the kit, an HRP-conjugated sheep
anti-mouse IgA (ref. BN-687-95/96 Serotec cat: STAR137P) was used as the secondary
antibody.

Analysis of RSV-Specific Cellular Immune Responses from Splenocytes. The RSV F-, RSV G-

and RSV M2-specific cellular responses were determined two weeks after the last
administration by re-stimulation of splenocytes with specific peptides as described elsewhere
(see, e.g., S.M. Varga et al. (2000); S. Johnstone et al. (2004); S. Jiang et al., (2002); and A.B.
Kulkarni et al., J. Virol. 67(7):4086-4092 (1993)) and detection of IFNy release from the
splenocytes by ELISPOT assay.

ELISPOT Assay Method. The Mouse IFN-Gamma-Kit (BD Biosciences, Catalog No. 551083)
was used for the ELISPOT assay. The assay was performed according to the manufacturer’s

instructions. Briefly, plates were coated with the capture antibody the day prior to splenocyte
isolation. After isolation, cells were transferred to the ELISPOT plates and stimulated with
different peptides (see Table 3) for 20 hours at 37°C. IFNy production was detected using the
detection antibody. Plates were developed using the BD™ ELISPOT AEC Substrate Set (BD

Biosciences, Catalog No. 551951) according to the manufacturer’s instructions.
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ELISPOT Stimulation Plan. All conditions were tested in duplicate. RSV-1, RSV-2, RSV-3, RSV-
4, and RSV-5 peptides (see Table 3) were used at a final concentration of 5 pg/ml (1 pg/well) to

stimulate 5x10° and 2.5x10° splenocytes per well. MVA (immunization control) was used at a
Multiplicity of Infection (MOI) of 10 to stimulate 5x10° and 2.5x10° splenocytes per well and
Concanavalin A (ConA [positive control]) was used at a final concentration of 0.5 pyg/ml to
stimulate 2.5x10° splenocytes. As a negative control, 5x10° splenocytes were cultured in
medium only (RPMI-1640 supplemented with Glutamax, penicillin, streptomycin, 10% Fetal Calf
Serum and 10°M R-mercaptoethanol.

Table 3: RSV-Specific Stimulation

Peptide Name Specificity Peptide Sequence

RSV-1 F TYMLTNSELL (SEQ ID NO:19)

RSV-2 F KYKNAVTEL (SEQ ID NO:20)

RSV-3 F ELQLLMQSTPAANNR (SEQ ID NO:21)
RSV-4 G WAICKRIPNKKPG (SEQ ID NO:22)
RSV-5 M2 SYIGSINNI (SEQ ID NO:27)

Analysis of BAL Fluid and Lungs. Cellular characterization of the BAL was not possible, due to

staining issues. The RSV load in the lung samples was determined by RSV plaque assay and
by RT-gPCR.

RSV plague assay. One half each of the snap-frozen lungs was homogenized in 1 ml cold

medium using a French Press (Dulbecco's Modified Eagle Medium supplemented with 7% Fetal
Calf Serum). After a brief centrifugation, two tubes of each supernatant were titrated in two-fold
serial dilutions onto Vero cell monolayers grown in 48-well flat-bottomed plates. Six days later,
the monolayers were washed and fixed with 1% Formaldehyde. After 24 hours, the monolayers
were stained with 0.04% Neutral Red and plaques were counted.

RSV RT-gPCR. 100 ul of the homogenized lung tissue was removed immediately and RNA was
isolated using the RNeasy® Mini Kit from Qiagen (Catalog No. 74104). The reverse transcription
reaction was performed using the High Capacity RNA-to-cDNA Kit from Applied Biosystems
(Catalog No. 4387406). PCR specific for the RSV L gene was performed with the following
parameters in a thermal cycler: (1) 50°C for 2 minutes; (2) 95°C for 10 minutes; (3) 45 cycles of
(15 seconds at 95°C, 1 minute at 60°C) using the Universal PCR Master Mix from Applied
Biosystems (Catalog No. 4352042) and a mixture of three primers: (1) primer 1 (5-GAA CTC
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AGT GTA GGT AGA ATG TTT GCA-3’; SEQ ID NO:36); (2) primer 2 (5-TTC AGC TAT CAT
TTT CTC TGC CAA T-3’; SEQ ID NO:37); and (3) probe 6 (5-TTT GAA CCT GTC TGA ACA
TTC CCG GTT-3’; (SEQ ID NO:38). Copy number was determined from a standard curve of
pMISC202 plasmid vector containing a fragment of the RSV L gene. Similar reactions for murine
beta-actin were used as internal controls for input cDNA using a VIC/MGB-labeled probe from
Applied Biosystems (Catalog No. 4351315).

Study Documentation. An in-life phase flow chart was prepared to collect all information during

the individual steps of the in-life phase. In addition, mouse- or cage-specific information was
recorded on the corresponding cage card. Cage cards are not considered as study raw data but

a requirement from the Government of Upper Bavaria.

An analysis phase flow chart was prepared to collect all information during the individual steps
of the analysis phase. Assays were documented in assay-specific test records or Laboratory
Note Books; cross-references were documented in the analysis phase flow chart. All assay
documentation including raw data was reviewed according to standard procedures. In addition,

sample tracking sheets for serum samples were prepared according to standard procedures.

Data Processing. The raw data were transferred into the corresponding Excel files for further

analysis according to standard procedures.
ELISA. Mean values of the OD and standard errors of the mean were calculated using Excel.

ELISPOT. ELISPOT plates were read with a CTL reader according to the manufacturer's
instructions. The number of spot forming cells (SFC) was determined for each well and
transferred into an Excel file for further evaluation. From the incubation with 5x10° and 2.5x10°
cells per well, the number of spots per 1x10° splenocytes was calculated for each well. The
mean for the negative control was calculated and was subtracted from each individual value
prior to the calculation of the mean value per mouse to obtain the Stimulation Index (SI) value

(peptide-specific frequency of IFN-y releasing splenocytes) per mouse.

For the peptide stimulations, S| was obtained from the wells with 5x10° and 2.5x10° cells,
except when the spots were too numerous to count or for the RSV immunized animals. In those
cases only the concentration 2.5x10° was used. For MVA-BN stimulation, S| was obtained from
the wells with 5x10°, except when the spots were too numerous to count. In that case the
concentration 2.5x10° was used. Following determination of the Sl for individual animals, the
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mean of SI (SFC per 1x10° splenocytes) and standard error of the mean (SEM) was calculated

per group.

Body weight changes. Individual body weight values (in grams) prior to RSV challenge were

taken as baseline values. With these baseline values, individual animal body weight changes (in
%), as well as mean body weight changes of the groups were calculated for each monitored
time point post challenge using Microsoft Excel.

RSV plague assay. The numbers of plaques were counted in the well with the three highest

countable dilutions of virus. The average number of plaques adjusted by the dilution factor was
then multiplied by 10 to obtain the titer of the solution in pfu/ml and finally multiplied by 2 to

obtain the titer per lung.

RSV RT-gPCR. PCR amplifications were measured in real time using the ABI 7500 from

Applied Biosystems (Catalog No. 4351107) and analyzed using the System Software supplied
by Applied Biosystems. All values were compared to the L gene standard and were normalized
to the murine beta-actin determination for each sample.

Results

Analysis of the Humoral Immune Response: Analysis of RSV-Specific IgG Antibody Response

from Serum Samples. Sera were first analyzed with an ELISA based on the IBL-Hamburg kit

using plates coated only with recombinant RSV F and G proteins (Figure 2 and Figure 3). As
shown in Figure 2, similar RSV-specific IgG responses (ODs ranging between 0.870 and 1.347)
were observed with all three constructs (MVA-mBN199B, MVA-mBN201BAM2 and MVA-
mBN201B) after a single immunization and independent of the route used for immunization (s.c.
or i.n.). While the second immunization resulted in a 2.0- to nearly 3.5-fold increase in the
antibody response (ODs ranging between 2.627 to 3.407), the third s.c. injection had only a
minor effect on the B-cell response, producing an increase of approximately 0.500 OD units
compared to ODs after the second immunization. Similar results were obtained with an ELISA
based on the IBL Hamburg kit using plates coated only with recombinant RSV F protein (Figure
4).

After serial dilution of sera (1/100, 1/200 and 1/400) RSV F- and RSV G-specific ELISA results
showed that MVA-mBN199B, MVA-mBN201BAM2 and MVA-mBN201B induced similar RSV F-

and RSV G-specific IgG responses despite the additional expression of a truncated RSV F
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protein and a truncated RSV G protein by MVA-mMBN201BAM2 and MVA-mBN201B (Figure 3).
After two s.c. immunizations with the constructs, the B-cell response was still lower compared to
the immunization with RSV alone (positive control). To reach the level of antibody response
induced by two i.n. applications of RSV required a third s.c. immunization with the MVA-
mBNconstructs. In contrast, 2 i.n. immunizations with MVA-mBN199B and MVA-mBN201B
induced similar B-cell responses as two immunizations with RSV alone or 3 s.c. immunizations
with MVA-mBN199B, MVA-mBN201BAM2 and MVA-mBN201B, when analyzed with ELISA
based on the IBL Hamburg kit (Figure 3).

When sera were analyzed again by ELISA based on the Serion kit using plates coated with an
RSV lysate, again no differences between MVA-mBN199B, MVA-mBN201BAM2 and MVA-
mBN201B were found. No differences between 2 and 3 immunizations, or between the s.c. and
i.n. routes of administration were observed either. In addition, the responses were all lower than

the antibody response induced by 2 i.n. applications of RSV (Figure 5).

Analysis of RSV-Specific IgA Antibody Responses. RSV F- and RSV G-specific IgA (based on
the IBL Hamburg kit) was measured in BAL fluid 4 days post-challenge (Day 53). In addition,

also BAL and sera for RSV F- and RSV G-specific IgG by ELISA were analyzed. Results were
compared to the results obtained in sera just before challenge (Day 48) and are shown in Figure
6.

As expected, IgA responses were detected only after i.n. application with RSV, MVA-mBN199B
and MVA-mBN201B. Although IgG could also be detected in the BAL, IgA was detected at a
higher level after i.n. application. Serum levels of IgA were much lower than IgG levels
independent of the route of application.

Analysis of RSV-Specific Cellular Immune Responses. T-cell responses were analyzed in the
spleen by ELISPOT two weeks after the last immunization (Figure 7). MVA-mBN199B
administered by the i.n. or s.c. route induced a strong RSV-F specific T-cell response. This

immune response was mainly directed against the RSV-F-specific peptide RSV-2, which is
immunodominant in the absence of RSV-M2. The response was around 2000 spots per 10°
splenocytes after the 2™ s.c. immunization, and around 4000 after the 3" s.c. injection or 2™
intranasal application. Similar to the response to RSV intranasal applications, a low G-specific
response to peptide RSV-4 was detected after immunization with MVA-mBN199B
(approximately 500 spots per 10° splenocytes) and as expected, MVA-mBN199B did not induce

56



10

15

20

25

30

WO 2014/019718 PCT/EP2013/055483

M2-specific T-cells. The M2 peptide is the immuno-dominant peptide of RSV in mice.
Consequently, RSV intranasal immunizations induced a good M2-specific T-cell response
above 1000 spots per 10° splenocytes and almost no F-specific T-cell response.

Like MVA-mBN199B, MVA-mBN201B induced a strong T-cell response, but it was dominated
by M2 (above 4000 spots per 10° splenocytes independent of the number of doses
administered or the route of administration). Even the G-specific response induced by MVA-
mBN201B was at least 3-fold higher than the G-specific response induced by MVA-mBN199B
or RSV. In contrast to MVA-mBN199B, the F-specific response induced by MVA-mBN201B was
much lower, with less than 600 spots per 10° splenocytes for the RSV-2 peptide.

RSV Challenge with RSV A2 Strain. Mice were challenged intranasally with 10° pfu of RSV(A2)
two weeks after the last immunization. Body weight was monitored daily. Four days post

challenge, mice were sacrificed. After lung lavage with 1 ml PBS, lungs were removed and the
RSV load in lung was determined by plaque assay and RT-qPCR conducted as described
above.

Body weight changes. All mice lost weight one day post-challenge, most probably due to

anesthesia or the i.n. challenge itself (Figure 8). TBS-treated mice started to significantly lose
weight 4 days post-RSV challenge. In contrast, mice that received RSV intranasally for the third
time did not show body weight loss. All mice immunized s.c. with MVA-mBN199B, MVA-
mBN201B or MVA-mBN201BAM2 lost about 20% weight 4 days post challenge. Such weight
loss was described earlier by Olszewska et al. (Vaccine 23:215 (2004)). However our RT-gPCR
results (Figure 10) show that it correlates to a better protection and earlier elimination of RSV
from lung via the vaccine-primed CTL response compared to the normal clearance of primary
RSV infection. When applied i.n., MVA-mBN201B immunized mice had a similar weight loss
than s.c. immunized mice 2 days post-challenge, but had recovered 4 days post-challenge due
to the low RSV load in lungs compared to the s.c. route(Figure 10). Like the RSV-immunized

group, mice immunized i.n. with MVA-mBN199B showed no weight loss.

RSV Load Measured by Plaque Assay. Four days post challenge an average of 57671 pfu per

lung for the non-immunized mice was detected (Figure 9). As in the RSV-immunized control
group, no RSV A2 plaques were detected in the lungs of animals immunized with MVA-
mMmBN199B, MVA-mBN201B or MVA-mBN201BAM2 after 2 s.c. or i.n. applications.
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RSV Load Measured by Quantitative Real-Time PCR. The RSV load in lung was also analyzed

by RT-gPCR (Figure 10). While RSV was not detected by plaque assay in any of the vaccinated
mice, RSV genomes were still detectable in mice immunized three times with MVA-mBN199B.
After 3 immunizations with MVA-mBN199B, the RSV load was 38 times lower compared to the
TBS control group. RSV genomes were also detectable after three immunizations with MVA-
mBN201B but the load was 158 times lower compared to the TBS control group. There was no
major difference between mice immunized two or three times. Interestingly, the decrease in the
RSV load observed with MVA-mBN201B was not observed after vaccination with
MVA-mBN201BAM2 which was in absence of M2 equivalent to MVA-mBN199B.

Nearly complete protection comparable that obtained in the group treated with RSV was
observed after i.n. immunization with MVA-mBN201B, although a few copies of the L gene were
still detectable in one mouse out of five. Intranasal immunization with MVA-mBN199B also
induced a strong decrease in the RSV load, but the L gene was still detected at a low level in

three mice out of four.

Discussion and Conclusions

Although MVA-MmBN201B expresses truncated versions of RSV F and G proteins in addition to
the full-length RSV F and G proteins also included in the MVA-mBN199B construct, MVA-
mBN201B induced a humoral immune response of similar magnitude. Both constructs induced
an antibody response directed mostly against the RSV F protein as judged by similarly good
responses measured in the RSV F-only ELISA compared to the RSV F and G ELISA. The
antibody level following two i.n. applications was higher than after two s.c. applications. A third
s.c. application was required to reach the antibody response level induced by two i.n.
applications. In contrast, no major differences were observed in the T-cell responses induced
using the s.c. versus i.n. routes, or using 2 versus 3 s.c. applications. However, MVA-mBN199B
induced a good RSV F-specific cellular response, whereas a strong M2-specific T-cell response
with MVA-mBN201B was observed. The RSV G-specific response induced by MVA-mBN201B
was also more pronounced compared to MVA-mBN199B. The pattern of T-cell response
induced by MVA-mBN201B was similar to the T-cell response induced by RSV immunization,

albeit much higher.

Independent of the routes or the number of applications, both constructs protected mice from
challenge with RSV(A2), and no replicating virus could be recovered from the lungs. However,
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as previously observed, s.c. immunizations with MVA-mBN199B or MVA-mBN201B did not
result in sterile immunity (i.e., immunity which persists even after the targeted infectious agent is
cleared from the body). The genomic RSV load (measured by levels of the viral RNA
polymerase (L) gene) in the lungs of mice immunized by s.c. application of MVA-mBN199B or
MVA-mBN201B was significantly reduced but still detectable by quantitative RT-PCR, and a
third s.c. immunization had no beneficial impact on viral load despite its increase in RSV-
specific IgG levels. The reduction in RSV L protein expression was a little more pronounced
after vaccination with MVA-mBN201B compared to MVA-mBN199B, which might be due to the
increased M2-specific CD8+ T-cell response, as the RSV genomic load was higher in animals
vaccinated with MVA-mBN201BAM2 than for animals vaccinated with MVA-mBN201B, like
MVA-mBN199B.

Sterile immunity was almost obtained after two i.n. applications of MVA-mBN199B or MVA-
mBN201B. This observation correlated with the induction and secretion of RSV-specific IgA at

the mucosal infection site.

Example 3: Safety of Recombinant MVA Vaccines Expressing RSV _F Protein, RSV G
Protein, RSV N Protein, and RSV M2 Protein, compared to FI-RSV.

Vaccine candidate MVA-mBN199B encodes the glycoprotein (G) and the fusion (F) protein of
RSV, while MVA-mBN201B express truncated versions of F and G in addition to full-length
proteins, the nucleocapsid protein (N) and the matrix protein (M2) of RSV (see Figure 1). The
objective of these experiments was to analyze the safety of MVA-mBN199B and MVA-
mBN201B compared to FI-RSV after two immunizations via the subcutaneous (s.c.) or

intranasal (i.n.) routes of administration.

The safety of these constructs was tested using an RSV(A2) challenge model in BALB/c mice.
Two immunizations with MVA-mBN199B or MVA-mBN201B did not induced increased IL4 and
IL5 secretion in BAL following RSV(A2) challenge, compared to FI-RSV.

Study Design

Mice were treated twice three weeks apart subcutaneously (s.c.) or intranasally (i.n.) with 1x10®
TCIDso MVA-mBN199B (Groups 3 and 4), 1x10® TCIDs, MVA-mBN201B (Groups 5 and 6)
according to Table x. The three control groups were treated (s.c.) twice with TBS (Group 1) or
i.n. with RSV (Group 2) or i.m. with 30ug FI-RSV(Group 7), according to Table x. On Day 35,
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mice were challenged (i.n.) with 10° pfu RSV A2. Four days post challenge, mice were
sacrificed by injection of an elevated dose of Ketamine-Xylazine and end-bled. After lung

lavage, IL4 and IL5 level were analyzed in BAL by ELISA.

Table 4: Experimental Design

Administration of Test or Reference ltems
Group Dose Challenge
Group Size | Injections (Sgl;e)do/ule Route | per (Day)%, #
y)ve Injection
1 5 TBS S.C. n.a.
2 5 RSV i.n. 10° pfu
5 1x108
MVA- S.C. TCIDsg
4 5 mBN199B i 1x10°
Oand21 | Tk TCIDso | 35
5 5 1x10°
MVA- S.C. TCIDsg
5 5 mBN201B - 1x10°
o TCIDsg
7 5 FI-RSV im. | 30ug

% Relative to the first immunization.

# Mice were challenged by the intranasal route with 10° pfu of RSV A2. Four days after
challenge, mice were bled and sacrificed under anesthesia. BAL fluid were sampled.

Study Schedule. The schedule of the in-life phase is summarized in Table y.

Table 5: Study schedule of the In-life Phase

e
Day’ | Procedures
Arrival and import in animal facility of BALB/c mice, cage card

-9 . . .

allocation and allocation of 5 mice per cage
-1 Ear clipping, inclusion/exclusion examination of all mice
0 1* administration of mice

21 2" administration of mice
35 RSV(A2) Challenge

39 Final bleed, sacrifice & sampling of BAL
** Relative to the day of the 1% immunization.

Material and methods

Experimental Animals. female BALB/cJ Rj (H-2d) mice at the age of seven weeks were obtained

from Janvier (Route des Chénes Secs, F-53940 Le Genest-Saint-Isle, France). All mice were

specific pathogen free.
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Housing. The study was performed in room 117 of the animal facility at Bavarian Nordic-
Martinsreid. This unit was provided with filtered air at a temperature of 20-24°C and a relative
humidity between 40% and 70%. The room was artificially illuminated on a cycle of 14 hours of
light and 10 hours of darkness. The study acclimatization period was 15 days. . The animals
were housed in transparent SealSafe™-cages (H Temp [polysulfon] cage Type Il L — Euro
standard), with a floor area of 530 cm?. The cages were covered with an H-Temp SealSafe™ lid.
The cages were placed in a TECNIPLAST-IVC SealSafe™ system with a SLIMLine™ circulation
unit providing every single cage separately with HEPA-filtered air. Animal bedding was changed

once a week.

Diet and water. Mice were provided with free access to irradiated maintenance diet (SSNIFF
R/M-H, irradiated, V1534-727) and water (autoclaved at 121°C for 20 minutes).

Pre-Treatment Procedures: Identification of Animals. To individually mark animals within each

cage, ear punching was done according to standard procedures.

Inclusion/Exclusion Examination. Inclusion/exclusion examination was done according to

standard procedures.

Blood Sampling for Pre-bleed. Blood samples of approximately 150 ul were obtained by facial

vein puncture according to standard procedures. Blood samples were fransferred to the
laboratory for further processing according to standard procedures.

Treatment Procedures: Preparation and administration of Test Items and Reference Item.

Preparation and administration of test and reference items was performed in a class |l
microbiological safety cabinet (HERAsafe®/class Il type H, Kendro) according to standard
procedures. Briefly, for s.c. administration, recombinant MVAs were diluted in TBS to obtain a
working solution with a concentration of 2x10% TCIDs¢/ml. 1x10® TCIDs, in 500ul was injected
s.c. according to standard procedures. For i.n. administration, recombinant MVAs were diluted
in TBS to obtain a working solution with a concentration of 2x10° TCIDso/ml. 50 pl of the diluted
viruses was administered in one nostril of anesthetized (Xylazine/Ketamine) mice according to
standard procedures. 500ul TBS was administered s.c. according to standard procedures.

Preparation and Administration of RSV(A2) Virus. The RSV stock vial was thawed and used as

quickly as possible due to virus instability (maximal 15 minutes on ice). Virus was kept on ice at
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all times and used immediately to challenge anaesthetized (Xylazine/Ketamine) mice with 100 pl
of the neat virus solution by the intranasal route according to standard procedures.

Preparation and Administration of FI-RSV. 30ug FI-RSV in 40pl was injected intramuscularly.

Euthanasia. On Day 35, the remaining mice received a double dose of Ketamine-Xylazine by
intra-peritoneal injection and euthanasia was done by cutting the aorta within the peritoneal
cavity.

Lung Lavage. Bronchoalveolar lavage (BAL) fluid was collected by flushing the lungs 4 times
with 1 ml of PBS.

Analysis

IL-4 and IL-5 levels were measured in bronchoalveolar lavage (BAL) supernatant using
commercially available ELISA kits (mIL4 PLATINUM ELISA from eBIOSCIENCE Cat N°
BMS613 and READY-SET-GO MIL-5 ELISA from eBIOSCIENCE Cat N° 88-7054-22).

Study Documentation. An in-life phase flow chart was prepared to collect all information during

the individual steps of the in-life phase. In addition, mouse- or cage-specific information was
recorded on the corresponding cage card. Cage cards are not considered as study raw data but
a requirement from the Government of Upper Bavaria.

An analysis phase flow chart was prepared to collect all information during the individual steps
of the analysis phase. Assays were documented in assay-specific test records or Laboratory
Note Books; cross-references were documented in the analysis phase flow chart. All assay
documentation including raw data was reviewed according to standard procedures. In addition,

sample tracking sheets for serum samples were prepared according to standard procedures.

Data Processing. The raw data were transferred into the corresponding Excel files for further

analysis according to standard procedures.

ELISA. Cytokine concentrations were determined from the standard curve of the respective
ELISA kits.
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Results

An increase of IL-4 (Figure 11) and IL-5 (Figure 12) production like that observed with FI-RSV
was not observed for MVA-mBN199B or MVA-mBN201B. Both cytokines were below the
detection level when mice were immunized i.n. with MVA-mBN199B or MVA-mBN201B.

Discussion and Conclusions

Both MVA-mBN199B and MVA-mBN201B do not induce enhanced disease compared to FI-
RSV as assessed by TH2 response.

Example 4: Comparison of Immunogenicity Efficacy and Safety of different Recombinant
MVA Vaccines Expressing RSV F Protein, RSV G Protein, RSV N Protein, and RSV M2
Proteins.

Vaccine candidate MVA-mBN199B encodes the glycoprotein (G) and the fusion (F) protein of
RSV, MVA-mBN201B expresses truncated versions of F and G in addition to full-length
proteins, the nucleocapsid protein (N) and the matrix protein (M2) of RSV and MVA-mBN294B
expresses one F and and 2 G full-length proteins, the nucleocapsid protein (N) and the matrix
protein (M2) of RSV (see Figure 1). MVA-mBN294A is in an intermediate product in the cloning
MVA-mBN294B which still has one cloning cassette in. This cloning cassette does not impact
either transgene expression or the immunogenic properties of the transgenic proteins. The
objective of this experiment was to analyze the Immunogenicity, efficacy and safety of MVA-
mMBN294A compared to MVA-mBN199B and MVA-mBN201B after two immunizations via the

subcutaneous (s.c.) route of administration.

The immunogenicity efficacy and safety of these constructs was tested using an RSV(A2)
challenge model in BALB/c mice. We confirmed that despite the changes in MVA-MmBN294A
(equivalent to MVA-mBN294B) compared to MVA-mBN201B, it induced similar B- and T-cell
responses and offered similar protection. This experiment showed that any constructs (MVA-
mBN201B or MVA-mBN294A) expressing at least one antigenic determinant of an RSV
membrane glycoprotein (F or G) and at least one antigenic determinant of an RSV nucleocapsid
protein (N or M2) induces better protection than a construct expressing only antigenic
determinants of RSV membrane glycoproteins (MVA-mBN199B)
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Study Design

Mice were vaccinated (s.c.) with 1x10® TCIDs; MVA-mBN294A, MVA-mBN199B or MVA-
mBN201B in a prime-boost schedule (Day 0 and 21) according to Table 6. The control groups
were treated twice subcutaneously with TBS or with RSV-A2 according to Table 6. Formalin
Inactivated (FI)-RSV was injected intramuscularly (i.m.) either once or twice according to Table
6.

Blood was collected one day prior to each immunization and prior to challenge, as well as on
the day of sacrifice. For 5 animals of groups 1 to 5 on Day 34, RSV-specific IgG titers and RSV-
specific neutralizing antibody titers were determined by ELISA and PRNT respectively.

On Day 34, some mice (Table 6) were sacrificed by injection of a lethal dose of ketamine-
xylazine and final bleed. Spleens were removed and prepared for the analysis of RSV-specific T
cell responses by ELISPOT.

On Day 35, the remaining mice (Table 6) were challenged with 10° pfu RSV-A2. Four days post-
challenge, mice were sacrificed by injection of a lethal dose of ketamine-xylazine and final
bleed. After lung lavage, the lungs were removed and RSV load was analyzed by plaque assay
and RT-gPCR. Cellular infiltration and cytokines level in Bonchoalveolar lavage (BAL) fluids

were analyzed.

Table 6: Experimental Design

Administration of Test or Reference Items
Schedule
Group Bleed Challenge
Group for Dose per ) L2
Size Injections Route (Day) (Day) >
Injections Injection
(Day)'
-1, 20, 34 and
10 35
1 TBS s.C. - 39
5 -1, 20 and 34* -
-1, 20, 34 and
10 ) p 35
2 RSV 0 and 21 in. 10°pfu 39
5 -1, 20 and 34% -
-1, 20, 34 and
10 1x10° 35
3 MVA-mBN199B s.C. 39
TCIDsy 2
5 -1,20 and 34 -
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-1, 20, 34 and
10 35
4 MVA-mBN201B 39
5 -1, 20 and 34% -
-1, 20, 34 and
10 35
5 MVA-mBN294A 39
5 -1, 20 and 34% -
-1, 20, 34 and
10 35
6 FI-RSV im. 50ul 39
5 -1, 20 and 34% -
, -1, 20, 34 and
7 5 FI-RSV 0 im. 50ul 29 35

!: relative to the first immunization

*: Mice will be challenged by the intranasal route with 10° pfis of RSV-A2. Four days after challenge, mice will
be bled, sacrificed under anesthesia and BAL and lungs will be sampled

&: on Day 34, these mice will be sacrificed and spleens will be analyzed by ELISPOT

Study Schedule. The schedule of the in-life phase is summarized in Table 7.

Table 7: Study schedule of the Part 1 of the In-life Phase

Day' Procedures

9 Arrival and import in animal facility of BALB/c mice, cage card allocation
and allocation of 5 mice per cage

-1 Ear clipping, inclusion/exclusion examination of all mice

-1 Pre-bleed of all mice (facial vein puncture right side)

0 1* administration

20 Bleed of all mice (facial vein puncture left side)

21 2™ administration

34 Final bleed, sacrifice and sampling of spleen for cages B, D, F, H, K and M

34 Bleed of all remaining mice (retro-bulbar vein puncture right eye)

35 Challenge of all remaining mice

35

to Appearance and body weight measurement daily

39

39 Final bleed, sacrifice and sampling of BAL and lung of mice

! relative to the day of the 1% immunization

10 Material and methods
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Experimental Animals. female BALB/cJ Rj (H-2d) mice at the age of seven weeks were obtained

from Janvier (Route des Chénes Secs, F-53940 Le Genest-Saint-Isle, France). All mice were

specific pathogen free.

Housing. The study was performed in room 117 of the animal facility at Bavarian Nordic-
Martinsreid. This unit was provided with filtered air at a temperature of 20-24°C and a relative
humidity between 40% and 70%. The room was artificially illuminated on a cycle of 14 hours of
light and 10 hours of darkness. The study acclimatization period was 15 days. . The animals
were housed in transparent SealSafe™-cages (H Temp [polysulfon] cage Type Il L — Euro
standard), with a floor area of 530 cm?. The cages were covered with an H-Temp SealSafe™ lid.
The cages were placed in a TECNIPLAST-IVC SealSafe™ system with a SLIMLine™ circulation
unit providing every single cage separately with HEPA-filtered air. Animal bedding was changed

once a week.

Diet and water. Mice were provided with free access to irradiated maintenance diet (SSNIFF
R/M-H, irradiated, V1534-727) and water (autoclaved at 121°C for 20 minutes).

Pre-Treatment Procedures:

Identification of Animals. To individually mark animals within each cage, ear punching was done

according to standard procedures.

Inclusion/Exclusion Examination. Inclusion/exclusion examination was done according to

standard procedures.

Blood Sampling for Pre-bleed. Blood samples of approximately 150 ul were obtained by facial

vein puncture according to standard procedures. Blood samples were fransferred to the

laboratory for further processing according to standard procedures.

Treatment Procedures: Preparation and administration of Test Items and Reference Item.

Preparation and administration of test and reference items was performed in a class |l
microbiological safety cabinet (HERAsafe®/class Il type H, Kendro) according to standard
procedures. Briefly, for s.c. administration, recombinant MVAs were diluted in TBS to obtain a
working solution with a concentration of 2x10% TCIDs¢/ml. 1x10® TCIDs, in 500ul was injected
s.c. according to standard procedures. 500ul TBS was administered s.c. according to standard

procedures.
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Preparation and Administration of RSV(A2) Virus. The RSV stock vial was thawed and used as

quickly as possible due to virus instability (maximal 15 minutes on ice). Virus was kept on ice at
all times and used immediately to challenge anaesthetized (Xylazine/Ketamine) mice with 100 ul

of the neat virus solution by the intranasal route according to standard procedures.

Preparation and Administration of FI-RSV: 50ul of FI-RSV was applied i.m..

Post-Treatment Procedures:

Blood Sampling. Blood samples (approximately 150 pl) were obtained by retro-bulbar or facial

venous puncture (for details see Table 7) according to standard procedures. Blood samples
were transferred to the laboratory for further processing according to standard procedures.

Euthanasia. Mice received a double dose of Ketamine-Xylazine by intra-peritoneal injection and
euthanasia was done by cutting the aorta within the peritoneal cavity.

Spleen Removal. Spleens were removed aseptically. They were placed into tubes filled with

medium according to standard procedures. These tubes had been imported into the animal

facility and were then exported according to standard procedures.

Lung Lavage and Lung Removal. Bronchoalveolar lavage (BAL) fluid was collected by flushing

the lungs 4 times with 1 ml of PBS. The lungs were then removed and snap-frozen in two halves

in liquid nitrogen for subsequent plaque assay and RNA extraction.

Analysis:

Blood Sample Processing and Storage of Sera. Following transfer to the laboratory, the blood

samples were processed to serum according to standard procedures. After preparation the sera
were stored at -20°C (x 5°C) until required for analysis.

Analysis of RSV-Specific Antibody Titres from Serum Samples. The total RSV-specific 1gG

ELISA titres were determined from all serum samples using a modified ELISA kit (Serion ELISA
classic, Catalog No. ESR113G): Instead of the Alkaline Phosphatase-conjugated anti-human
IgG antibody supplied with the kit, an Alkaline Phosphatase-conjugated goat anti-mouse I1gG
(Serotec cat: 103004) was used as the secondary antibody.

Analysis of RSV-Specific neutralizing Antibody Titres from Serum Samples. Briefly, 2-fold serial

dilutions of the test sera were prepared and a defined number of RSV plaque forming units (pfu)
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were added to the serum dilution. After 185 min incubation at 36°C (£2°C) and 5% CO, (£1%).it
was added to pre-seeded plates containing Vero cells. Two days later plates were fixed,
immuno-stained with a mixture of RSV-specific antibodies and plaques were counted.

Analysis of RSV-Specific Cellular Immune Responses from Splenocytes. The RSV F- and RSV

M2-specific cellular responses were determined two weeks after the last administration by re-
stimulation of splenocytes with specific peptides as described elsewhere and detection of IFNy

release from the splenocytes by ELISPOT assay.

ELISPOT Assay Method. The Mouse IFN-Gamma-Kit (BD Biosciences, Catalog No. 551083)
was used for the ELISPOT assay. The assay was performed according to the manufacturer’s

instructions. Briefly, plates were coated with the capture antibody the day prior to splenocyte
isolation. After isolation, cells were transferred to the ELISPOT plates and stimulated with
different peptides (see Table 3) for 20 hours at 37°C. IFNy production was detected using the
detection antibody. Plates were developed using the BD™ ELISPOT AEC Substrate Set (BD

Biosciences, Catalog No. 551951) according to the manufacturer’s instructions.

ELISPOT Stimulation Plan. All conditions were tested in duplicate. RSV-2 and RSV-5 peptides

(see Table 8) were used at a final concentration of 5 ug/ml (1 ug/well) to stimulate 5x10° and
2.5x10° splenocytes per well. MVA (immunization control) was used at a Multiplicity of Infection
(MOI) of 10 to stimulate 5x10° and 2.5x10° splenocytes per well and Concanavalin A (ConA
[positive control]) was used at a final concentration of 0.5 pg/ml to stimulate 2.5x10°
splenocytes. As a negative control, 5x10° splenocytes were cultured in medium only (RPMI-
1640 supplemented with Glutamax, penicillin, streptomycin, 10% Fetal Calf Serum and 10°M R-
mercaptoethanol.

Table 8: RSV-Specific Stimulation

Peptide Name Specificity Peptide Sequence
RSV-2 F KYKNAVTEL (SEQ ID NO:20)
RSV-5 M2 SYIGSINNI (SEQ ID NO:27)

Analysis of BAL Fluid:

Two slides were prepared by cytospin centrifugation (800rpm, 5 minutes) of 100 ul of BAL fluid.
Slides were dried overnight and then stained. Slides were analyzed by microscopy to determine
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the percentage of eosinophils and neutrophils. The rest of the BAL was then be centrifuged
(12,000 rpm 5 minutes). After preparation, the BAL supernatants were stored at -20°C (£ 5°C)
until analysis. IL-4 and IL-5 levels were measured in bronchoalveolar lavage (BAL) supernatant
using commercially available ELISA kits (mIL4 PLATINUM ELISA from eBIOSCIENCE Cat N°
BMS613 and READY-SET-GO MIL-5 ELISA from eBIOSCIENCE Cat N° 88-7054-22).

Analysis of RSV load in the lung
The RSV load in the lung samples was determined by RSV plaque assay and by RT-gPCR.

RSV plague assay. One half each of the snap-frozen lungs was homogenized in 1 ml cold

medium using a French Press (Dulbecco's Modified Eagle Medium supplemented with 7% Fetal
Calf Serum). After a brief centrifugation, two tubes of each supernatant were titrated in two-fold
serial dilutions onto Vero cell monolayers grown in 48-well flat-bottomed plates. Six days later,
the monolayers were washed and fixed with 1% Formaldehyde. After 24 hours, the monolayers

were stained with 0.04% Neutral Red and plaques were counted.

RSV RT-gPCR. 100 ul of the homogenized lung tissue was removed immediately and RNA was
isolated using the RNeasy® Mini Kit from Qiagen (Catalog No. 74104). The reverse transcription
reaction was performed using the High Capacity RNA-to-cDNA Kit from Applied Biosystems
(Catalog No. 4387406). PCR specific for the RSV L gene was performed with the following
parameters in a thermal cycler: (1) 50°C for 2 minutes; (2) 95°C for 10 minutes; (3) 45 cycles of
(15 seconds at 95°C, 1 minute at 60°C) using the Universal PCR Master Mix from Applied
Biosystems (Catalog No. 4352042) and a mixture of three primers: (1) primer 1 (5-GAA CTC
AGT GTA GGT AGA ATG TTT GCA-3’; SEQ ID NO:36); (2) primer 2 (5-TTC AGC TAT CAT
TTT CTC TGC CAA T-3’; SEQ ID NO:37); and (3) probe 6 (5-TTT GAA CCT GTC TGA ACA
TTC CCG GTT-3’; (SEQ ID NO:38). Copy number was determined from a standard curve of
pMISC202 plasmid vector containing a fragment of the RSV L gene. Similar reactions for murine
beta-actin were used as internal controls for input cDNA using a VIC/MGB-labeled probe from
Applied Biosystems (Catalog No. 4351315).

Study Documentation.

An in-life phase flow chart was prepared to collect all information during the individual steps of
the in-life phase. In addition, mouse- or cage-specific information was recorded on the

69



10

15

20

25

WO 2014/019718 PCT/EP2013/055483

corresponding cage card. Cage cards are not considered as study raw data but a requirement
from the Government of Upper Bavaria.

An analysis phase flow chart was prepared to collect all information during the individual steps
of the analysis phase. Assays were documented in assay-specific test records or Laboratory
Note Books; cross-references were documented in the analysis phase flow chart. All assay
documentation including raw data was reviewed according to standard procedures. In addition,

sample tracking sheets for serum samples were prepared according to standard procedures.

Data Processing. The raw data were transferred into the corresponding Excel files for further

analysis according to standard procedures.
ELISA. Mean values of the OD and standard errors of the mean were calculated using Excel.

PRNT. Plaques were fransfer to a macro to calculate a PRNT titer according to standard

procedures.

ELISPOT. ELISPOT plates were read with a CTL reader according to the manufacturer's
instructions. The number of spot forming cells (SFC) was determined for each well and
transferred into an Excel file for further evaluation. From the incubation with 5x10° and 2.5x10°
cells per well, the number of spots per 1x10° splenocytes was calculated for each well. The
mean for the negative control was calculated and was subtracted from each individual value
prior to the calculation of the mean value per mouse to obtain the Stimulation Index (SI) value

(peptide-specific frequency of IFN-y releasing splenocytes) per mouse.

For the peptide stimulations, S| was obtained from the wells with 5x10°> and 2.5x10° cells,
except when the spots were too numerous to count or for the RSV immunized animals. In those
cases only the concentration 2.5%x10° was used. For MVA-BN stimulation, S| was obtained from
the wells with 5x10°, except when the spots were too numerous to count. In that case the
concentration 2.5x10° was used. Following determination of the Sl for individual animals, the
mean of SI (SFC per 1x10° splenocytes) and standard error of the mean (SEM) was calculated

per group.

RSV plague assay. The numbers of plaques were counted in the well with the three highest

countable dilutions of virus. The average number of plaques adjusted by the dilution factor was
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then multiplied by 10 to obtain the titer of the solution in pfu/ml and finally multiplied by 2 to
obtain the titer per lung.

RSV RT-gPCR. PCR amplifications were measured in real time using the ABI 7500 from

Applied Biosystems (Catalog No. 4351107) and analyzed using the System Software supplied
by Applied Biosystems. All values were compared to the L gene standard and were normalized

to the murine beta-actin determination for each sample.

Cytokines ELISA. Cytokine concentrations were determined from the standard curve of the

respective ELISA kits.

Results

Analysis of the Humoral Inmune Response:

For both RSV-specific IgG (ELISA, Figure 13) and RSV-specific neutralizing antibody responses

(PRNT, Figure 14) we did not observe any differences between the three constructs (MVA-
mBN199B, MVA-mBN201B and MVA-mMBN294A)

Analysis of the cellular Inmune Response:

As expected, MVA-mBN294A had a similar T-cell response pattern than MVA-mBN201B
(Figure 15), inducing both F and M2 specific responses dominated by the M2 T-cell response. In

contrast, MVA-mBN199B only induced a F-specific response but at a higher level than MVA-
mBN201B and MVA-mBN294A.

Analysis of the RSV load in the Lungs:

RSV Challenge with RSV A2 Strain. Mice were challenged intranasally with 10° pfu of RSV(A2)
two weeks after the last immunization. Four days post-challenge, mice were sacrificed. After

lung lavage with 1 ml PBS, lungs were removed and the RSV load in lung was determined by
plaque assay and RT-gPCR conducted as described above.

RSV Load Measured by Plaque Assay. Four days post challenge an average of 29842 pfu per

lung for the non-immunized mice was detected (Figure 16). As in the RSV-immunized control
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group, no RSV A2 plaques were detected in the lungs of animals immunized with MVA-
mMmBN199B, MVA-mBN201B or MVA-mBN294A after 2 s.c. applications.

RSV Load Measured by Quantitative Real-Time PCR. The RSV load in lung was also analyzed

by RT-gPCR (Figure 17). While RSV was not detected by plaque assay in any of the vaccinated
mice, RSV genomes were still detectable in mice immunized s.c. twice with MVA-mBN199B,
MVA-mBN201B or MVA-mBN294A. For MVA-mBN199B, the RSV load was 45 times lower
compared to the TBS control group. RSV genomes were also detectable for MVA-mBN201B
and MVA-mBN294A but the load was strongly reduced compared to MVA-mBN199B, 416 times

and 281 times lower compared to the TBS control group, respectively.

Analysis of the Enhanced Disease signs

In contrast to the batch of FI-RSV used in the experiments described in Example 3, the new
batch used in this study did not show any increase of IL-4 or IL-5 production. However we were
able with this batch to detect eosinophil and neutrophil infiltrations in the BAL fluid which is the
main hallmark of enhanced diseases for FI-RSV. No signs of enhanced diseases were
detectable for MVA-mBN199B, MVA-mBN201B, and MVA-mBN294A

Discussion and Conclusions

Despite the differences between MVA-mBN294A (equivalent to MVA-mBN294B) and MVA-
mBN201B, both induced similar B- and T-cell responses and offer similar protection without
inducing enhanced disease. Both constructs induced a better protection than MVA-mBN199B

which expressed only antigenic determinants of membrane glycoproteins (F and G).

Other embodiments of the invention will be apparent to those skilled in the art from
consideration of the specification and practice of the invention disclosed herein. It is intended
that the specification and examples be considered as exemplary only, with a true scope and
spirit of the invention being indicated by the following claims.
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10.

CLAIMS

. A recombinant modified vaccinia virus Ankara (MVA) comprising at least one nucleotide

sequence encoding an antigenic determinant of a respiratory syncytial virus (RSV)
membrane glycoprotein F encoding at least one of the amino acid sequences of SEQ ID
NO:4, 6 and 16 and at least one nucleotide sequence encoding the amino acid sequence
of SEQ ID NO:18, SEQ ID NO:33 and SEQ ID NO:10.

A recombinant modified vaccinia virus Ankara (MVA) of claim 1, wherein the at least one
nucleotide sequence encoding an antigenic determinant of the respiratory syncytial virus
(RSV) membrane glycoprotein F comprises the nucleotide sequence of SEQ ID NO:5.

The recombinant MVA of claims 1 - 2, wherein the nucleotide sequence encoding the amino
acid sequence of SEQ ID NO:18 comprises the nucleotide sequence of SEQ ID NO:17.

The recombinant MVA of claims 1 - 3 further comprising at least one nucleotide sequence
encoding an antigenic determinant of an RSV G membrane glycoprotein.

The recombinant MVA of claim 4, wherein the nucleotide sequence encoding an antigenic
determinant of the RSV G membrane glycoprotein is derived from RSV strain A, preferably
from strain A2, and/or B.

The recombinant MVA of claims 4 - 5, wherein the nucleotide sequence encoding an
antigenic determinant of the RSV G membrane glycoprotein comprises a nucleotide
sequence encoding the amino acid sequence selected from SEQ ID NO:2 and 8.

The recombinant MVA of claims 4 - 5, wherein the nucleotide sequence encoding an
antigenic determinant of the RSV G membrane glycoprotein comprises the nucleotide
sequence selected from SEQ ID NO:1 and 7.

The recombinant MVA of claims 4 - 5, further comprising an antigenic determinant of a
second RSV G membrane glycoprotein.

The recombinant MVA of claims 1 - 8, comprising a nucleotide sequence encoding an
antigenic determinant comprising SEQ ID NO:1 and 7 or encoding the amino acid
sequence of SEQ ID NO: 2 and 8.

A pharmaceutical composition and/or vaccine comprising the recombinant MVA of claims
1 - 9 and, optionally, a pharmaceutically acceptable carrier and/or diluent.
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11.

12.

13.

14.

15.

16.

17.

18.

The use of a recombinant MVA of claims 1 - 9 for the manufacture of a medicament for
treating or preventing RSV infection.

The use of a recombinant modified vaccinia virus Ankara (MVA) of claims 1 - 9 for the
manufacture of a medicament for treating or preventing an RSV infection by intranasal

administration.

The use of a recombinant modified vaccinia virus Ankara (MVA) of claims 1 - 9 for the
manufacture of a medicament for treating or preventing an RSV infection by subcutaneous
application.

The use of the recombinant MVA of claims 11 - 13 in a single dose or in multiple doses in
an immunologically naive human subject.

The use of the recombinant MVA of claim 12 solely by intranasal administration.

The use of the recombinant MVA of claims 11 - 15 in a human subject with more than 2
years of age.

The use of the recombinant MVA of claims 11 - 15 in @ human subject under 2 years of
age.
The recombinant MVA of claims 1 - 9, wherein the MVA used for generating the

recombinant MVA is MVA-BN or a derivative thereof.
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