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NOVEL RECOMBINANT PREFUSION RSV F PROTEINS AND USES THEREOF

The present invention relates to the field of vaccination against bovine respiratory syncytial

virus (bRSV), in particular the present invention relates to polypeptides, polynucleotides,

compositions, and uses thereof for eliciting an immune response to bovine respiratory

syncytial virus (bRSV).

Respiratory syncytial virus (RSV) is an enveloped non-segmented negative-strand RNA virus

in the family Paramyxoviridae, genus Pneumovirus. RSVs encode three envelope

glycoproteins, a small hydrophobic (SH) protein of unknown function, a glycoprotein (G)

known as attachment protein, and a fusion (F) glycoprotein (also referred to herein as "RSV F

protein" or "RSV F"). The RSV F protein is structurally similar to F proteins from other

Paramyxoviridae with respect to the location of hydrophobic domains, heptad repeats, and

cysteine residues, as well as to proteolytic activation resulting in the exposition of a

hydrophobic fusion peptide. The RSV F protein is responsible for virus entry and membrane

fusion. In nature, the RSV F protein is initially expressed as a single polypeptide precursor,

designated FO. The inactive precursor F0 trimerizes in the endoplasmic reticulum and is

cleaved by a cellular furin-like protease at two conserved sites into an N-terminal F2 subunit

and a C-terminal, membrane-anchored F 1 subunit carrying the fusion peptide. A peculiarity

of RSV F is cleavage at two neighboring multibasic cleavage motifs, resulting in release of a

peptide, pep27. The Pep27 polypeptide is excised and does not form part of the mature F

protein. The F2 polypeptide originates from the N-terminal portion of the F0 precursor and

links to the F 1 polypeptide via two disulfide bonds. The F 1 polypeptide originates from the

C-terminal portion of the F0 precursor and anchors the mature F protein in the membrane via

a transmembrane domain, which is linked to an -24 amino acid cytoplasmic tail. Three



protomers of the F2-F1 heterodimer assemble to form a mature F protein, which adopts a

metastable prefusion (pre-F) conformation that is triggered to undergo a conformational

change that fuses the viral and target-cell membranes. Due to its obligatory role i RSV entry,

the RSV F protein is the target of neutralizing antibodies and the subject of vaccine

development. In contrast to the pre-F form of RSV F, which is metastable and spontaneously

undergoes structural rearrangements to the post-fusion (post-F) form, the post-F form of RSV

F no longer presents epitopes for many potently neutralizing antibodies. Accordingly, most

potently neutralizing RSV antibodies identified thus far target the pre-fusion (pre-F) form of

the RSV fusion (F) glycoprotein (Ngwuta, J.O etal. Prefusion F-specific antibodies determine

the magnitude of RSV neutralizing activity in human sera. Sci TransIMed7 , 309ra1 62 (201 5);

Magro, M et al. Neutralizing antibodies against the preactive form of respiratory syncytial

virus fusion protein offer unique possibilities for clinical intervention. Proceedings of the

National Academy of Sciences of the United States of America 09, 3089-3094 (2012)).

hRSV is the most common cause of bronchiolitis and pneumonia among children in their first

year of life. RSV also causes repeated infections including severe lower respiratory tract

disease, which may occur at any age, especially among the elderly or those with

compromised cardiac, pulmonary, or immune systems. hRSV is responsible for over 3 million

hospitalizations for severe respiratory illness in young children and the elderly each year

(Borchers, AT., Chang, C , Gershwin, M.E. & Gershwin, L.J. Respiratory Syncytial Virus-A

Comprehensive Review. Clin Rev Allerg 'mmu 45, 331 -379 (201 3); Nair, H et al. Global

burden of acute lower respiratory infections due to respiratory syncytial virus in young

children: a systematic review and meta-analysis. Lancet375, 545-1 555 (201 0); Falsey, A.R.,

Hennessey, P.A., Formica, M.A., Cox, C. & Walsh, E.E. Respiratory syncytial virus infection

in elderly and high-risk adults. New EnglJ Meo '352, 1749-1 759 (2005)).

Currently, no licensed vaccine is available for hRSV. The infection cannot be avoided,

because RSV is ubiquitous in all parts of the world. In order to prevent severe illness caused

by RSV infection in infants with prematurity, bronchopulmonary dysplasia, or congenital

heart disease currently passive immunization by the monoclonal antibody Palivizumab

(SYNAGIS©; Medimmune, Inc.) is used. Palivizumab is moderately effective and binds to a

24-20 amino acid epitope on the RSV fusion (F) protein (RSV F). Accordingly, the interest in



developing a vaccine is high, in particular as the annual medical burden relating to hRSV has

remained high, equal to Influenza and Pneumococcus. However, despite continued interest

in this highly sought after vaccine, at present no vaccine is approved by the authorities. In

August 201 5, Novavax announced positive Top-Line data from Phase 2 HRSV F-Protein

Vaccine Clinical Trial in Older Adults. This was the first successful HRSV immunization Phase

2 trial for any population. However, in a Pivotal Phase 3 Trial of the HRSV FVaccine in Older

Adults Top Line results released in 20 Ί 6 failed to prove that the vaccine was effective in

preventing HRSV in older adults.

Recently, structure-based design was employed to engineer thermostable versions of the pre-

F hRSV F glycoprotein (McLellan, j.S et al. Structure-based design of a fusion glycoprotein

vaccine for respiratory syncytial virus. Science 342, 592-598 (20 3); Joyce, M.G et al.

Iterative structure-based improvement of a respiratory syncytial virus fusion glycoprotein

vaccine. Nature structural biology 23, 8 1-820 (201 6)), which preserve the pre-F

conformation and the associated target epitopes for highly potent neutralizing monoclonal

antibodies (mAbs) such as AM1 4 and D25 (Gilman, M.S.A et al. Characterization of a

Prefusion-Specific Antibody That Recognizes a Quaternary, Cleavage-Dependent Epitope on

the RSV Fusion Glycoprotein. PLoS pathogens , e 005035 (201 5); McLellan, J.S et al.

Structure of RSV fusion glycoprotein trimer bound to a prefusion-specific neutralizing

antibody. Science 340, 1 3-1 7 (201 3)). These immunogens were subsequently observed

to elicit high levels of neutralizing antibodies in immunized mice and non-human primates

(McLellan, J.S et al. Structure-based design of a fusion glycoprotein vaccine for respiratory

syncytial virus. Science 342, 592-598 (201 3); Joyce, M.G et al. Iterative structure-based

improvement of a respiratory syncytial virus fusion glycoprotein vaccine. Nature structural

biology 23, 8 1 -820 (201 6)).

Although promising hRSV-vaccine candidates have been evaluated in mouse, cotton rat, and

non-human primate (NHP) animal models, hRSV is only semipermissive in these animals and

thus does not authentically represent natural infection. Therefore, the absence of a relevant

animal model for hRSV has complicated assessment of promising hRSV-vaccine candidates.



However, human respiratory syncytial virus (hRSV) and bovine respiratory syncytial virus

(bRSV) are genetically and antigenically closely related (Taylor, G. Bovine Model of

Respiratory Syncytial Virus Infection. Curr Top Microbiol 372, 327-345 (201 3)) and cause

lower respiratory tract disease in humans and cattle, respectively. As clinical features after

infection are very similar for both viruses, the natural disease caused by bRSV is an important

animal model for a l aspects of hRSV infection (Collins, P. L , K. Mcintosh, and R. M . Chanock.

1996. Respiratory syncytial virus, p. 13 13-1 352. In . N . Fields, D. M . Knipe, P. M . Howley,

R. M . Chanock, J. L. Melnik, T. P. Monath, and S. E. Straus (ed.), Fields virology. Lippincott-

Raven, Philadelphia, Pa). Accordingly, bRSV infection in calves provides an opportunity to

monitor RSV pathogenesis and RSV vaccine effectiveness in a natural host (Graham, B.S.

Biological challenges and technological opportunities for respiratory syncytial virus vaccine

development. Immunol Rev239, 149-1 66 (201 1)).

Like infants, young calves are particularly vulnerable to bRSV, even in the presence of

moderate levels of maternal antibodies (Kimman, T.G., Zimmer, G.M., Westenbrink, F., Mars,

J. & Vanleeuwen, E. Epidemiological-Study of Bovine Respiratory Syncytial Virus-Infections

in Calves - Influence of Maternal Antibodies on the Outcome of Disease. Vet Rec 123, 04-

09 ( 988)), with prevalence rates of up to 70% in the first year of life (Sacco, R.E., McGill,

J.L., Pillatzki, A.E., Palmer, M.V. & Ackermann, M.R. Respiratory Syncytial Virus Infection in

Cattle. Vet Pathol 5 1, 427-436 (2014)).

Bovine respiratory syncytial virus (bRSV) is responsible for the majority of respiratory disease

in cattle annually, resulting in considerable morbidity and mortality and losses of approaching

$ 1 billion per year (Valarcher, J.F. & Taylor, G. Bovine respiratory syncytial virus infection.

VetRes 38, 153-1 80 (2007); Taylor, G. Bovine Model of Respiratory Syncytial Virus Infection.

Curr Top Microbiol 372, 327-345 (201 3); Sacco, R.E., McGill, J.L., Pillatzki, A.E., Palmer,

M.V. & Ackermann, M.R. Respiratory Syncytial Virus Infection in Cattle. Vet Pathol 5 , 427-

436 (201 4)).

Although several licensed vaccines are available for bRSV, low levels of maternal antibodies

against bRSV can mitigate vaccine response in calves (Kimman, T.G., Zimmer, G.M.,

Westenbrink, F., Mars, J. & Vanleeuwen, E. Epidemiological-Study of Bovine Respiratory



Syncytial Virus-Infections in Calves - Influence of Maternal Antibodies on the Outcome of

Disease. VetRecM3, 04- 09 ( 988); Kimman, T.G., Westenbrink, F. & Straver, P.J. Priming

for Local and Systemic Antibody Memory Responses to Bovine Respiratory Syncytial Virus -

Effect of Amount of Virus, Virus-Replication, Route of Administration and Maternal

Antibodies. Vet Immunol Immunop 22, 145-1 60 ( 989)). Inactivated bRSV vaccines may

enhance disease (Schreiber, P et al. High mortality rate associated with bovine respiratory

syncytial virus (BRSV) infection in Belgian White Blue calves previously vaccinated with an

inactivated BRSV vaccine. J VetMed 47, 535-550 (2000); Antonis, A.F.G et al. Vaccine-

induced immunopathology during bovine respiratory syncytial virus infection: Exploring the

parameters of pathogenesis. Journal of virology 77, 12067-12073 (2003)), live-attenuated

vaccines pose risks of reversion to virulence, and attenuation is generally associated with

reduced immunogenicity. Furthermore, live vaccines have the potential to exacerbate bRSV

disease if administered intramuscularly in the presence of a concurrent bRSV infection

(Kimman, T.G., Sol, J., Westenbrink, F. & Straver, P.J. A Severe Outbreak of Respiratory-Tract

Disease Associated with Bovine Respiratory Syncytial Virus Probably Enhanced by

Vaccination with Modified Live Vaccine. Vet Quart , 250-253 ( 989)).

In view of the above, it was an object of the present invention to overcome the drawbacks of

current vaccines for bRSV outlined above and to provide an improved vaccine against bRSV.

Such a vaccine preferably induces high-titer neutralizing responses and protection from viral

replication, lung inflammation and clinical signs of disease. Moreover, such a vaccine

preferably avoids vaccine-associated disease enhancement. The inventive vaccine may be

used in order to prevent and/or treat bRSV infection in cattle. In addition, it is also an object

of the present invention to provide an improved animal model of hRSV infection, which

authentically represents natural infection and vaccine responses. Moreover, it is also an object

of the present invention to provide a tool for diagnosis of bRSV.

This object is achieved by means of the subject-matter set out below and in the appended

claims.

Although the present invention is described in detail below, it is to be understood that this

invention is not limited to the particular methodologies, protocols and reagents described



herein as these may vary. It is also to be understood that the terminology used herein is not

intended to limit the scope of the present invention which will be limited only by the

appended claims. Unless defined otherwise, all technical and scientific terms used herein

have the same meanings as commonly understood by one of ordinary skill in the art.

In the following, the elements of the present invention will be described. These elements are

listed with specific embodiments, however, it should be understood that they may be

combined in any manner and in any number to create additional embodiments. The variously

described examples and preferred embodiments should not be construed to limit the present

invention to only the explicitly described embodiments. This description should be

understood to support and encompass embodiments which combine the explicitly described

embodiments with any number of the disclosed and/or preferred elements. Furthermore, any

permutations and combinations of all described elements in this application should be

considered disclosed by the description of the present application unless the context indicates

otherwise.

Throughout this specification and the claims which follow, unless the context requires

otherwise, the term "comprise", and variations such as "comprises" and "comprising", will be

understood to imply the inclusion of a stated member, integer or step but not the exclusion

of any other non-stated member, integer or step. The term "consist of" is a particular

embodiment of the term "comprise", wherein any other non-stated member, integer or step is

excluded. In the context of the present invention, the term "comprise" encompasses the term

"consist of". The term "comprising" thus encompasses "including" as well as "consisting" e.g.,

a composition "comprising" X may consist exclusively of X or may include something

additional e.g., X+ Y.

The terms "a" and "an" and "the" and similar reference used in the context of describing the

invention (especially in the context of the claims) are to be construed to cover both the

singular and the plural, unless otherwise indicated herein or clearly contradicted by context.

Recitation of ranges of values herein is merely intended to serve as a shorthand method of

referring individually to each separate value falling within the range. Unless otherwise

indicated herein, each individual value is incorporated into the specification as if it were



individual ly recited herei n. No language in the specification should be construed as

indicating any non-claimed element essential to the practice of the invention.

The word "substantial ly" does not exclude "completely" e.g., a composition which is

"substantial ly free" from Y may be completely free from Y. Where necessary, the word

"substantial ly" may be omitted from the defi nition of the invention.

The term "about" in relation to a numerical value x means x + 0%.

The term "disease" as used herei n is intended to be general ly synonymous, and is used

interchangeably with, the terms "disorder" and "condition" (as in medical condition), in that

al l reflect an abnormal condition of the human or animal body or of one of its parts that

impairs normal functioning, is typical ly manifested by disti nguishi ng signs and symptoms,

and causes the human or animal to have a reduced duration or qual ity of life.

As used herei n, reference to "treatment" of a subject or patient is intended to include

prevention, prophylaxis, attenuation, amel ioration and therapy. The terms "subject" or

"patient" are used interchangeably herei n to mean al l mammals includi ng humans. Examples

of subjects include humans, cows (cattle), dogs, cats, horses, goats, sheep, pigs, and rabbits.

Preferably, the subject is a cow (cattle).

As used herei n, a "neutral izing antibody" is one that can neutralize, i.e., prevent, inhibit,

reduce, impede or interfere with, the abi lity of a pathogen to initiate and/or perpetuate an

infection in a host. The terms "neutral izi ng antibody" and "an antibody that neutralizes" or

"antibodies that neutral ize" are used interchangeably herein.

Doses are often expressed in relation to the bodyweight. Thus, a dose which is expressed as

[g, mg, or other unit]/kg (or g, mg etc.) usual ly refers to [g, mg, or other unit] "per kg (or g, mg

etc.) bodyweight", even if the term "bodyweight" is not expl icitly mentioned.

The term "specifical ly bindi ng" and similar reference does not encompass non-specific

sticki ng.



The term "vaccine" as used herein is typically understood to be a prophylactic or therapeutic

material providing at least one antigen, preferably an immunogen. The antigen or immunogen

may be derived from any material that is suitable for vaccination. The antigen or immunogen

typically stimulates the body's adaptive immune system to provide an adaptive immune

response in particular, an "antigen" or an "immunogen" refers typically to a substance which

may be recognized by the immune system, preferably by the adaptive immune system, and

which is capable of triggering an antigen/immunogen-specific immune response, e.g. by

formation of antibodies and/or antigen-specific T cells as part of an adaptive immune

response. Typically, an antigen may be or may comprise a peptide or protein which may be

presented by the MHC to T-cells. Preferably, a vaccine is a pharmaceutical composition that

elicits a prophylactic or therapeutic immune response in a subject. In some cases, the immune

response is a protective immune response. Typically, a vaccine elicits an antigen-specific

immune response to an antigen of a pathogen, for example a viral pathogen, or to a cellular

constituent correlated with a pathological condition. A vaccine may include a polynucleotide

(such as a nucleic acid encoding a disclosed antigen), a peptide or polypeptide (such as a

disclosed antigen), a virus, a cell or one or more cellular constituents.

As used herein, "sequence variant" (also referred to as "variant") refers to any alteration in a

reference sequence, whereby a reference sequence may be any of the sequences listed in the

"Tables of Sequences and SEQ ID Numbers" (sequence listing), i.e. SEQ ID NO: 1 to SEQ ID

NO: 65. Thus, the term "sequence variant" includes nucleotide sequence variants and amino

acid sequence variants. Of note, the sequence variants referred to herein are in particular

functional sequence variants, i.e. sequence variants maintaining the biological function of,

for example, the immunogen. In the context of the present invention such a maintained

biological function is preferably the binding of the immunogen to an RSV F prefusion-specific

antibody and/or the ability of the vaccine to elicit an immune response in the subject, e.g. by

inducing antibodies against prefusion F RSV protein. Preferred sequence variants are thus

functional sequence variants having at least 70%, at least 75%, at least 80%, at least 85%, at

least 88%, at least 90%, at least 92%, at least 95%, at least 96%, at least 97%, at least 98%

or at least 99% sequence identity to a reference sequence. The phrase "functional sequence

variant thereof having at least 70%, at least 75%, at least 80%, at least 85%, at least 88%, at

least 90%, at least 92%, at least 95%, at least 96%, at least 97%, at least 98% or at least 99%



sequence identity", as used herein, means (i) that the sequence variant is functional as

described herein and (ii) the higher the % sequence identity, the more preferred the sequence

variant. In other words, the phrase "functional sequence variant thereof having at least 70%,

at least 75%, at least 80%, at least 85%, at least 88%, at least 90%, at least 92%, at least

95%, at least 96%, at least 97%, at least 98% or at least 99% sequence identity", means in

particular that the functional sequence variant has at least 70% sequence identity, preferably

at least 75% sequence identity, preferably at least 80% sequence identity, more preferably at

least 85% sequence identity, more preferably at least 88% sequence identity, even more

preferably at least 90 % sequence identity, even more preferably at least 92% sequence

identity, still more preferably at least 95% sequence identity, still more preferably at least

96% sequence identity, particularly preferably at least 97% sequence identity, particularly

preferably at least 98% sequence identity and most preferably at least 99% sequence identity

to the respective reference sequence. Alternatively, it is also preferred that a (functional)

sequence variant has at least 50%, preferably at least 60%, preferably at least 70%, preferably

at least 75%, more preferably at least 80%, more preferably at least 82%, even more

preferably at least 85%, even more preferably at least 87%, most preferably at least 90% or

particularly preferably at least 95% sequence identity to a reference sequence. The term

"sequence variant" includes in particular such variants that comprise mutations and/or

substitutions in comparison to the respective reference sequence.

Sequence identity is usually calculated with regard to the full length of the reference sequence

(i.e. the sequence recited in the application). In particular, sequence alignments are

performed such that the highest percentage of sequence identity is obtained. Percentage

identity, as referred to herein, can be determined, for example, using BLAST using the default

parameters specified by the NCBI (the National Center for Biotechnology Information;

http://www.ncbi.nlm.nih.gov/) [Blosum 62 matrix; gap open penalty=1 and gap extension

penalty=1].

As used herein, a "nucleotide sequence variant" has an altered sequence in which one or

more of the nucleotides in the reference sequence is deleted, or substituted, or one or more

nucleotides are inserted into the sequence of the reference nucleotide sequence. Nucleotides

are referred to herein by the standard one-letter designation (A, C, G, or T). Due to the



degeneracy of the genetic code, a "nucleotide sequence variant" can either result in a change

in the respective reference amino acid sequence, i.e. in an "amino acid sequence variant" or

not. Preferred sequence variants are such nucleotide sequence variants, which do not result

in amino acid sequence variants (silent mutations), but other non-silent mutations are within

the scope as well, in particular mutant nucleotide sequences, which result in an amino acid

sequence, which is at least 80%, preferably at least 90 %, more preferably at least 95%

sequence identical to the reference sequence.

An "amino acid sequence variant" has an altered sequence in which one or more of the

amino acids in the reference sequence is deleted or substituted, or one or more amino acids

are inserted into the sequence of the reference amino acid sequence. As a result of the

alterations, the amino acid sequence variant has an amino acid sequence which is at least

80% identical to the reference sequence, preferably, at least 90% identical, more preferably

at least 95% identical, most preferably at least 99% identical to the reference sequence.

Variant sequences which are at least 90% identical have no more than 0 alterations, i.e. any

combination of deletions, insertions or substitutions, per 00 amino acids of the reference

sequence.

While it is possible to have non-conservative amino acid substitutions, it is preferred that the

substitutions be conservative amino acid substitutions, in which the substituted amino acid

has similar structural or chemical properties with the corresponding amino acid in the

reference sequence. By way of example, conservative amino acid substitutions involve

substitution of one aliphatic or hydrophobic amino acids, e.g. alanine, valine, leucine and

isoleucine, with another; substitution of one hydoxyl-containing amino acid, e.g. serine and

threonine, with another; substitution of one acidic residue, e.g. glutamic acid or aspartic acid,

with another; replacement of one amide-containing residue, e.g. asparagine and glutamine,

with another; replacement of one aromatic residue, e.g. phenylalanine and tyrosine, with

another; replacement of one basic residue, e.g. lysine, arginine and histidine, with another;

and replacement of one small amino acid, e.g., alanine, serine, threonine, methionine, and

glycine, with another.



Amino acid sequence insertions include amino- and/or carboxyl-terminal fusions ranging in

length from one residue to polypeptides containing a hundred or more residues, as well as

intrasequence insertions of single or multiple amino acid residues. Examples of terminal

insertions include the fusion to the N- or C-terminus of an amino acid sequence to a reporter

molecule or an enzyme.

Importantly, the alterations in the sequence variants o not abolish the functionality of the

respective reference sequence, in the present case, e.g., the functionality of a sequence of an

immunogen, or of a fragment thereof, to bind to the same antibody and/or to elicit an immune

response. Guidance in determining which nucleotides and amino acid residues, respectively,

may be substituted, inserted or deleted without abolishing such functionality are found by

using computer programs well known in the art.

As used herein, a nucleic acid sequence or an amino acid sequence "derived from" a

designated nucleic acid, peptide, polypeptide or protein refers to the origin of the nucleic

acid, peptide, polypeptide or protein. Preferably, the nucleic acid sequence or amino acid

sequence which is derived from a particular sequence has an amino acid sequence that is

essentially identical to that sequence or a portion thereof, from which it is derived, whereby

"essentially identical" includes sequence variants as defined above. Preferably, the nucleic

acid sequence or amino acid sequence which i s derived from a particular peptide or protein,

is derived from the corresponding domain in the particular peptide or protein. Thereby,

"corresponding" refers in particular to the same functionality. For example, an "extracellular

domain" corresponds to another "extracellular domain" (of another protein), or a

"transmembrane domain" corresponds to another "transmembrane domain" (of another

protein). "Corresponding" parts of peptides, proteins and nucleic acids are thus easily

identifiable to one of ordinary skill in the art. Likewise, sequences "derived from" other

sequence are usually easily identifiable to one of ordinary skill in the art as having its origin

in the sequence.

Preferably, a nucleic acid sequence or an amino acid sequence derived from another nucleic

acid, peptide, polypeptide or protein may be identical to the starting nucleic acid, peptide,

polypeptide or protein (from which it is derived). However, a nucleic acid sequence or an



amino acid sequence derived from another nucleic acid, peptide, polypeptide or protein may

also have one or more mutations relative to the starting nucleic acid, peptide, polypeptide or

protein (from which it is derived), in particular a nucleic acid sequence or an amino acid

sequence derived from another nucleic acid, peptide, polypeptide or protein may be a

functional sequence variant as described above of the starting nucleic acid, peptide,

polypeptide or protein (from which it is derived). For example, in a peptide/protein one or

more amino acid residues may be substituted with other amino acid residues or one or more

amino acid residue insertions or deletions may occur.

As used herein, the term "mutation" relates to a change in the nucleic acid sequence and/or

in the amino acid sequence in comparison to a reference sequence, e.g. a corresponding

genomic sequence. A mutation, e.g. in comparison to a genomic sequence, may be, for

example, a (naturally occurring) somatic mutation, a spontaneous mutation, an induced

mutation, e.g. induced by enzymes, chemicals or radiation, or a mutation obtained by site-

directed mutagenesis (molecular biology methods for making specific and intentional

changes in the nucleic acid sequence and/or in the amino acid sequence). Thus, the terms

"mutation" or "mutating" shall be understood to also include physically making a mutation,

e.g. in a nucleic acid sequence or in an amino acid sequence. A mutation includes

substitution, deletion and insertion of one or more nucleotides or amino acids as well as

inversion of several successive nucleotides or amino acids. To achieve a mutation in an amino

acid sequence, preferably a mutation may be introduced into the nucleotide sequence

encoding said amino acid sequence in order to express a (recombinant) mutated polypeptide.

A mutation may be achieved e.g., by altering, e.g., by site-directed mutagenesis, a codon of

a nucleic acid molecule encoding one amino acid to result in a codon encoding a different

amino acid, or by synthesizing a sequence variant, e.g., by knowing the nucleotide sequence

of a nucleic acid molecule encoding a polypeptide and by designing the synthesis of a nucleic

acid molecule comprising a nucleotide sequence encoding a variant of the polypeptide

without the need for mutating one or more nucleotides of a nucleic acid molecule.



Immunogen

In a first aspect the present invention provides an immunogen comprising a recombinant RSV

F protein or a fragment thereof specifically binding to an RSV F prefusion-specific antibody,

wherein the recombinant RSV F protein or the fragment thereof comprises an F 1 polypeptide

and an F2 polypeptide of any RSV F protein characterized by the following substitutions at

amino acid positions corresponding to the following amino acid positions in SEQ ID NO: 1

as a reference sequence:

(i) S 55C and S290C substitutions, which form a non-natural disulfide bond;

(ii) a substitution at one or both of positions S 90 and V207 by amino acids selected

from the group consisting of F, L, W , Y, H, and M; and

(iii) a pair of substitutions forming a non-natural disulfide bond selected from the

group consisting of the following substitution pairs: Q98C and Q361 C, A149C

and Y458C, N 183GC and N428C, N88C and N254C, E92C and N254C, and

S238C and Q279C;

and wherein the recombinant RSV F protein or the fragment thereof does not comprise a

pep27 polypeptide.

In other words, the present invention provides an immunogen comprising an RSV F protein

antigen that is stabilized or "locked" in a prefusion conformation (also termed "PreF antigens"

or "PreF immunogens"). Using structure-guided design, positions of the RSV F 1 and F2

polypeptides are targeted for modification (e.g., amino acid substitution) to hinder or prevent

transition of the RSV F protein from a pre- to a postfusion conformation. Such

antigens/immunogens have utility, for example, as immunogens to induce a neutralizing

response to RSV F protein. The immunogen according to the present invention may be the

recombinant RSV F protein or the fragment thereof itself (i.e., without any additional

components), or it may comprise the recombinant RSV F protein or the fragment thereof and

further components. Such further components are preferably covalently linked to

recombinant RSV F protein or the fragment thereof. More preferably, such further components

are of (poly)peptidic nature and form a fusion construct (fusion protein) with the recombinant

RSV F protein or the fragment thereof. Examples of such further components include, e.g.,

purification tags, cleavage site and other components as described below.



As used herein (peptide and protein) "modifications" refer in particular to peptides, such as

the disclosed recombinant RSV F proteins stabilized in a prefusion conformation, which is

modified, for example by the amino acid substitutions outlined above as compared to a native

RSV protein sequence, and/or by a variety of chemical techniques to produce derivatives

having essentially the same activity and conformation as the unmodified peptides, and

optionally having other desirable properties. For example, carboxylic acid groups of the

protein, whether carboxyl-terminal or side chain, may be provided in the form of a salt of a

pharmaceutically-acceptable cation or esterified to form a G-Ci6 ester, or converted to an

amide of formula N R 1R 2 wherein R and R are each independently H or G -Ge alkyl, or

combined to form a heterocyclic ring, such as a 5- or 6- membered ring. Amino groups of the

peptide, whether ami no-terminal or side chain, may be in the form of a pharmaceutically-

acceptable acid addition salt, such as the HCI, HBr, acetic, benzoic, toluene sulfonic, maleic,

tartaric and other organic salts, or may be modified to G -C16 alkyl or dialkyl amino or further

converted to an amide. Hydroxyl groups of the peptide side chains can be converted to G -

C alkoxy or to a G-G & ester using well recognized techniques. Phenyl and phenolic rings

of the peptide side chains can be substituted with one or more halogen atoms, such as F, CI,

Br or , or with G-G alkyl, G-Gc, alkoxy, carboxylic acids and esters thereof, or amides of

such carboxylic acids. Methylene groups of the peptide side chains can be extended to

homologous C2-C4 alkylenes. Thiols can be protected with any one of a number of well-

recognized protecting groups, such as acetamide groups.

Accordingly, as used herein, an "immunogen" is typically able to elicit an immune response.

As used herein an "immunogen" is in particular a protein or a portion thereof that is capable

of inducing an immune response in a mammal (such as humans and cattle, preferably cattle),

such as a mammal infected or at risk of infection with a pathogen (such as hRSV or bRSV,

preferably bRSV). Administration of an immunogen can for example lead to protective

immunity and/or proactive immunity against a pathogen of interest.

The term "immune response" as used herein typically refers to a response of a cell of the

immune system, such as a B cell, T cell, or monocyte, to a stimulus. Preferably, the response

may be specific for a particular antigen (an "antigen-specific response"). An immune response



is preferably a T cel l response, such as a CD4+ response o r a CD8+ response. It is also

preferred that the immune response is a B cel l response, and results in the production of

specific antibodies. A "Th1 " immune response is in particular characterized by the presence

of CD4+ T helper cel ls that produce L-2 and IFN-y, and thus, by the secretion or presence of

IL-2 and IFN-y. In contrast, a "Th2" immune response is in particu lar characterized by a

preponderance of CD4+ helper cel ls that produce lL-4, lL-5, and IL-1 3.

The immunogens as disclosed herei n comprises a recombi nant RSV F protei n or fragment

thereof.

In general, an RSV Fusion (F) protei n (also referred to as "RSV F protei n" or "RSV F") is an

RSV envelope glycoprotein that faci litates fusion of viral and cel lular membranes. In nature,

the RSV F protei n is initially synthesized as a s ingle polypeptide precursor approximately 574

amino acids in length, designated FO. Examples of FO protei ns are known from many different

RSV subgroups, such as bRSV and hRSV. Ami no acid sequences of referred exemplary bRSV

FO protei ns are depicted in SEQ ID NO: 1 - 9.

bRSV 39 1-2 FO (GenBank Acc. No: AAA42808. 1) :

maatamrmi isi ifistymthitlcqniteefyqstcsavsrgylsalrtgwytsvvtielskiqknvckstdskvkl ikqelerynnavi

elqslmqnepasfsrakrgipelihytrnstkrfyglmgkkrkrrflgfl lgigsaiasgvavskvlhlegevnkiknal!stnkavvsls

ngvsvltskvldlknyidkel lpkvnnhdcrisnietviefqqknnrlleiarefsvnagittplstymltnsel lsl indmpitndqkkl

mssnvqivrqqsysimsvvkeeviayvvqlpiygvidtpcwklhtsplcttdnkegsnicltrtdrgwycdnagsvsffpqaetck

vqsnrvfcdtmnsltlptdvn lcntdifntkyclcki mtsktdisssvitsigaivscygktkctasnknrgii ktfsngcdyvsnkgvdt

vsvgntlyyvnklegkalyikgepi inyydplvfpsdefdasiaqvnaki nqslafi rrsdel lhsvdvgksttnvvittii ivivvvi lm

liavgl lfycktrstpimlgkdqlsgi nn lsfsk

[SEQ ID NO: 1]

bRSV ATue5 908 F0 (NCBI Reference Sequence: NP 48055.1)

mattammTi isi ifistyvthitlcqniteefyqstcsavsrgylsalrtgwytsvvtielskiqknvckstdskvkl ikqelerynnavve

Iqslmqnepasfsrakrgipel ihytrnstkkfygl mgkkrkrrflgfl lgigsavasgvavskvlhlegevnkiknal lstnkavvslsn

gvsvltskvldl knyidkellpqvnnhclcrisn ietviefqqknnrl leiarefsvnagittplstym ltnsel lsl indmpitndqkkl

mssnvqivrqqsysimsvvkeeviayvvqlpiygvidtpcwklhtsplcttdnkegsnicltrtdrgwycdnagsvsffpqtetck



vqsnrvfcdtmnsltlptdvnlcntdifntkydckimtsktdisssvitsigaivscygktkctasnknrgi i

vsvgntlyyvnklegkalyi kgepi inyydplvfpsdefdasiaqvnakinqslafirrsdel hsvclvgksttnvvitti iivivvvi lm

!iavgl Ifycktkstpi mIgkdqlsgi nn sfs

[SEQ D NO: 2]

bRSV RB94 FO (GenBank Acc. No: CAN90052 .1)

matttmrmi isi i ifiyvqhitlcqniteefyqsta

Iqslmqnepasssrakrgipel ihykrnstkkfyglmgkkrkrrflgfl lgigsaiasgvavskvlhlegevnkiknal lstnkavvsls

ngvsvltskvldlknyidkellpkvnnhdcqisniatviefqqknnrl leiarefsvnagittplstymltnsel s indmpitndqkk

Imssnvqivrqqsysimsvvkeevmayvvqlpiygvidtpcwkl htsplcttdnkegsnicltrtdrgwycdnagsvsffpqaet

ckvqsnrvfcdtmnsltlptdvnlcntdifnakydckimte^

dtvsvgntlyyvnklegkalyikgepi inyydplvfpsdefdasiaqvnaki nqslafirrsdel lhsvdvgksttnvvitti iivivvvi

mliavgl lfysktrstpimlgkdqlsgi nn Isfsk

[SEQ ID NO: 3]

bRSV RB94 F- FO (GenBank Acc. No: BAA00798. 1)

mattamrmiisi ifistyvth itlcqniteefyqstcsavsrgylsalrtgwytsvvtielskiqknvcnstdsnvkl ikqelerynnavv

elqslmqnepasssrakrgipel ihykrnstkkfyglmgkkrkrrflgfl lgigsaiasgvavskvl hlegevnkiknal lstnkavvsls

ngvsvltskvldlknyidkel lpkvnnhdckisniatviefqq knnille ia refsvnagitt p lstym ltnse llsl indmpitndqkkl

mssnvqivrqqsysimsvvkeevmayvvqlpiygvidtpcwklhtsplcttdnkegsnicltrtdrgwycdnagsvsffpqaetc

kvqsnrvfcdtmnsltlptdvn lcntdifnakydckimtsktdisssvitsigaivscygktkctasnknrgi iktfsngcdyvsnrgvd

tvsvgntlyyvnklegkalyi kgepi inyydplvfpsdefdasiaqvnaki nqslafirrsdel lhsvdvgksttnvvitti iivivvvi l

m liavgl lfysktrstpimlgkdqlsgi nn Isfsk

[SEQ ID NO: 4]

bRSV A5 908 FO (GenBank Acc. No: AAA42804. 1)

matttmrmi isi ilistyvphitlcqn iteefyqstcsavsrgylsalrtgwytsvvtielskiqknvcngtdskvkl ikqelerynnava

elqslmqneptsssrakrgipesihytrnstkkfyglmgkkrkrrflgfllgigsa iasgvavskvl hlegevnki knal lstnkavvsls

ngvsvltskvldlknyidkel lpkvnnhclcrisniatviefqqknnrl leiarefsvnagittplstymltnsel lsi indmpitndqkkl

msvcqivrqqsysimsvl reviayvvqlplygvidtpcwkl htsplcttdnkegsnicltrtdrgwycdnagsvsffpqaetckvqs

nrvfcdtmnsltlptdvnlcntdifnskydcki mtsktdisssvitsigaivscygktkctasnknrgi iktfsngcdyvsnkgvdtvsv



gntlyyvnklegkalyikgepiinyynplvfpsdefdasiaqvnakinqslatlrrsdellhsvdvgksttnvvittiiivi

gllfycktrstpimlgkdqlssinnlsfsk

[SEQ ID NO: 5]

bRSV A375 FO (GenBank Acc. No: ACL80037.1 )

mrmiisiilistyvphitlcqniteefyqstcsavsrgylsalrtgwytsvvtielskiqknvcngtdskvk!ikqelerynnavvelqs!

mqneptsssrakrgipesihytrnstkkfyglmgkkrkrrflgfllgigsaiasgvavskvlhlegevnkiknallstnkavvslsngvs

vltskvldlknyidkkllpkvnnhdcrisnietviefqqknnrlleiarefsvnagittplstymltnsellslindmpitndqkklmss

nvqivrqqsysimsvvkeeviayvvqlpiygvidtpcwkvhtsplcttdnkegsnicltrtdrgwycdnagsvsffpqaetckvqs

nrvfcdtmnsltlptdvnlcntdifntkydckimtsktdisssvitsigaivscygktkctasnknrgiiktfsngcdyvsnkgvdtvsv

gntlyyvnklegkalyikgepiinyynplvfgtyefdasiaqvnak

[SEQ D NO: 6]

bRSV FS1 FO (GenBank Acc. No: AAB28458.1)

mgttamrmvisiifistyvthitlcqniteefyqstcsavsrgy

Iqslmqnepasfsrakrgipelihyprnstkrfyglmgkkrkrrflgfllgigsaiasgvavskvlhlegevnkiknallstnkavvslsn

gvsvltskvldlknyidkellpkvnnhdcrisnigtviefqqknnrlleiarefsvnagittplstymltnsellslindmpitndqkkl

mssnvqivrqqsysimsvvkeeviayevqlpiygvidtpcwkihtsplcttdnkegsnicltrtdrgwycdnagsvsffpqaetck

vqsnrvfcdtmnsltlptdvnlcntdifntkydckimtsktdisssvitsigaivscygktkctasnknrgiiktfpigcdyvsnk^

vsvgntlyyvnklegkalyikgepiinyydplvfpsdefdasiaqvnakinqslafirrsdellhsvdvgksttnvvittiiivivvvilm

liavgllfycktrstpimigkdqlsginnlsfsk

[SEQ D NO: 7]

bRSV Snook F0 (GenBank Acc. No: CAA76980.1)

mattamtmiisiifistyvthitlcqniteefyqstcsavsrgylsalrtgwytsvvtielskiqknvckstdskvklikqelerynna

Iqslmqnepastsrakrsipelihytrnstkkfyglmgkkrkrrflgfllgigsaiasgvavskvlhlegevnkiknallstnkavvslsn

gvsvltskvldlknyidkellpkvnnhdcrisniatviefqqknnrlleiarefsvnagittplstymltnsellslindmpitndqkkl

mssnvqivrqqsysimsvvkeeviayvvqlpiygvidtpcwklhtsplcttdnkegsnicltrtdrgwycdnagsvsffpqaetck

vqsnrvfcdtmnsltlptdvnlcntdifntkydckimtsktdisssvitsigaivscygktkctasnknrgiiktfsngcdyvsnkgvdt

vsvgntlyyvnklegkalyikgepiinyydplvfpsdefdasiaqvnakinqslafirrsclellhsvdvgksttnvvittiiivivvvilm

liavgllfycktrstpimlgkdqlsginnlsfsk

[SEQ ID NO: 8]



bRSV ATCC51 908 FO (GenBank Acc. No: AAL49399.1 )

mattamrmiisiifistyvthitlcqniteefyqstcsavsrgylsalrtgwytsvvtielskiqknvcnstdskvkli

Iqslmqnepasfsrakrgipelihytrnstkkfyglmgkkrkrrflgfllgigsaiasgvavskvlhlegevnkiknallstnkavvslsn

gvsvltskvldlknyidkellpkvnnhdcriskietviefqqknnrlleiarefsvnagittplstymltnsellslindmpitndqkkl

mssnvqivrqqsysimsvvkeeviayvvqlpiygvidtpcwklhtsplcttdnkegsnicltrtdrgwycdnagsvsffpqtetck

vqsnrvfcdtmnsltlptdvnlcntdifntkydckimtsktdisssvitsigaivscygktkctasnknrgiikrfsngcd^

vsvgntlyyvnklegkalyikgepiinyydplvfpsdefdasiaqvnakinqslafirrsdellhsvdvgksttnvvittiiivivvvi

liavgllfycktkstpimlgkdqlsginnlsfsk

[SEQ D NO: 9]

FO includes an N-terminal signal peptide that directs localization to the endoplasmic

reticulum, where the signal peptide (approximately the first 25 residues of F0) is

proteolytically cleaved. The remaining F0 residues oligomerize to form a trimer which is again

proteolytically processed by a cellular protease at two conserved furin consensus cleavage

sequences to generate two disulfide-linked fragments, F and F2. The smaller of these

fragments, F2, originates from the N-terminal portion of the F0 precursor and includes

approximately residues 26-1 09 of F0. The larger of these fragments, F 1 , includes the C-

terminal portion of the F0 precursor (approximately residues 137-574) including an

extracellular/lumenal region (residues 137-524), a transmembrane domain (residues 525-

550), and a cytoplasmic domain (-residues 551-574) atthe C-terminus. Three F2-F1 protomers

oligomerize in the mature F protein, which adopts a metastable "prefusion" conformation that

is triggered to undergo a conformational change (to a "postfusion" conformation) upon contact

with a target cell membrane. This conformational change exposes a hydrophobic sequence,

known as the fusion peptide, which is located at the N-terminus of the F 1 polypeptide, and

which associates with the host cell membrane and promotes fusion of the membrane of the

virus, or an infected cell, with the target cell membrane.

A "recombinant RSV F protein" may be any RSV F protein, which does not occur in nature.

Accordingly, a "recombinant RSV F protein" typically has been modified from a native form,

for example in order to increase immunogenicity. For example, the "recombinant RSV F

protein" may be modified from the native RSV F protein to be stabilized in a prefusion



conformation. Specific modifications according to the present invention are described herein,

however, the "recombinant RSV F protein" may also differ in further aspects (not described

herein) from the native RSV F protein. Accordingly, the modifications in which a

"recombinant RSV F protein" differs from a native RSV F protein are not limited as long as the

"recombinant RSV F protein" is still capable of specifically binding to an RSV F prefusion-

specific antibody (and thus in particular of eliciting an immune response to prefusion RSV F).

A fragment of a recombinant RSV F protein refers to any fragment of the recombinant RSV F

protein comprising at least 10 (consecutive) amino acids of the recombinant RSV F protein.

Preferably, the fragment comprises at least 20 (consecutive) amino acids, preferably at least

30 (consecutive) amino acids, more preferably at least 40 (consecutive) amino acids, even

more preferably at least 50 (consecutive) amino acids, and most preferably at least 60

(consecutive) amino acids of the recombinant RSV F protein.

Typically, RSV F prefusion-specific antibodies specifically bind to ("recognize") an antigenic

site in the RSV F protein, which is only present in prefusion RSV F proteins, but not in

postfusion RSV F proteins. As used herein, in particular in the context of the formation of an

antibody : antigen protein complex, "specifically binding" refers to a binding reaction which

determines the presence of a target protein, peptide, or polysaccharide (for example a

glycoprotein), in the presence of a heterogeneous population of proteins and other biologies.

Thus, under designated conditions, an antibody binds preferentially to a particular target

protein, peptide or polysaccharide (such as an antigen present on the surface of a pathogen,

for example RSV F) and does not bind in a significant amount to other proteins or

polysaccharides present in the sample or subject. An antibody that specifically binds to the

prefusion conformation of RSV F protein (e.g., antibodies specifically binding to antigenic site

0 , the epitope recognized by antibody MPE8 or the epitope recognized by antibody AM1 )

does typically not specifically bind to the postfusion conformation of RSV F protein. Specific

binding can be determined by methods known in the art. With reference to an antibody:

antigen or Fab : antigen complex, specific binding of the antigen and antibody has in

particular a K (or apparent K ) of less than about 0 6 Molar, preferably less than about 10 7

Molar, more preferably less than about 0 Molar, even more preferably less than about 0

, and most preferably less than about 10 10 Molar.



As used herein, "RSV F protein prefusion conformation" (also referred to as "prefusion RSV F

protein" or "prefusion RSV F") refers to structural conformation adopted by the RSV F protein

prior to triggering of the fusogenic event that leads to transition of RSV F to the postfusion

conformation and following processing into a mature RSV F protein in the secretory system.

The three-dimensional structure of an exemplary RSV F protein in a prefusion conformation

is shown for example in Figure 3 a-c and 1 and described in Example 4 . In the prefusion

state, the RSV F protein includes an antigenic site at the membrane distal apex ("antigenic site

0 ", see Example 4), that includes RSV F residues 62-69 and 196-209, and also includes the

epitopes of the D25 and AM22 antibodies. However, the greatest structural differences

between hRSV and bRSV prefusion F proteins are observed in the residues 206 - 2 5 at the

apical loop between a4 and a5 near antigenic site 0 (Figure a, b, left panels), which is

also the region of highest sequence divergence (only approx. 50% identity) between hRSV

and bRSV. Therefore, antigenic-site-0 recognizing antibodies raised against hRSV prefusion

F protein (such as D25) may show a lower binding affinity to bRSV prefusion F protein than

to hRSV prefusion F protein. However, such antibodies still specifically bind to bRSV

prefusion F protein, even though their binding affinity may not be as high for bRSV prefusion

F protein as for hRSV prefusion F protein. Such species differences may be avoided by

antibodies binding to prefusion RSV F epitopes, which are more conserved, for example, the

epitopes recognized by antibodies MPE8 and AM14, respectively.

As used herein, a recombinant RSV F protein stabilized in a prefusion conformation can be

specifically bound by an antibody that is specific for the prefusion conformation of the RSV

F protein, such as an antibody that specifically binds to an epitope within antigenic site 0 ,

for example the D25 antibody, an antibody that specifically binds to an MPE8 epitope, for

example, the MPE8 antibody, and/or an antibody that specifically binds to an AM14 epitope,

for example, the AM1 4 antibody.

Preferably, the RSV F prefusion-specific antibody is selected from D25, AM14 and MPE8.

More preferably, the RSV F prefusion-specific antibody is AMI 4 and/or MPE8. In order to

determine whether the recombinant RSV F protein or the fragment thereof binds to an RSV F

prefusion-specific antibody, one or more of the above antibodies may be used.



MPE8 is a neutralizing monoclonal antibody that specifically binds to the prefusion

conformation of the RSV F protein, but not to the postfusion conformation of RSV F protein.

MPE8 is described in Corti et al. (Nature, 501 (7467)439-443, 201 3, incorporated by reference

herein in its entirety). MPE8 potently cross-neutralizes hRSV and hMPV as well as two animal

paramyxoviruses: bovine RSV (bRSV) and pneumonia virus of mice (PVM). The core epitope

of MPE8 was mapped on two highly conserved anti-parallel β-strands on the pre-fusion viral

F protein, which are rearranged in the post-fusion F protein conformation. Accordingly, the

MPE8 antibody binds to an epitope found on the pre- but not postfusion conformations of the

RSV F protein. The MPE8 epitope is not part of antigenic site 0 . The heavy and light chain

variable region sequences of the MPE8 antibody are set forth as SEQ ID NOs: 50 and 51,

respectively.

MPE8 Heavy Chain Variable region:

EVQLVESGGGLVKPGGSLRLSCAASGFTFSSYSMNWVRQAPGKGLEWVSSISASSSYSDYADS

AKGRFTISRDNAKTSLFLQMNSLRAEDTAIYFCARARATGYSSITPYFDIWGQGTLVTVSS

[SEQ ID NO: 50]

MPE8 Light Chain Variable region:

QSVVTQTPSVSGAPGQRVTISCTGSSSNIGAGYDVHWYQQLPGTAPKLLIYDNNNRPSGVPD

RFSASKSGTSASLAITGLQAEDEADYYCQSYDRNLSGVFGTGTKVTVL

[SEQ ID NO: 5 1]

AM1 4 is also a neutralizing monoclonal antibody that specifically binds to the prefusion

conformation of the RSV F protein, but not to the postfusion conformation of RSV F protein.

MPE8 is described in Gilman, M.S.A., et al. (PLoS pathogens 11, e1005035, 201 5,

incorporated by reference herein in its entirety). In contrast to other RSV F prefusion-specific

antibodies, which typically recognize epitopes present on monomers, AM 4 recognizes a

quaternary epitope that spans two protomers and includes a region that undergoes extensive

conformational changes in the pre- to postfusion F transition. AM1 4 specifically recognizes

trimeric furin-cleaved prefusion F. The epitope recognized by AM1 is located midway

between the membrane-proximal region and the apex of the prefusion F trimer. The epitope



is evenly distributed across two protomers. Thus, AMI 4 is trimer-specific and cleavage-

dependent. The heavy and light chain variable region sequences of the AM14 antibody are

set forth as SEQ ID NOs: 52 and 53, respectively.

AM 4 Light Chain Variable region:

DIQMTQSPSSLSASVGDRVTITCQASQDIKKYLNWYHQKPGKVPELLMHDASNLETGVPSRFS

GRGSGTDFTLTISSLQPEDIGTYYCQQYDNLPPLTFGGGTKVEIKR

[SEQ ID NO: 52]

AMI 4 Heavy Chain Variable region:

EVQLVESGGGVVQPGRSLRLSCAASGFSFSHYAMHWVRQAPGKGLEWVAVISYDGENTYYA

DSVKGRFSISRDNSKNTVSLQMNSLRPEDTALYYCARDRIVDDYYYYGMDVWGQGATVTVS

S

[SEQ ID NO: 53]

D25 is a neutralizing monoclonal antibody that specifically binds to the prefusion

conformation of the RSV F protein, but not the post fusion conformation of RSV F protein.

D25 protein and nucleic acid sequences are known, for example, the heavy and light chain

amino acid sequences of the D25 antibody are set forth in U.S. Pat. App. Pub. No.

2010/0239593, which is incorporated herein in its entirety; see also, Kwakkenbos etal., Nat.

Med., 40 6: 23-1 28, 2009). D25 specifically binds to a quaternary epitope (included on

antigenic site 0 ) found on the RSV F protein in its prefusion conformation, but not the post

fusion conformation. This epitope is included within RSV F positions 62-69 and 96-209, and

located at the membrane distal apex of the RSV F protein in the prefusion conformation. The

heavy and light chain variable region sequences of the D25 antibody are set forth as SEQ ID

NOs: 54 and 55, respectively.

D25 Light Chain Variable region:

DIQMTQSPSSLSAAVGDRVTITCQASQDIVNYLNWYQQKPGKAPKLLIYVASNLETGVPSRFS

GSGSGTDFSLTISSLQPEDVATYYCQQYDNLPLTFGGGTKVEIK

[SEQ D NO: 54]



D25 Heavy Chain Variable region:

QVQLVQSGAEVKKPGSSVMVSCQASGGPLRNYIINWLRQAPGQGPEWMGGIIPVLGTVHY

APKFQGRVTITADESTDTAYIHLISLRSEDTAMYYCATETALVVSTTYLPHYFDNWGQGTLVTV

SS

[SEQ D NO: 55]

Preferably, the RSV F prefusion-specific antibody, to which the immunogen specifically binds

to, is D25, MPE8 and/or AM . More preferably, the RSV F prefusion-specific antibody, to

which the immunogen specifically binds to, is MPE8 and/or AM .

The recombinant RSV F protein or the fragment thereof comprises an F 1 polypeptide and an

F2 polypeptide of any RSV F protein.

In general, the F 1 polypeptide and the F2 polypeptide of the recombinant RSV F protein are

typically (functional) sequence variants of the F 1 polypeptide and the F2 polypeptide,

respectively, of a native (naturally occurring) RSV F protein. Accordingly, the amino acid

sequence of the F polypeptide of the recombinant RSV F protein typically has at least 50%,

preferably at least 60%, preferably at least 70%, preferably at least 75%, more preferably at

least 80%, more preferably at least 82%, even more preferably at least 85%, even more

preferably at least 87%, most preferably at least 90% or particularly preferably at least 95%

sequence identity to the amino acid sequence of the F 1 polypeptide of a native (naturally

occurring) RSV F protein. Moreover, the amino acid sequence of the F2 polypeptide of the

recombinant RSV F protein typically has at least 70%, preferably at least 75%, preferably at

least 80%, more preferably at least 85%, more preferably at least 88%, even more preferably

at least 90 %, even more preferably at least 92%, still more preferably at least 95% sequence

identity and most preferably at least 98% sequence identity to the amino acid sequence of

the F2 polypeptide of a native (naturally occurring) RSV F protein. However, the amino acid

sequences of the F 1 polypeptide and the F2 polypeptide of the recombinant RSV F protein

differ at least in the specific mutations as described herein from the amino acid sequences of

the F 1 polypeptide and the F2 polypeptide of a native (naturally occurring) RSV F protein.



F 1 polypeptides and the F2 polypeptides of a native (naturally occurring) RSV F protein are

well known in the art. They may be readily identified, for example based on the amino acid

sequence of a native (naturally occurring) RSV FO protein (see, for example, SEQ D NOs: 1

- 9).

In general, an RSV F 1 polypeptide (F1 ) is a peptide chain of the RSV F protein. As used herein,

"F1 polypeptide" refers to both native F polypeptides and Fl polypeptides including

modifications (e.g., amino acid substitutions, insertions, or deletion) from the native

sequence, for example, modifications designed to stabilize a recombinant F protein (including

the modified F 1 polypeptide) in a RSV F protein prefusion conformation. Typically, native F 1

includes approximately residues 137-574 of the RSV FO precursor, and includes (from N- to

C-terminus) an extracellular/lumenal region (residues 137-524), a transmembrane domain

(residues 525-550), and a cytoplasmic domain (residues 551-574). Typically, the F 1

polypeptide of a recombinant RSV F protein is modified from a native F 1 sequence, for

example an F 1 polypeptide that lacks the transmembrane and cytosolic domain, and/or

includes one or more amino acid substitutions that stabilize a recombinant F protein

(containing the F 1 polypeptide) in a prefusion conformation. For example, a preferred

recombinant RSV F protein may include a F 1 polypeptide with cysteine substitutions at

positions 55, 290, and 361, a phenylalanine or a leucine substitution at position S 0 and

a leucine substitution at position V207. Such a F 1 polypeptide of a preferred recombinant

RSV F protein may further include a deletion of the transmembrane and/or cytosolic domains.

In addition, such a F 1 polypeptide of a preferred recombinant RSV F protein may also include

a C-terminal linkage to a trimerization domain as described herein. For example, another

preferred recombinant RSV Fprotein may include a F 1 polypeptide with cysteine substitutions

at positions 49, 55, and 458 a phenylalanine or a leucine substitution at position S 0 and

a leucine substitution at position V207. Such a F 1 polypeptide of a preferred recombinant

RSV F protein may further include a deletion of the transmembrane and/or cytosolic domains.

In addition, such a F 1 polypeptide of a preferred recombinant RSV F protein may also include

a C-terminal linkage to a trimerization domain as described herein. For example, another

preferred recombinant RSV Fprotein may include a F 1 polypeptide with cysteine substitutions

at positions 55, 183 and 428 a phenylalanine or a leucine substitution at position S 1 90 and

a leucine substitution at position V207. Such a F 1 polypeptide of a preferred recombinant



RSV F protein may further include a deletion of the transmembrane and/or cytosolic domains.

In addition, such a Fl polypeptide of a preferred recombinant RSV Fprotein may also include

a C-terminal linkage to a trimerization domain as described herein. Many examples of native

F 1 sequences are known which are provided herein as approximately positions 37-574 of

SEQ ID NOs: 1 - 9 .

RSV F2 polypeptide (F2) is typically a polypeptide chain of the RSV Fprotein. As used herein,

"F2 polypeptide" refers to both native F2 polypeptides and F2 polypeptides including

modifications (e.g., amino acid substitutions) from the native sequence, for example,

modifications designed to stabilize a recombinant F protein (including the modified F2

polypeptide) in a RSV F protein prefusion conformation. Native F2 includes approximately

residues 26-1 09 of the RSV F0 precursor. In native RSV Fprotein, the F2 polypeptide is linked

to the F 1 polypeptide by two disulfide bonds. Preferably, the F2 polypeptide of a recombinant

RSV F protein is modified from a native F 1 sequence, for example an F 1 polypeptide that

includes one or more amino acid substitutions that stabilize a recombinant F protein

(containing the F2 polypeptide) in a prefusion conformation. For example, a preferred

recombinant RSV F protein may include a F2 polypeptide with a cysteine substitution at

position 98. Many examples of native F2 sequences are known which are provided herein as

approximately positions 26-1 09 of SEQ ID NOs: 1-9.

In general, the F 1 polypeptide and the F2 polypeptide of the recombinant RSV F protein

comprise at least the following substitutions (in comparison to native RSV F0 proteins):

(i) a first pair of cysteines, which forms a non-natural disulfide bond, and which substitutes

an amino acid pair corresponding to S 55 and S290 in SEQ ID NO: ;

(ii) one or two amino acids selected from the group consisting of F, L, W , Y, H, and M,

which substitute one or both amino acids corresponding to S 90 and/or V207 in SEQ

ID NO: 1; and

(iii) a second pair of cysteines, which forms a non-natural disulfide bond, and which

substitutes an amino acid pair corresponding to one of the following amino acid pairs

of SEQ ID NO: 1: Q98 and Q361, A 149 and Y458, N 83 and N428, N88 and N254,

E92 and N254, and S238 and Q279.



Thereby, the (single) amino acid corresponding to Ν Ί 83 in SEQ D NO: 1 is preferably

substituted by the two amino acids GC (also referred to herein as " N 83GC").

Many examples of native FO sequences are known. Preferred examples thereof are provided

herein as SEQ D NOs: 1 - 9.

In general, the amino acid positions "S 55", "S290", "S 90", "V207", "Q98", "Q361 ",

"A149", "Y458", " N 83", "N428", "N88", "N254", "E92", "N254", "S238", "Q279"and the

like (or the amino acid positions in the terms " S 55C", "S290C", " S 90X", "V207X", "Q98C",

"Q361 C", "149C", "458C", " 183GC", "428C", "A1 49C", "Y458C", " N 83GC", "N428C",

"N88C", "N254C", "E92C", "N254C", "S238C", "Q279C" and the like) refer to the amino

acid sequence of bRSV strain 391 -2 F0 (SEQ ID NO: 1), which served herein as reference

sequence. I other words, the amino acid positions "S1 55", "S290", "SI 90", "V207", "Q98",

"Q361 ", "A1 49", "Y458", "N1 83", "N428", "N88", "N254", "E92", "N254", "S238",

"Q279"and the like (or the amino acid positions in the terms "S1 55C", "S290C", "S190X",

"V207X", "Q98C", "Q361 C", " 149C", "458C", " 183GC", "428C", "A149C", "Y458C",

"N1 83GC", "N428C", "N88C", "N254C", "E92C", "N254C", "S238C", "Q279C" and the

like) refer to the exact positions in the amino acid sequence of bRSV 391 -2 F0 (SEQ D NO:

1) . However, the mutations/substitutions outlined above (and described throughout the

present application) may be introduced into any F 1 and/or F2 polypeptide at positions

corresponding to the specifically mentioned positions in the reference sequence (SEQ ID NO:

1). The respective corresponding positions in other native RSV FO proteins (or in other F 1

and/or F2 polypeptides) may be easily identified by (i) aligning a query amino acid sequence

(of a native RSV F0 protein (or of any F1/F2 polypeptide) of interest) to the amino acid

sequence of bRSV 391 -2 F0 (SEQ ID NO: 1) and (ii) determining which amino acid position

in the native RSV F0 protein of interest (or in any F1/F2 polypeptide of interest) corresponds

according to said alignment to the position of interest in bRSV 391-2 F0 (SEQ D NO: 1) .

Thereby, sequence alignments are in particular performed such that the highest percentage

of sequence identity can be obtained.

In particular, the amino acid positions "S1 55", "S290", "SI 90", "V207", "Q98", "Q361 ",

"A1 49", "Y458", "N1 83", "N428", "N88", "N254", "E92", "N254", "S238", "Q279"and the



like (or the terms "S1 55C", "S290C", S190X", "V207X", "Q98C", "Q361 C", "149C",

"458C", 1 83GC", "428C", "A149C", "Y458C", "N1 83GC", "N428C", "N88C", "N254C",

"E92C", "N254C", "S238C", "Q279C" and the like) refer (i) to the outlined position in SEQ

D NO: 1 and (ii) also to the corresponding amino acid position in other RSV F0 proteins (or

other F1/F2 polypeptides).

The recombinant RSV F protein or the fragment thereof comprises at least two non-natural

disulfide bonds, namely (i) a first pair of cysteines, which forms a non-natural disulfide bond,

and which substitutes an amino acid pair corresponding to S 55 and S290 in SEQ ID NO: 1;

and (ii) a second pair of cysteines, which forms a non-natural disulfide bond, and which

substitutes an amino acid pair corresponding to one of the following amino acid pairs of SEQ

ID NO: : Q98 and Q361 , A 49 and Y458, N 83 and N428, N88 and N254, E92 and N254,

and S238 and Q279. Or, in other words, the recombinant RSV F protein or the fragment

thereof comprises at least two non-natural disulfide bonds, namely (i) a non-natural disulfide

bond formed by the cysteine pair introduced by S 1 55C and S290C substitutions and (ii) a

non-natural disulfide bond formed by the cysteine pair introduced by Q98C and Q361 C

substitutions, a non-natural disulfide bond formed by the cysteine pair introduced by 149C

and 458C substitutions (in particular by A 149C and Y458C substitutions), a non-natural

disulfide bond formed by the cysteine pair introduced by 83GC and 428C substitutions (in

particular by N 83GC and N428C substitutions), a non-natural disulfide bond formed by the

cysteine pair introduced by N88C and N254C substitutions, a non-natural disulfide bond

formed by the cysteine pair introduced by E92C and N254C substitutions, and/or a non-

natural disulfide bond formed by the cysteine pair introduced by S238C and Q279C

substitutions. In particular, (i) the non-natural disulfide bond formed by the cysteine pair

introduced by S 55C and S290C substitutions represents an intra-protomer disulfide bond;

and (ii) the non-natural disulfide bond formed by any of the cysteine pairs introduced by

Q98C and Q361 C substitutions, A 149C and Y458C substitutions, N 183GC and N428C

substitutions, N88C and N254C substitutions, E92C and N254C substitutions, or S238C and

Q279C substitutions represents an inter-protomer disulfide bond.

Preferably, the recombinant RSV F protein or the fragment thereof according to the present

invention comprises at least two non-natural disulfide bonds, namely (i) a non-natural



disulfide bond formed by the cysteine pair introduced by S 55C and S290C substitutions (i.e.

S 55C and S290C substitutions, which form a non-natural disulfide bond) and (ii) a non-

natural disulfide bond formed by the cysteine pair introduced by N88C and N254C

substitutions (i.e. N88C and N254C substitutions, which form a non-natural disulfide bond).

Preferably, the recombinant RSV F protein or the fragment thereof according to the present

invention comprises at least two non-natural disulfide bonds, namely (i) a non-natural

disulfide bond formed by the cysteine pair introduced by S 55C and S290C substitutions (i.e.

S 1 55C and S290C substitutions, which form a non-natural disulfide bond) and (ii) a non-

natural disulfide bond formed by the cysteine pair introduced by E92C and N254C

substitutions (i.e. E92C and N254C substitutions, which form a non-natural disulfide bond).

Preferably, the recombinant RSV F protein or the fragment thereof according to the present

invention comprises at least two non-natural disulfide bonds, namely (i) a non-natural

disulfide bond formed by the cysteine pair introduced by S 55C and S290C substitutions (i.e.

S 55C and S290C substitutions, which form a non-natural disulfide bond) and (ii) a non-

natural disulfide bond formed by the cysteine pair introduced by S238C and Q279C

substitutions (i.e. S238C and Q279C substitutions, which form a non-natural disulfide bond).

More preferably, the recombinant RSV F protein or the fragment thereof according to the

present invention comprises at least two non-natural disulfide bonds, namely (i) a non-natural

disulfide bond formed by the cysteine pair introduced by S 55C and S290C substitutions (i.e.

S 155C and S290C substitutions, which form a non-natural disulfide bond) and (ii) a non-

natural disulfide bond formed by the cysteine pair introduced by N 183GC and N428C

substitutions (i.e. N 183GC and N428C substitutions, which form a non-natural disulfide

bond).

Even more preferably, the recombinant RSV F protein or the fragment thereof according to

the present invention comprises at least two non-natural disulfide bonds, namely (i) a non-

natural disulfide bond formed by the cysteine pair introduced by S 1 55C and S290C

substitutions (i.e. S 55C and S290C substitutions, which form a non-natural disulfide bond)

and (ii) a non-natural disulfide bond formed by the cysteine pair introduced by A 49C and



Y458C substitutions (i.e. A149C and Y458C substitutions, which form a non-natural disulfide

bond).

Most preferably, the recombinant RSV F protein or the fragment thereof according to the

present invention comprises at least two non-natural disulfide bonds, namely (i) a non-natural

disulfide bond formed by the cysteine pair introduced by S 55C and S290C substitutions (i.e.

S 55C and S290C substitutions, which form a non-natural disulfide bond) and (ii) a non-

natural disulfide bond formed by the cysteine pair introduced by Q98C and Q361C

substitutions (i.e. Q98C and Q36 C substitutions, which form a non-natural disulfide bond).

Thus, the immunogen according to the present invention includes a recombinant RSV F

protein stabilized in a prefusion conformation by (at least) two non-natural disulfide bonds

formed by two pairs of cross-linked cysteine residues as described above. A non-natural

disulfide bond is one that does not occur in a native RSV F protein, and is introduced by

protein engineering (e.g., by including one or more substituted cysteine residues that form the

non-natural disulfide bond). For example, in some embodiments, any of the disclosed

recombinant RSV F protein is stabilized in a prefusion conformation by any one of 2, 3, 4, 5,

6, 7, 8, 9, or 0 disulfide bonds, each disulfide bond including a pair of cross-linked cysteine

residues.

Preferably, the recombinant RSV F protein is stabilized in a prefusion conformation by

(exactly) two pairs of non-natural cross-linked cysteine residues. For example, the

recombinant RSV F protein comprises preferably (exactly) two pairs of non-natural cross-

linked cysteine residues, namely (i) a non-natural disulfide bond formed by the cysteine pair

introduced by S 1 55C and S290C substitutions and (ii) a non-natural disulfide bond formed

by the cysteine pair introduced by 183GC and 428C substitutions (in particular by N 183GC

and N428C substitutions). Alternatively, the recombinant RSV F protein comprises preferably

(exactly) two pairs of non-natural cross-linked cysteine residues, namely (i) a non-natural

disulfide bond formed by the cysteine pair introduced by S 55C and S290C substitutions and

(ii) a non-natural disulfide bond formed by the cysteine pair introduced by 49C and 458C

substitutions (in particular by A 49C and Y458C substitutions). Alternatively, the recombinant

RSV F protein comprises preferably (exactly) two pairs of non-natural cross-linked cysteine



residues, namely (i) a non-natural disulfide bond formed by the cysteine pair introduced by

S 55C and S290C substitutions and (ii) a non-natural disulfide bond formed by the cysteine

pair introduced by N88C and N254C substitutions. Alternatively, the recombinant RSV F

protein comprises preferably (exactly) two pairs of non-natural cross-linked cysteine residues,

namely (i) a non-natural disulfide bond formed by the cysteine pair introduced by SI 55C and

S290C substitutions and (ii) a non-natural disulfide bond formed by the cysteine pair

introduced by E92C and N254C substitutions. Alternatively, the recombinant RSV F protein

comprises preferably (exactly) two pairs of non-natural cross-linked cysteine residues, namely

(i) a non-natural disulfide bond formed by the cysteine pair introduced by S 55C and S290C

substitutions and (ii) a non-natural disulfide bond formed by the cysteine pair introduced by

S238C and Q279C substitutions. Most preferably, the recombinant RSV F protein comprises

(exactly) two pairs of non-natural cross-linked cysteine residues, namely (i) a non-natural

disulfide bond formed by the cysteine pair introduced by S 55C and S290C substitutions and

(ii) a non-natural disulfide bond formed by the cysteine pair introduced by Q98C and Q361C

substitutions.

It is also preferred that the recombinant RSV Fprotein is stabilized in a prefusion conformation

by (exactly) three pairs of non-natural cross-linked cysteine residues. For example, the

recombinant RSV F protein comprises preferably (exactly) three pairs of non-natural cross-

linked cysteine residues, namely at least (i) a non-natural disulfide bond formed by the

cysteine pair introduced by S 1 55C and S290C substitutions and (ii) a non-natural disulfide

bond formed by the cysteine pair introduced by 83GC and 428C substitutions (in particular

by N 183GC and N428C substitutions). Alternatively, the recombinant RSV F protein

comprises preferably (exactly) three pairs of non-natural cross-linked cysteine residues,

namely at least (i) a non-natural disulfide bond formed by the cysteine pair introduced by

S 55C and S290C substitutions and (ii) a non-natural disulfide bond formed by the cysteine

pair introduced by 149C and 458C substitutions (in particular by A149C and Y458C

substitutions). Alternatively, the recombinant RSV F protein comprises preferably (exactly)

three pairs of non-natural cross-linked cysteine residues, namely at least (i) a non-natural

disulfide bond formed by the cysteine pair introduced by S 55C and S290C substitutions and

(ii) a non-natural disulfide bond formed by the cysteine pair introduced by N88C and N254C

substitutions. Alternatively, the recombinant RSV F protein comprises preferably (exactly)



three pairs of non-natural cross-linked cysteine residues, namely at least (i) a non-natural

disulfide bond formed by the cysteine pair introduced by S 55C and S290C substitutions and

(ii) a non-natural disulfide bond formed by the cysteine pair introduced by E92C and N254C

substitutions. Alternatively, the recombinant RSV F protein comprises preferably (exactly)

three pairs of non-natural cross-linked cysteine residues, namely at least (i) a non-natural

disulfide bond formed by the cysteine pair introduced by S 55C and S290C substitutions and

(ii) a non-natural disulfide bond formed by the cysteine pair introduced by S238C and Q279C

substitutions. Most preferably, the recombinant RSV F protein comprises (exactly) three pairs

of non-natural cross-linked cysteine residues, namely at least (i) a non-natural disulfide bond

formed by the cysteine pair introduced by S 1 55C and S290C substitutions and (ii) a non-

natural disulfide bond formed by the cysteine pair introduced by Q98C and Q361 C

substitutions. For example, the recombinant RSV F protein comprises (exactly) three pairs of

non-natural cross-linked cysteine residues, namely (i) a non-natural disulfide bond formed by

the cysteine pair introduced by S 1 55C and S290C substitutions, (ii) a non-natural disulfide

bond formed by the cysteine pair introduced by 183GC and 428C substitutions (in particular

by N 83GC and N428C substitutions), and (iii) a non-natural disulfide bond formed by the

cysteine pair introduced by 49C and 458C substitutions (in particular by A 9C and Y458C

substitutions). Alternatively, the recombinant RSV F protein comprises (exactly) three pairs of

non-natural cross-linked cysteine residues, namely (i) a non-natural disulfide bond formed by

the cysteine pair introduced by S 55C and S290C substitutions, (ii) a non-natural disulfide

bond formed by the cysteine pair introduced by 83GC and 428C substitutions (in particular

by N 83GC and N428C substitutions), and (iii) a non-natural disulfide bond formed by the

cysteine pair introduced by Q98C and Q361 C substitutions. Preferably, the recombinant RSV

F protein comprises (exactly) three pairs of non-natural cross-linked cysteine residues, namely

(i) a non-natural disulfide bond formed by the cysteine pair introduced by S 55C and S290C

substitutions, (ii) a non-natural disulfide bond formed by the cysteine pair introduced by 149C

and 458C substitutions (in particular by A 149C and Y458C substitutions), and (iii) a non-

natural disulfide bond formed by the cysteine pair introduced by Q98C and Q361 C

substitutions.

It is also preferred that the recombinant RSV Fprotein is stabilized in a prefusion conformation

by (exactly) four pairs of non-natural cross-linked cysteine residues. For example, the



recombinant RSV F protein comprises preferably (exactly) four pairs of non-natural cross-

linked cysteine residues, namely at least (i) a non-natural disulfide bond formed by the

cysteine pair introduced by S 55C and S290C substitutions and (ii) a non-natural disulfide

bond formed by the cysteine pair introduced by 83GC and 428C substitutions (in particular

by N 183GC and N428C substitutions). Alternatively, the recombinant RSV F protein

comprises preferably (exactly) four pairs of non-natural cross-linked cysteine residues, namely

at least (i) a non-natural disulfide bond formed by the cysteine pair introduced by S 55C and

S290C substitutions and (ii) a non-natural disulfide bond formed by the cysteine pair

introduced by 49C and 458C substitutions (in particular by Α Ί 49C and Y458C substitutions).

Alternatively, the recombinant RSV F protein comprises preferably (exactly) four pairs of non-

natural cross-linked cysteine residues, namely at least (i) a non-natural disulfide bond formed

by the cysteine pair introduced by S 55C and S290C substitutions and (ii) a non-natural

disulfide bond formed by the cysteine pair introduced by N88C and N254C substitutions.

Alternatively, the recombinant RSV F protein comprises preferably (exactly) four pairs of non-

natural cross-linked cysteine residues, namely at least (i) a non-natural disulfide bond formed

by the cysteine pair introduced by S 55C and S290C substitutions and (ii) a non-natural

disulfide bond formed by the cysteine pair introduced by E92C and N254C substitutions.

Alternatively, the recombinant RSV F protein comprises preferably (exactly) four pairs of non-

natural cross-linked cysteine residues, namely at least (i) a non-natural disulfide bond formed

by the cysteine pair introduced by S 55C and S290C substitutions and (ii) a non-natural

disulfide bond formed by the cysteine pair introduced by S238C and Q279C substitutions.

Most preferably, the recombinant RSV F protein comprises (exactly) four pairs of non-natural

cross-linked cysteine residues, namely at least (i) a non-natural disulfide bond formed by the

cysteine pair introduced by S 1 55C and S290C substitutions and (ii) a non-natural disulfide

bond formed by the cysteine pair introduced by Q98C and Q361 C substitutions. For example,

the recombinant RSV F protein comprises (exactly) four pairs of non-natural cross-linked

cysteine residues, namely (i) a non-natural disulfide bond formed by the cysteine pair

introduced by S 55C and S290C substitutions, (ii) a non-natural disulfide bond formed by the

cysteine pair introduced by 83GC and 428C substitutions (in particular by N 183GC and

N428C substitutions), (iii) a non-natural disulfide bond formed by the cysteine pair introduced

by 49C and 458C substitutions (in particular by A 149C and Y458C substitutions), and (iv) a



JJ

non-natural disulfide bond formed by the cysteine pair introduced by Q98C and Q361 C

substitutions.

It is also preferred that the recombinant RSV Fprotein is stabilized in a prefusion conformation

by (exactly) five pairs of non-natural cross-linked cysteine residues. For example, the

recombinant RSV F protein comprises preferably (exactly) five pairs of non-natural cross-

linked cysteine residues, namely at least (i) a non-natural disulfide bond formed by the

cysteine pair introduced by S 55C and S290C substitutions and (ii) a non-natural disulfide

bond formed by the cysteine pair introduced by 83GC and 428C substitutions (in particular

by N 183GC and N428C substitutions). Alternatively, the recombinant RSV F protein

comprises preferably (exactly) five pairs of non-natural cross-linked cysteine residues, namely

at least (i) a non-natural disulfide bond formed by the cysteine pair introduced by S 55C and

S290C substitutions and (ii) a non-natural disulfide bond formed by the cysteine pair

introduced by 1 9C and 458C substitutions (in particular by A 49C and Y458C substitutions).

Alternatively, the recombinant RSV F protein comprises preferably (exactly) five pairs of non-

natural cross-linked cysteine residues, namely at least (i) a non-natural disulfide bond formed

by the cysteine pair introduced by S 55C and S290C substitutions and (ii) a non-natural

disulfide bond formed by the cysteine pair introduced by N88C and N254C substitutions.

Alternatively, the recombinant RSV F protein comprises preferably (exactly) five pairs of non-

natural cross-linked cysteine residues, namely at least (i) a non-natural disulfide bond formed

by the cysteine pair introduced by S 1 55C and S290C substitutions and (ii) a non-natural

disulfide bond formed by the cysteine pair introduced by E92C and N254C substitutions.

Alternatively, the recombinant RSV F protein comprises preferably (exactly) five pairs of non-

natural cross-linked cysteine residues, namely at least (i) a non-natural disulfide bond formed

by the cysteine pair introduced by S 1 55C and S290C substitutions and (ii) a non-natural

disulfide bond formed by the cysteine pair introduced by S238C and Q279C substitutions.

Most preferably, the recombinant RSV F protein comprises (exactly) five pairs of non-natural

cross-linked cysteine residues, namely at least (i) a non-natural disulfide bond formed by the

cysteine pair introduced by S 1 55C and S290C substitutions and (ii) a non-natural disulfide

bond formed by the cysteine pair introduced by Q98C and Q361 C substitutions.



It is also preferred that the recombinant RSV Fprotein is stabilized in a prefusion conformation

by (exactly) six pairs of non-natural cross-linked cysteine residues. For example, the

recombinant RSV F protein comprises preferably (exactly) four pairs of non-natural cross-

linked cysteine residues, namely (i) a non-natural disulfide bond formed by the cysteine pair

introduced by S 55C and S290C substitutions, (ii) a non-natural disulfide bond formed by the

cysteine pair introduced by 49C and 458C substitutions (in particular by A 49C and Y458C

substitutions), (iii) a non-natural disulfide bond formed by the cysteine pair introduced by

Q98C and Q36 C substitutions, (iv) a non-natural disulfide bond formed by the cysteine pair

introduced by N88C and N254C substitutions, (v) a non-natural disulfide bond formed by the

cysteine pair introduced by E92C and N254C substitutions, and (vi) a non-natural disulfide

bond formed by the cysteine pair introduced by S238C and Q279C substitutions. For

example, the recombinant RSV F protein comprises preferably (exactly) four pairs of non-

natural cross-linked cysteine residues, namely (i) a non-natural disulfide bond formed by the

cysteine pair introduced by S 1 55C and S290C substitutions, (ii) a non-natural disulfide bond

formed by the cysteine pair introduced by 83GC and 428C substitutions (in particular by

N 83GC and N428C substitutions), (iii) a non-natural disulfide bond formed by the cysteine

pair introduced by Q98C and Q361 C substitutions, (iv) a non-natural disulfide bond formed

by the cysteine pair introduced by N88C and N254C substitutions, (v) a non-natural disulfide

bond formed by the cysteine pair introduced by E92C and N254C substitutions, and (vi) a

non-natural disulfide bond formed by the cysteine pair introduced by S238C and Q279C

substitutions. For example, the recombinant RSV F protein comprises preferably (exactly) four

pairs of non-natural cross-linked cysteine residues, namely (i) a non-natural disulfide bond

formed by the cysteine pair introduced by S 55C and S290C substitutions, (ii) a non-natural

disulfide bond formed by the cysteine pair introduced by 83GC and 428C substitutions (in

particular by N 183GC and N428C substitutions), (iii) a non-natural disulfide bond formed by

the cysteine pair introduced by 149C and 458C substitutions (in particular by A 149C and

Y458C substitutions), (iv) a non-natural disulfide bond formed by the cysteine pair introduced

by N88C and N254C substitutions, (v) a non-natural disulfide bond formed by the cysteine

pair introduced by E92C and N254C substitutions, and (vi) a non-natural disulfide bond

formed by the cysteine pair introduced by S238C and Q279C substitutions. For example, the

recombinant RSV F protein comprises preferably (exactly) four pairs of non-natural cross-

linked cysteine residues, namely (i) a non-natural disulfide bond formed by the cysteine pair



introduced by S 55C and S290C substitutions, (ii) a non-natural disulfide bond formed by the

cysteine pair introduced by 183GC and 428C substitutions (in particular by N 83GC and

N428C substitutions), (iii) a non-natural disulfide bond formed by the cysteine pair introduced

by 49C and 458C substitutions (in particular by A 49C and Y458C substitutions), (iv) a non-

natural disulfide bond formed by the cysteine pair introduced by Q98C and Q361C

substitutions, (v) a non-natural disulfide bond formed by the cysteine pair introduced by E92C

and N254C substitutions, and (vi) a non-natural disulfide bond formed by the cysteine pair

introduced by S238C and Q279C substitutions. For example, the recombinant RSV Fprotein

comprises preferably (exactly) four pairs of non-natural cross-linked cysteine residues, namely

(i) a non-natural disulfide bond formed by the cysteine pair introduced by S 55C and S290C

substitutions, (ii) a non-natural disulfide bond formed by the cysteine pair introduced by

83GC and 428C substitutions (in particular by N 83GC and N428C substitutions), (iii) a

non-natural disulfide bond formed by the cysteine pair introduced by 149C and 458C

substitutions (in particular by A 149C and Y458C substitutions), (iv) a non-natural disulfide

bond formed by the cysteine pair introduced by Q98C and Q361 C substitutions, (v) a non-

natural disulfide bond formed by the cysteine pair introduced by N88C and N254C

substitutions, and (vi) a non-natural disulfide bond formed by the cysteine pair introduced by

S238C and Q279C substitutions. For example, the recombinant RSV F protein comprises

preferably (exactly) four pairs of non-natural cross-linked cysteine residues, namely (i) a non-

natural disulfide bond formed by the cysteine pair introduced by S 1 55C and S290C

substitutions, (ii) a non-natural disulfide bond formed by the cysteine pair introduced by

83GC and 428C substitutions (in particular by N 183GC and N428C substitutions), (iii) a

non-natural disulfide bond formed by the cysteine pair introduced by 149C and 458C

substitutions (in particular by A149C and Y458C substitutions), (iv) a non-natural disulfide

bond formed by the cysteine pair introduced by Q98C and Q361 C substitutions, (v) a non-

natural disulfide bond formed by the cysteine pair introduced by N88C and N254C

substitutions, and (vi) a non-natural disulfide bond formed by the cysteine pair introduced by

E92C and N254C substitutions.

It is also preferred that the recombinant RSV Fprotein is stabilized in a prefusion conformation

by (exactly) seven pairs of non-natural cross-linked cysteine residues. For example, the

recombinant RSV F protein comprises preferably (exactly) four pairs of non-natural cross-



linked cysteine residues, namely (i) a non-natural disulfide bond formed by the cysteine pair

introduced by S 55C and S290C substitutions, (ii) a non-natural disulfide bond formed by the

cysteine pair introduced by 83GC and 428C substitutions (in particular by N 83GC and

N428C substitutions), (iii) a non-natural disulfide bond formed by the cysteine pair introduced

by 49C and 458C substitutions (in particular by A 49C and Y458C substitutions), (iv) a non-

natural disulfide bond formed by the cysteine pair introduced by Q98C and Q361 C

substitutions, (v) a non-natural disulfide bond formed by the cysteine pair introduced by N88C

and N254C substitutions, (vi) a non-natural disulfide bond formed by the cysteine pair

introduced by E92C and N254C substitutions, and (vii) a non-natural disulfide bond formed

by the cysteine pair introduced by S238C and Q279C substitutions.

Preferably, the immunogen according to the present invention comprises a recombinant RSV

F protein or a fragment thereof comprising (i) Q98C and Q 36 C substitutions, (ii) 49C and

458C substitutions (in particular by Α Ί 49C and Y458C substitutions), and/or (iii) 183GC and

428C substitutions (in particular by N 83GC and N428C substitutions).

More preferably, the immunogen according to the present invention comprises a recombinant

RSV F protein or a fragment thereof comprising (i) Q98C and Q361 C substitutions and/or (ii)

49C and 458C substitutions (in particular by A 49C and Y458C substitutions).

Most preferably, the immunogen according to the present invention comprises a recombinant

RSV F protein or a fragment thereof comprising Q98C and Q 36 C substitutions.

The cysteine residues that form the disulfide bond can be introduced into native RSV Fprotein

sequence by one or more amino acid substitutions. Preferably, two cysteine residues are

introduced into a native RSV sequence to form the disulfide bond.

In addition to the specific non-natural disulfide bonds described above, the recombinant RSV

F protein may optionally comprise one or more further non-natural disulfide bonds, for

example one or more further non-natural disulfide bonds as described in WO 201 4/ 60463

A 1, which is incorporated by reference herein in its entirety. Alternatively it is also preferred

that the recombinant RSV F protein does not comprise any further non-natural disulfide bonds



in addition to the seven above described non-natural disulfide bonds (i.e., (i) a non-natural

disulfide bond formed by the cysteine pair introduced by S 55C and S290C substitutions, (ii)

a non-natural disulfide bond formed by the cysteine pair introduced by 83GC and 428C

substitutions (in particular by N 83GC and N428C substitutions), (iii) a non-natural disulfide

bond formed by the cysteine pair introduced by 149C and 458C substitutions (in particular

by A 9C and Y458C substitutions), (iv) a non-natural disulfide bond formed by the cysteine

pair introduced by Q98C and Q361 C substitutions, (v) a non-natural disulfide bond formed

by the cysteine pair introduced by N88C and N254C substitutions, (vi) a non-natural disulfide

bond formed by the cysteine pair introduced by E92C and N254C substitutions, and (vii) a

non-natural disulfide bond formed by the cysteine pair introduced by S238C and Q279C

substitutions).

In addition, the recombinant RSV F protein or the fragment thereof comprises one or two

amino acids selected from the group consisting of F, L, W, Y, H, and M, which substitute one

or both amino acids corresponding to S 1 90 and/or V207 in SEQ D NO: . In other words,

the recombinant RSV F protein or the fragment thereof comprises a F, L, W, Y, H, and/or M

substitution at position S 90, position V207, or positions S 90 and V207.

In general, a F, L, W, Y, H, and/or M substitution at position S 90, position V207, or positions

S 90 and V207 is a "cavity filling amino acid substitution".

Comparison of the structure of the prefusion conformation of the RSV F protein (e.g., in

complex with an RSV F prefusion-specific antibody, such as D25, MPE8 or AM1 4) to the

structure of the postfusion RSV F protein identifies several internal cavities or pockets in the

prefusion conformation that must collapse for F to transition to the postfusion conformation.

These cavities include Se r 90 and Val207.

Thus, the immunogen according to the present invention comprises a recombinant RSV F

protein o r a fragment thereof, which comprises a cavity filling mutation filling the cavities of

Ser1 90 and/or Val207. Accordingly, the recombinant RSV F protein or the fragment thereof

is stabilized in a prefusion conformation by such amino acid substitutions that introduce an

amino acid that reduces the volume of an internal cavity that collapses in the postfusion



conformation of RSV F protein, in particular the introduced amino acid reduces the volume

of the Se r 0 and/or Val207 internal cavities. For example, the cavities may be filled by

substituting amino acids with large side chains for those with small side chains. One

particularly preferred example of a RSV F cavity filling amino acid substitution to stabilize the

RSV protein in its prefusion conformation are the S 90F and V207L substitutions. It is also

preferred that the cavity filling amino acid substitution comprised by the recombinant RSV F

protein or the fragment thereof includes a S 90F, S 90L, SI 90W, S 90H, S 90M, or SI 90Y

substitution. In general, amino acid substitutions for reducing the volume of the Se r 90 cavity

include S 90F, S 1 90L, S 90W, S 1 90H, S 90M, or S 90Y. Amino acid substitutions for

reducing the volume of the Val207 cavity include V207L and 220L. Amino acid substitutions

for reducing the volume of both, the Se r 0 cavity and the Val207 cavity, include for example

S 90F and V207L and 83W and 260W. Preferably, the recombinant RSV F protein or the

fragment thereof comprised by the immunogen according to the present invention comprises

a V207L substitution. Preferably, the recombinant RSV F protein or the fragment thereof

comprised by the immunogen according to the present invention comprises a S 1 90F

substitution. Preferably, the recombinant RSV F protein or the fragment thereof comprised by

the immunogen according to the present invention comprises a S 1 90L substitution.

Preferably, the recombinant RSV F protein or the fragment thereof comprised by the

immunogen according to the present invention comprises a S 90W substitution. Preferably,

the recombinant RSV F protein or the fragment thereof comprised by the immunogen

according to the present invention comprises a S 1 90H substitution. Preferably, the

recombinant RSV F protein or the fragment thereof comprised by the immunogen according

to the present invention comprises a S 0M substitution. Preferably, the recombinant RSV F

protein or the fragment thereof comprised by the immunogen according to the present

invention comprises a S 90Y substitution.

More preferably, the recombinant RSV F protein or the fragment thereof comprised by the

immunogen according to the present invention comprises a S 90F substitution and a V207L

substitution. More preferably, the recombinant RSV F protein or the fragment thereof

comprised by the immunogen according to the present invention comprises a S 1 90L

substitution and a V207L substitution. More preferably, the recombinant RSV F protein or the

fragment thereof comprised by the immunogen according to the present invention comprises



a S 1 90W substitution and a V207L substitution. More preferably, the recombinant RSV F

protein or the fragment thereof comprised by the immunogen according to the present

invention comprises a S 0H substitution and a V207L substitution. More preferably, the

recombinant RSV F protein or the fragment thereof comprised by the immunogen according

to the present invention comprises a S 1 90M substitution and a V207L substitution. More

preferably, the recombinant RSV F protein or the fragment thereof comprised by the

immunogen according to the present invention comprises a S 90Y substitution and a V207L

substitution.

The indicated cavities are referred to by a small residue abutting the cavity that can be

mutated to a larger residue to fill the cavity. It will be understood that other residues (besides

the one the cavity is named after) could also be mutated to f i l the same cavity.

Preferably, the immunogen according to the present invention comprises a recombinant RSV

F protein or the fragment thereof comprising one or more cavity-filling amino acid substitution

selected from the group consisting of of: S 90F; S 90L; S 90W; S 90Y; S 90H; S190M;

S 90F and V207L; S 90F and V207F; S 90F and V207W; S 90L and V207L; S 90L and

V207F; S 90L and V207W; S 90W and V207L; S 90W and V207F; S 90W and V207W;

S 90Y and V207L; S 90Y and V207F; S 90Y and V207W; S 90H and V207L; S 90H and

V207F; S 90H and V207W; S 90M and V207L; S 90M and V207F; and S 90M and V207W.

Most preferably, the immunogen according to the present invention comprises a recombinant

RSV F protein or a fragment thereof comprising S 90F and/or V207L substitutions compared

to the native bovine RSV F protein (e.g., SEQ D NO: 1) .

Furthermore the recombinant RSV F protein or the fragment thereof comprised by the

immunogen according to the present invention does not comprise a pep27 polypeptide.

The RSV pep27 polypeptide (also referred to as "pep27") is a 27 amino acid polypeptide that

is excised from the F0 precursor during maturation of the RSV F protein. pep27 is flanked by

two furin cleavage sites that are cleaved by a cellular protease during F protein maturation to



generate the F 1 and F2 polypeptide. Examples of native pep27 sequences are known which

are provided herein as positions 0-1 36 of SEQ ID NOs: SEQ ID NOs: Ί - 9.

Accordingly, it is preferred that the immunogen according to the present invention comprises

a recombinant RSV F protein or a fragment thereof, wherein the recombinant RSV F protein

or the fragment thereof does not comprise amino acids 06 - 144 or 04 - 1 4 of the native

bovine RSV F protein. More preferably, the immunogen according to the present invention

comprises a recombinant RSV F protein or a fragment thereof, wherein the recombinant RSV

F protein or the fragment thereof does not comprise amino acids 06 - 144 or 104 - 144 of

SEQ D NO: 1.

More preferably, the recombinant RSV F protein or the fragment thereof comprised by the

immunogen according to the present invention does not comprise a fusion peptide or a

fragment thereof.

The RSV fusion peptide (also referred to as "fusion peptide") is a peptide of approx. 6 amino

acids, which is located directly C-terminally of the pep27 polypeptide in a native RSV F0

protein. Examples of native fusion peptide sequences are known which are provided herein

as positions 137-1 52 of SEQ ID NOs: SEQ ID NOs: 1 - 9 .

A fragment of the fusion peptide comprises at least three (consecutive) amino acids of the

fusion peptide. Preferably, the recombinant RSV F protein or the fragment thereof comprised

by the immunogen according to the present invention does not comprise an N-terminal

fragment of the fusion peptide, such the N-terminal 3 amino acids of the fusion peptide (i.e.,

those three amino acids, which directly follow the C-terminus of pep27 in the F0 protein;

e.g., amino acids 37- 39 of bRSV 391 -2 F0 (SEQ ID NO: 1)). Preferably, the recombinant

RSV F protein or the fragment thereof comprised by the immunogen according to the present

invention does not comprise the N-terminal 4 amino acids of the fusion peptide (i.e., those

four amino acids, which directly follow the C-terminus of pep27 in the F0 protein; e.g., amino

acids 37-140 of bRSV 391 -2 F0 (SEQ ID NO: 1)). More preferably, the recombinant RSV F

protein or the fragment thereof comprised by the immunogen according to the present

invention does not comprise the N-terminal 5 amino acids of the fusion peptide (i.e., those



five amino acids, which directly follow the C-terminus of pep27 in the FO protein; e.g., amino

acids 37-141 of bRSV 391 -2 FO (SEQ D NO: 1)). More preferably, the recombinant RSV F

protein or the fragment thereof comprised by the immunogen according to the present

invention does not comprise the N-terminal 6 amino acids of the fusion peptide (i.e., those

six amino acids, which directly follow the C-terminus of pep27 in the FO protein; e.g., amino

acids 37-1 42 of bRSV 391-2 FO (SEQ ID NO: 1)). Even more preferably, the recombinant

RSV F protein or the fragment thereof comprised by the immunogen according to the present

invention does not comprise the N-terminal 7 amino acids of the fusion peptide (i.e., those

seven amino acids, which directly follow the C-terminus of pep27 in the FO protein; e.g.,

amino acids 37- 43 of bRSV 391 -2 FO (SEQ ID NO: 1)). Most preferably, the recombinant

RSV F protein or the fragment thereof comprised by the immunogen according to the present

invention does not comprise the N-terminal 8 amino acids of the fusion peptide (i.e., those

eight amino acids, which directly follow the C-terminus of pep27 in the FO protein; e.g.,

amino acids 137-1 44 of bRSV 39 -2 FO (SEQ ID NO: 1)).

As shown in the present examples, evaluation of the immunogenicity of immunogens

according to the present invention comprising a recombinant RSV F protein or a fragment

thereof specifically binding to an RSV F prefusion-specific antibody, wherein the recombinant

RSV F protein or the fragment thereof comprises an F 1 polypeptide and an F2 polypeptide of

any RSV F protein characterized by the following substitutions at amino acid positions

corresponding to the following amino acid positions in SEQ ID NO: 1 as a reference

sequence:

(i) S 55C and S290C substitutions, which form a non-natural disulfide bond;

(ii) a substitution at one or both of positions S 90 and V207 by amino acids selected

from the group consisting of F, L, W , Y, H, and M; and

(iii) a pair of substitutions forming a non-natural disulfide bond selected from the

group consisting of the following substitution pairs: Q98C and Q361 C, A149C

and Y458C, N 183GC and N428C, N88C and N254C, E92C and N254C, and

S238C and Q279C;

and wherein the recombinant RSV F protein or the fragment thereof does not comprise a

pep27 polypeptide,



in both mice and calves resulted in high-titer neutralizing responses, with heterologous bRSV

challenge in calves revealing protection from viral replication, lung inflammation and clinical

signs of disease and no evidence of vaccine-associated disease enhancement - an important

milestone in the development of an effective bRSV subunit vaccine.

Preferably, the recombinant RSV F protein or the fragment thereof comprised by the

immunogen according to the present invention is a single chain RSV F protein or a single

chain RSV F protein fragment.

As used herein, a "single chain" RSV F protein refers to a recombinant RSV F protein that is

expressed as a single polypeptide chain including the RSV F polypeptide and the RSV F2

polypeptide as described herein. Typically, the single chain RSV F protein trimerizes to form

an RSV F protein ectodomain. A single chain RSV F protein does in particular not include the

furin cleavage sites flanking the pep27 polypeptide of RSV F protein; therefore, when

produced in cells, the F0 polypeptide is not cleaved into separate Fl and F2 polypeptides.

Preferably, a single chain RSV F protein includes deletion of the two furin cleavage sites, the

pep27 polypeptide, and the fusion peptide. More preferably, position 103 or 105 (i.e. the C-

termtnal amino acid of the F2 polypeptide) is linked to position 45 (i.e. the N-terminal amino

acid of the F 1 polypeptide) of the RSV protein to generate the single chain construction. For

example, the remaining portions of the F 1 and F2 polypeptides may be joined directly or by

a linker, such as a peptide linker.

Accordingly, in the recombinant RSV F protein or the fragment thereof comprised by the

immunogen according to the present invention it is preferred that the F2 polypeptide and the

F 1 polypeptide are linked by a heterologous peptide linker or are directly linked.

Preferably, the heterologous peptide linker comprises any of the following amino acid

sequences (as shown in Table 1) :



Table 1: Exemplary peptide linker sequences:

It is also preferred that the heterologous peptide linker is a G, S, GG, GS, SG, GGG, or GSG

linker. Accordingly, the heterologous peptide linker preferably comprises an amino acid

sequence as set forth in any of SEQ ID NOs: 0 - 26, or is a G, S, GG, GS, SG, GGG, or GSG

linker.

Most preferably, the linker is a GS-linker, i.e. the F2 polypeptide and the F 1 polypeptide are

linked by a GS-linker.

Accordingly, it is particularly preferred that position 03 or 05 of the F2 polypeptide is linked

to position 1 of the F 1 polypeptide by a Gly-Ser linker. Thereby, position 103 or 05 of the



F2 polypeptide is the C-terminal amino acid of the F2 polypeptide and position 1 of the F 1

polypeptide is the N-terminal amino acid of the F 1 polypeptide.

Preferably, the immunogen according to the present invention comprises a multimer of the

recombinant RSV F protein or of the fragment thereof. Accordingly, it is preferred that the

recombinant RSV F protein or the fragment thereof forms a trimer i phosphate buffered saline

at a physiological pH. To this end, the recombinant RSV F protein comprised by the

immunogen according to the present invention is preferably linked to a trimerization domain.

The F 1 polypeptide of the recombinant RSV F protein or of the fragment thereof maybe

directly or indirectly linked to the trimerization domain. Thereby, "direct" linking means that

the N-terminus of the trimerization domain follows directly upon the C-terminus of F 1

polypeptide, i.e. without any amino acids in between. Accordingly, "indirect" linking refers

to any (peptide) linkers present between the C-terminus of Fl polypeptide and the N-terminus

of the trimerization domain, such as for example the peptide linkers as described above (cf.

Table 1 and below).

Preferably, the immunogen comprises a recombinant RSV F protein including an F 1

polypeptide with a trimerization domain directly or indirectly linked to its C-terminus. In

particular, the trimerization domain promotes trimerization of the three F1/F2 monomers in

the recombinant RSV F protein. Several exogenous multimerization domains promote stable

trimers of soluble recombinant proteins: the GCN4 leucine zipper (Harbury et al. 993

Science 262: 40 1- 407), the trimerization motif from the lung surfactant protein (Hoppe et

al. 1994 FEES Lett 344: 19 1- 195), collagen (McAlinden et al. 2003 J Biol Chem 278:42200-

42207), and the phage T4 fibritin Foldon (Miroshnikov et al. 998 Protein Eng :329-41 4),

any of which can be linked to the F 1 polypeptide in the immunogen according to the present

invention to promote trimerization of the recombinant F protein, as long as the immunogen

can still be specifically recognized by a prefusion-specific antibody (e.g., D25, MPE8 or

AM1 4 antibody), and/or includes an RSV F prefusion specific conformation (such as antigenic

site 0).



Preferably, the trimerization domain is a GCN4 leucine zipper domain, for example the

immunogen can include a recombinant RSV F protein including an F 1 polypeptide with a

GCN4 leucine zipper domain linked to its C-terminus. More preferably the trimerization

domain is a Foldon domain, for example, the immunogen can include a recombinant RSV F

protein including an F 1 polypeptide with a Foldon domain linked to its C-terminus. Most

preferably, the Foldon domain is a T4 fibritin Foldon domain such as the amino acid sequence

According to any of SEQ ID NOs: 27 - 29 described below, which adopts a B-propeller

conformation, and can fold and tiimerize in an autonomous way (Tao et al 997 Structure

5:789-798).

Typically, the heterologous multimerization motif is positioned C-terminal to the F 1 domain.

Optionally, the multimerization domain is connected to the F 1 polypeptide via a linker, such

as an amino acid linker, such as the sequence GG. The linker can also be a longer linker (for

example, including the sequence GG, such as the amino acid sequences as described above

(cf. Table 1 and below). Numerous conformationally neutral linkers are known in the art that

can be used in this context without disrupting the conformation of the PreF antigen.

Preferably, the trimerization domain is a foldon domain. A trimerization domain, or a foldon

domain, is an amino acid sequence that naturally forms a trimeric structure. A trimerization

domain can be included in the amino acid sequence of a disclosed RSV Fprotein immunogen

stabilized in a prefusion conformation so that the immunogen will form a trimer. Preferably,

the foldon domain is the T4 Foldon domain set forth as

GYIPEAPRDGQAYVRKDGEWVLLSTF

(SEQ ID NO: 27).

More preferably, the trimerization domain comprises an amino acid according to SEQ ID NO

28:

SAIGGYIPEAPRDGQAYVRKDGEWVLLSTF

(SEQ ID NO: 28).



Even more preferably, the trimerization domain comprises an amino acid according to SEQ

D NO 29:

SAIGGYIPEAPRDGQAYVRKDGEWVLLSTFLGGLVPRGSH

(SEQ ID NO: 29).

Preferably, the trimerization domain can be cleaved from a purified protein, for example by

incorporation of a thrombin cleavage site adjacent to the Foldon domain that can be used for

cleavage purposes, i.e. for removing the Foldon domain from the F 1 polypeptide.

Accordingly, it is preferred that the immunogen according to the present invention comprises

a protease cleavage site between the F 1 polypeptide and the trimerization domain. For

example, the cleavage site is a thrombin cleavage site, for example according to SEQ D NO:

30:

LVPRGS

(SEQ D NO: 30).

Preferably, the immunogen according to the present invention comprises a transmembrane

domain between the F 1 polypeptide and the trimerization domain. More preferably, the

immunogen according to the present invention comprises a transmembrane domain and a

protease cleavage site between the F 1 polypeptide and the trimerization domain, in particular

a transmembrane domain between the protease cleavage site and the trimerization domain.

In general, a transmembrane domain is in particular an amino acid sequence that inserts into

a lipid bilayer, such as the lipid bilayer of a cell or virus or virus-like particle. A

transmembrane domain can be used to anchor an antigen to a membrane. Preferably, the

transmembrane domain is a RSV F protein transmembrane domain. Exemplary RSV F

transmembrane domains are familiar to the person of ordinary skill in the art, and provided

herein. For example, the amino acid sequences of exemplary RSV F transmembrane domains

are provided as approximately positions 525-550 of native RSV F0 proteins (SEQ D NOs: 1

9).



Preferably, the recombinant RSV F protein includes a transmembrane domain linked to the

F 1 polypeptide, for example, for an application including a membrane anchored

immunogen). For example, the presence of the transmembrane sequences is useful for

expression as a transmembrane protein for membrane vesicle preparation. The

transmembrane domain can be linked to a F 1 protein containing any of the stabilizing

mutations provided herein, for example, those described above, such as a F 1 protein with a

S 55C/S290C cysteine substitution. Additionally, the transmembrane domain can be further

linked to a RSV F 1 cytosolic tail.

Furthermore, it is preferred that the immunogen according to the present invention comprises

a purification tag, preferably a His-tag and/or a Strep-tag. In general, protein are peptide

sequences genetically grafted onto a recombinant protein. Such tags can optionally be

removable by chemical agents or by enzymatic means, such as proteolysis. Purification tags

are appended to proteins so that they can be purified from their crude biological source using,

for example, an affinity technique. These include chitin binding protein (CBP), maltose

binding protein (MBP), glutathione-S-transferase (GST), the poly(His) tag, which is a widely

used protein tag binding to metal matrices and Strep tags. The "His tag" or "poly(His) tag"

onsists of at least six histidine (His) residues (see SEQ ID NO: 34 for an exemplary His tag).

The Strep-tag is a synthetic peptide consisting of eight amino acids (WSHPQFEK; SEQ D NO:

35). This peptide sequence exhibits intrinsic affinity towards 5 e -Tact in, a specifically

engineered streptavidin. By exploiting the highly specific interaction, 5 r tagged proteins

can be isolated in one step from crude cell lysates. Because the Strep-lag elutes under gentle,

physiological conditions it is especially suited for generation of functional proteins.

Accordingly, it is preferred that the immunogen according to the present invention comprises

a His-tag and/or a Strep-tag.

Preferably, the immunogen according to the present invention comprises a recombinant RSV

F protein or a fragment thereof, wherein the F polypeptide and the F2 polypeptide of the

recombinant RSV F protein or of the fragment thereof share at least 80%, preferably at least

85%, more preferably at least 90%, even more preferably at least 95% and most preferably

at least 98% sequence identity with the F 1 polypeptide and the F2 polypeptide, respectively,

of a native bovine RSV F protein. Examples of native bovine RSV F proteins are provided as



SEQ D NOs: Ί - 9. Accordingly, it is preferred that said native bovine RSV F protein

comprises an amino acid sequence according to any of SEQ ID NOs 1 - 9 . In other words,

the immunogen according to the present invention comprises a recombinant RSV F protein

or a fragment thereof, wherein the F 1 polypeptide and the F2 polypeptide of the recombinant

RSV F protein or of the fragment thereof preferably share at least 80%, preferably at least 85%,

more preferably at least 90%, even more preferably at least 95% and most preferably at least

98% sequence identity with an amino acid sequence selected from any of SEQ ID NOs: 1 -

9 .

Preferably, said native bovine RSV F protein consists of an amino acid sequence according to

SEQ D NO: . SEQ ID NO: 1 depicts the amino acid sequence of the native 391 -2 bRSV F0

protein. Accordingly, it is preferred that the immunogen according to the present invention

comprises a recombinant RSV F protein or a fragment thereof, wherein the F 1 polypeptide

and the F2 polypeptide of the recombinant RSV F protein or of the fragment thereof preferably

share at least 80%, preferably at least 85%, more preferably at least 90%, even more

preferably at least 95% and most preferably at least 98% sequence identity with an amino

acid according to SEQ ID NO: .

More preferably, the immunogen according to the present invention comprises a recombinant

RSV F protein or a fragment thereof, wherein the recombinant RSV F protein or the fragment

thereof comprises or consists of an F2 polypeptide and an F polypeptide comprising amino

acid sequences at least 80%, preferably at least 85%, more preferably at least 90%, even

more preferably at least 95% and most preferably at least 98% identical to amino acids 26-

103 and 145-31 0, respectively, of SEQ D NO: 1. Even more preferably, the immunogen

according to the present invention comprises a recombinant RSV F protein or a fragment

thereof, wherein the recombinant RSV F protein or the fragment thereof comprises or consists

of an F2 polypeptide and an F1 polypeptide comprising amino acid sequences at least 80%>,

preferably at least 85%, more preferably at least 90%, even more preferably at least 95% and

most preferably at least 98% identical to amino acids 26-103 and 145-51 3, respectively, of

SEQ ID NO: 1. Amino acids 26 - 03 form the F2 polypeptide region of the native 391 -2

bRSV F0 protein (SEQ ID NO: 1) . Amino acids 45 - 5 3 form the F polypeptide region of

the native 391 -2 bRSV F0 protein (SEQ ID NO: 1) .



It is also preferred that the immunogen according to the present invention comprises a

recombinant RSV F protein or a fragment thereof, wherein the recombinant RSV F protein or

the fragment thereof comprises or consists of an F2 polypeptide and an F 1 polypeptide

comprising amino acid sequences at least 80%, preferably at least 85%, more preferably at

least 90%, even more preferably at least 95% and most preferably at least 98% identical to

amino acids 26-1 03 and 145-529, respectively, of SEQ ID NO: 1. More preferably, the

immunogen according to the present invention comprises a recombinant RSV F protein or a

fragment thereof, wherein the recombinant RSV F protein or the fragment thereof comprises

or consists of an F2 polypeptide and an F 1 polypeptide comprising amino acid sequences at

least 80%, preferably at least 85%, more preferably at least 90%, even more preferably at

least 95% and most preferably at least 98% identical to amino acids 26-1 03 and 145-551,

respectively, of SEQ ID NO: .

Preferably, the immunogen according to the present invention comprises a recombinant RSV

F protein or a fragment thereof, wherein (i) the F2 polypeptide comprises or consists of 8-79

residues of bovine RSV F positions 26-1 05 and (ii) the F 1 polypeptides comprises or consists

of 14-365 residues of bovine RSV F positions 145-51 3; and wherein the bovine RSV F

positions preferably correspond to the amino acid sequence of a reference F0 polypeptide

according to SEQ ID NO: .

It is also preferred that the immunogen according to the present invention comprises a

recombinant RSV F protein or a fragment thereof, wherein (the profusion conformation of) the

recombinant RSV F protein, or the fragment thereof, comprises an antigenic site 0 that

specifically binds to a RSV F prefusion-specific antibody. More preferably, the immunogen

according to the present invention comprises a recombinant RSV F protein or a fragment

thereof, wherein (the prefusion conformation of) the recombinant RSV F protein, or the

fragment thereof, comprises an antigenic site 0 that specifically binds to a RSV F prefusion-

specific antibody and wherein the antigenic site 0 comprises residues 62-69 and 196-209 of

a native bovine RSV F protein sequence set forth in any one of SEQ D NOs: 1 - 9 .

Accordingly, it is preferred that the immunogen according to the present invention comprises

a recombinant RSV F protein or a fragment thereof, wherein the F2 and F 1 polypeptides



comprise RSV F positions 62-69 and 96-209, preferably positions 62-69 and 96-209 of any

of SEQ ID NOs 1 - 9, more preferably positions 62-69 and 96-209 of SEQ ID NO: .

In addition or alternatively, (the prefusion conformation of) the recombinant RSV F protein,

or of the fragment thereof, preferably comprises an epitope recognized by MPE8 antibody

and/or an epitope recognized by AM antibody. It is thus preferred that the immunogen

according to the present invention comprises a recombinant RSV F protein or a fragment

thereof, wherein (the prefusion conformation of) the recombinant RSV F protein, or the

fragment thereof, comprises an epitope recognized by MPE8 antibody and/or an epitope

recognized by AMI 4 antibody. Crystal structure and monoclonal antibody-resistant mutants

revealed that AMI 4 recognizes a quaternary epitope that spans two protomers and includes

a region that undergoes extensive comformational changes in the pre- to post-fusion F

transition (Characterization of a Prefusion-Specific Antibody That Recognizes a Quaternary,

Cleavage-Dependent Epitope on the RSV Fusion Glycoprotein. Gilman, M.S., Moin et al.,

Plos Pathog (201 5). : e1005035-e1 005035). AMI makes a substantial interaction with the

residues L 60, N 83, N426, R429, H5 4 and H 5 5 on pre-fusion RSV F

protein. Accordingly, it is preferred that the immunogen according to the present invention

comprises a recombinant RSV F protein or a fragment thereof, wherein (the prefusion

conformation of) the recombinant RSV F protein, or the fragment thereof, comprises an

epitope recognized by AMI 4 antibody and wherein the epitope recognized by AM 4

antibody comprises at least residues L 60, N 83, N426 and R429 of a native bovine RSV F

protein sequence set forth in any one of SEQ ID NOs: 1 - 9, more preferably the epitope

recognized by AM 4 antibody comprises at least residues L 60, N 83, N426, R429, H5

and H5 5 of a native bovine RSV F protein sequence set forth in any one of SEQ ID NOs: 1

- 9.

The core epitope of MPE8 was mapped on two highly conserved anti-parallel b-strains on the

pre-fusion viral F protein, which are rearranged in the post-fusion F conformation including

residues T50, D31 0, L305, G307, and I309 (Cross-neutralization of four paramyxoviruses by

a human monoclonal antibody Davide Cortil et al., NATURE (201 3) 501 : 439-445).

Accordingly, it is preferred that the immunogen according to the present invention comprises

a recombinant RSV F protein or a fragment thereof, wherein (the prefusion conformation of)



the recombinant RSV F protein, or the fragment thereof, comprises an epitope recognized by

MPE8 antibody and wherein the epitope recognized by MPE8 antibody comprises at least

residues T50, D31 0, L305, G307, and I309 of a native bovine RSV F protein sequence set

forth in any one of SEQ D NOs: 1 - 9 .

More preferably, the immunogen according to the present invention thus comprises a

recombinant RSV F protein, or a fragment thereof, which comprises:

(i) an antigenic site 0 that specifically binds to the RSV F prefusion-specific antibody,

wherein the antigenic site 0 comprises residues 62-69 and 96-209 of a native bovine

RSV F protein sequence set forth in any one of SEQ ID NOs: 1 - 9;

(ii) an epitope recognized by AMI 4 antibody, wherein the epitope recognized by AM 4

antibody comprises at least residues L 60, N 83, N426, R429, H514 and H515 of a

native bovine RSV F protein sequence set forth in any one of SEQ ID NOs: 1 - 9; and/or

(iii) an epitope recognized by MPE8 antibody, wherein the epitope recognized by MPE8

antibody comprises at least residues T50, D31 0, L305, G307, and I309 of a native

bovine RSV F protein sequence set forth in any one of SEQ ID NOs: 1 - 9 .

As shown in the present Examples, three exemplary recombinant bRSV F proteins were

identified, which provide (i) excellent stability (physical properties) and (ii) high

immunogenicity:

. bRSV 391 -2sc9-1 ODS-Cavl Q98C Q361 C

MAATAMRMIISIIFISTYMTHITLCQNITEEFYQSTCSAVSRGYLSALRTGWYTSVVTIELS

KIQKNVCKSTDSKVKLIKQELERYNNAVIELQSLMCNEPASgsGSAIASGVAVCKVLHLE

GEVNKIKNALLSTNKAVVSLSNGVSVLTFKVLDLKNYIDKELLPKLNNHDCRISNIETVIE

FQQKNNRLLEIAREFSVNAGITTPLSTYMLTNSELLSLINDMPITNDQKKLMSSNVQIVR

QQSYSIMCVVKEEVIAYVVQLPIYGVIDTPCWKLHTSPLCTTDNKEGSNICLTRTDRG

WYCDNAGSVSFFPQAETCKVCSNRVFCDTMNSLTLPTDVNLCNTDIFNTKYDCKIMT

SKTDISSSVITSIGAIVSCYGKTKCTASNKNRGIIKTFSNGCDYVSNKGVDTVSVGNTLY



YVNKLEGKALYI G EPIINYYDPLVFPSDEFDASIAQVNAKI NQSLAFI RRSDELLSaiggyip

eaprdgqayvrkdgewvl lstflgglvprgshhhhhhsawshpqfek

(SEQ D NO: 3 )

bRSV 391 -2sc9DS-Cav1 Q98C Q 36 C

MAATAMRMI ISI IFISTYMTH ITLCQN ITEEFYQSTCSAVSRGYLSALRTGWYTSVVTIELS

KIQKNVCKSTDSKVKLI KQELERYNNAVIELQSLMCN EPASFSgsGSAIASGVAVCKVLH

LEGEVN IKNALLSTN KAVVSLSNGVSVLTFKVLDLKNYI DKELLPKLNNHDCRISNI ETV

IEFQ Q N NRLLE1AREFSVNAGITTPLSTYMLTNSELLSLINDMP1TN DQKKLMSSNVQIV

RQQSYSIMCVVKEEVIAYVVQLP1YGVI DTPCWKLHTSPLCTTDN KEGSNICLTRTDRG

WYCDNAGSVSFFPQAETCKVCSN RVFCDTMNSLTLPTDVN LCNTDIFNTKYDCKIMT

SKTDISSSVITSIGAIVSCYG KTKCTASNKN RGII KTFSNGCDYVSNKGVDTVSVGNTLY

YVNKLEGKALYI G EPIINYYDPLVFPSDEFDASIAQVNAKI NQSLAFI RRSDELLSaiggyip

eaprdgqayvrkdgewvl lstflgglvprgshhhhhhsawshpqfek

(SEQ D NO: 32)

bRSV ATue5 908sc9-1 0DS-Cav1 A 49C-Y458C

MDSKGSSQKGSRLLLLLVVSNLLLPQGVVGQNITEEFYQSTCSAVSRGYLSALRTGWY

TSVVTI ELSKIQKNVCKSTDSKVKLI KQELERYNNAVVELQSLMQNEPASgsGSAVcSGV

AVCKVLH LEGEVNKI KNALLSTNKAVVSLSNGVSVLTFKVLDLKNYI DKELLPQLNNH D

CRISNIETVI EFQQ N N RLLEIAREFSVNAGITTPLSTYMLTNSELLSLIN DMPITNDQKKL

MSSNVQIVRQQSYSIMCVVKEEVIAYVVQLPIYGVIDTPCWKLHTSPLCTTDNKEGSNI

CLTRTDRGWYCDNAGSVSFFPQTETCKVQSN RVFCDTMNSLTLPTDVNLCNTDI FNT

KYDCKIMTSKTDISSSVITSIGAIVSCYGKTKCTASNKN RGIIKTFSNGCDYVSNKGVDT

VSVGNTLYcVN KLEGKALYI KGEPI INYYDPLVFPSDEFDASIAQVNAKI NQSLAFI RRSD

ELLSAIGGYI PEAPRDGQAYVRKDGEWVLLSTFLGGLVPRGSH HH HHHSAWSHPQFE

(SEQ D NO: 33)



In addition, the fol lowi ng further preferred exemplary recombi nant bRSV F protei ns were

identified:

4 . 391-2 sc9 DS-Cav1 N88C N254C

MAATAMRMI ISIIFISTYMTHITLCQN !TEEFYQSTCSAVSRGYLSALRTGWYTSVVTIELS

IQ NVCKSTDSKV LIKQELERYNcAVIELQSLMQNEPASFSgsGSAIASGVAVCKVLH L

EGEVNKI KNALLSTN KAVVSLSNGVSVLTFKVLDLKNYl DKELLPKLNNH DCRiSN IETVI

EFQQKNNRLLEIAREFSVNAGITTPLSTYMLTcSELLSLI N DMPITN DQKKLMSSNVQIVR

QQSYS1MCVVKEEVIAYVVQLPIYGVIDTPCWKLHTSPLCTTDNKEGSNICLTRTDRG

WYCDNAGSVSFFPQAETCKVQSNRVFCDTMNSLTLPTDVNLCNTDIFNTKYDCKIMT

SKTDISSSVITSIGAIVSCYGKTKCTASNKN RGII KTFSNGCDYVSN KGVDTVSVGNTLY

YVN KLEGKALYI G EPIINYYDPLVFPSDEFDASIAQVNAKINQSLAFI RRSDELLSAIGGY

IPEAPRDGQAYVRKDGEWVLLSTFLGGLVPRGSH H HH HHSAWSH PQFEK

(SEQ ID NO: 63)

5. 391-2 sc9 DS-Cav1 sc9 E92C N254C

MAATAMRMI ISI IFISTYMTH ITLCQNITEEFYQSTCSAVSRGYLSALRTGWYTSVVTI ELS

KIQKNVCKSTDSKVKLI KQELERYNNAVIcLQSLMQNEPASFSgsGSAIASGVAVCKVLH

LEGEVNKI KNALLSTN KAVVSLSNGVSVLTFKVLDLKNYI DKELLPKLNNH DCRISNI ETV

lEFQ Q N N RLLEIAREFSVNAGITTPLSTYMLTcSELLSLINDMPITNDQKKLMSSNVQIV

RQQSYSIMCVVKEEVIAYVVQLPIYGVIDTPCWKLHTSPLCTTDN KEGSNICLTRTDRG

WYCDNAGSVSFFPQAETCKVQSNRVFCDTMNSLTLPTDVNLCNTDIFNTKYDCKIMT

SKTDISSSVITSIGAIVSCYGKTKCTASNKN RGIIKTFSNGCDYVSN KGVDTVSVGNTLY

YVN KLEGKALYI G EPIINYYDPLVFPSDEFDASIAQVNAKI NQSLAFI RRSDELLSAIGGY

IPEAPRDGQAYVRKDG EWVLLSTFLGGLVPRGSH H HHH HSAWSH PQ FE

(SEQ ID NO: 64)



6 . 391 -2 sc9 DS-Cav1 sc9 S238C Q 279C

MAATAMRMI ISI IFISTYMTH ITLCQNITEEFYQSTCSAVSRGYLSALRTGWYTSVVTIELS

KIQKNVCKSTDSKVKLI KQELERYN NAVI ELQSLMQN EPASFSgsGSAIASGVAVCKVLH

LEGEVN KIKNALLSTNKAVVSLSNGVSVLTFKVLDLKNYIDKELLPKLNNH DCRISNIETV

EFQ Q N N RLLEIAREFCVNAGITTPLSTYMLTNSELLSLI N DMPITNDQKKLMSSNVCIV

RQQSYSIMCVVKEEVIAYVVQLPIYGVIDTPCWKLHTSPLCTTDNKEGSNICLTRTDRG

WYCDNAGSVSFFPQAETCKVQSNRVFCDTMNSLTLPTDVNLCNTDIFNTKYDCKIMT

SKTDISSSVITSIGAIVSCYGKTKCTASN KN RGIIKTFSNGCDYVSNKGVDTVSVGNTLY

YV N LEG A LYI G EPI INYYDPLVFPSDEFDASIAQVNAKI NQSLAFI RRSDELLSAIGGY

IPEAPRDGQAYVRKDGEWVLLSTFLGGLVPRGSH H H H H HSAWSH PQ FE

(SEQ D NO: 65)

Of those six exemplary recombinant bRSV F protei ns bRSV 39 1-2sc9-1 0DS-Cav1 Q98C-

Q 36 C (SEQ ID NO: 3 ), bRSV 39 1-2sc9DS-Cav1 Q98C-Q3 6 C (SEQ ID NO: 32) and bRSV

ATue5 908sc9-1 0DS-Cav1 A 149C-Y458C are more preferred. bRSV 39 -2sc9-1 0DS-

Cav1 Q98C-Q3 6 1C (SEQ ID NO: 31) and bRSV 39 -2sc9DS-Cav1 Q98C-Q3 6 C (SEQ D

NO: 32) are even more preferred. Those two exemplary recombi nant bRSV F proteins

achieved the highest yields (see Figure 7). bRSV 391 -2sc9DS-Cav1 Q98C-Q3 6 C (SEQ ID

NO: 32) is most preferred.

Accordi ngly, it is preferred that the immunogen according to the present invention comprises

a recombinant RSV F protei n or a fragment thereof, wherei n the recombi nant RSV F protei n

or the fragment thereof comprises or consists of

(i) an F2 polypeptide comprisi ng or consisti ng of ami no acids 26 - 03 of SEQ ID NO: 3 1;

and

(i ) an F 1 polypeptide comprisi ng or consisti ng of amino acids 06 - 474 of SEQ ID NO:

3 1.

It is also preferred that the immunogen accordi ng to the present invention comprises a

recombi nant RSV F protein o r a fragment thereof, wherei n the recombi nant RSV F protei n or

the fragment thereof comprises or consists of



(i) an F2 polypeptide comprising or consisting of amino acids 3 1 - 08 of SEQ ID NO: 33;

and

(ii) an F 1 polypeptide comprising or consisting of amino acids - 479 of SEQ ID NO:

33.

It is also preferred that the immunogen according to the present invention comprises a

recombinant RSV F protein or a fragment thereof, wherein the recombinant RSV F protein or

the fragment thereof comprises or consists of

(i) an F2 polypeptide comprising or consisting of amino acids 26 - 05 of SEQ D NO: 63;

and

(ii) an F 1 polypeptide comprising or consisting of amino acids 108 - 476 of SEQ ID NO:

63.

It is also preferred that the immunogen according to the present invention comprises a

recombinant RSV F protein or a fragment thereof, wherein the recombinant RSV F protein or

the fragment thereof comprises or consists of

(i) an F2 polypeptide comprising or consisting of amino acids 26 - 05 of SEQ ID NO: 64;

and

(ii) an F 1 polypeptide comprising or consisting of amino acids 08 - 476 of SEQ ID NO:

64.

It is also preferred that the immunogen according to the present invention comprises a

recombinant RSV F protein or a fragment thereof, wherein the recombinant RSV F protein or

the fragment thereof comprises or consists of

(i) an F2 polypeptide comprising or consisting of amino acids 26 - 105 of SEQ D NO: 65;

and

(ii) an F 1 polypeptide comprising or consisting of amino acids 08 - 476 of SEQ ID NO:

65.

Most preferably, the immunogen according to the present invention comprises a recombinant

RSV F protein or a fragment thereof, wherein the recombinant RSV F protein or the fragment

thereof comprises or consists of



(i) an F2 polypeptide comprising or consisting of amino acids 26 - 05 of SEQ ID NO: 32;

and

(ii) an F 1 polypeptide comprising or consisting of amino acids 08 - 476 of SEQ D NO:

32.

Moreover, it is preferred that the immunogen according to the present invention comprises a

recombinant RSV F protein or a fragment thereof, wherein the recombinant RSV F protein or

the fragment thereof comprises or consists of

(i) an F2 polypeptide comprising or consisting of amino acids 26 - 03 of SEQ ID NO: 31;

(ii) an F 1 polypeptide comprising or consisting of amino acids 06 - 474 of SEQ ID NO:

3 ; and

(iii) a foldon domain comprising or consisting of amino acids 475 - 5 3 of SEQ ID NO: 31,

which is preferably directly linked to the C-terminus of the F 1 polypeptide.

Furthermore, it is preferred that the immunogen according to the present invention comprises

a recombinant RSV F protein or a fragment thereof, wherein the recombinant RSV F protein

or the fragment thereof comprises or consists of

(i) an F2 polypeptide comprising or consisting of amino acids 3 1 - 108 of SEQ ID NO: 33;

(ii) an F 1 polypeptide comprising or consisting of amino acids - 479 of SEQ ID NO:

33; and

(iii) a foldon domain comprising or consisting of amino acids 480 - 5 8 of SEQ ID NO: 33,

which is preferably directly linked to the C-terminus of the F 1 polypeptide.

It is also preferred that the immunogen according to the present invention comprises a

recombinant RSV F protein or a fragment thereof, wherein the recombinant RSV F protein or

the fragment thereof comprises or consists of

(i) an F2 polypeptide comprising or consisting of amino acids 26 - 05 of SEQ ID NO: 63;

(ii) an F 1 polypeptide comprising or consisting of amino acids 08 - 476 of SEQ ID NO:

63; and

(iii) a foldon domain comprising or consisting of amino acids 477 - 5 5 of SEQ ID NO: 63,

which is preferably directly linked to the C-terminus of the F 1 polypeptide.



It is also preferred that the immunogen according to the present invention comprises a

recombinant RSV F protein or a fragment thereof, wherein the recombinant RSV F protein or

the fragment thereof comprises or consists of

(i) an F2 polypeptide comprising or consisting of amino acids 26 - 05 of SEQ D NO: 64;

(ii) an F1 polypeptide comprising or consisting of amino acids 08 - 476 of SEQ ID NO:

64; and

(iii) a foldon domain comprising or consisting of amino acids 477 - 5 5 of SEQ ID NO: 64,

which is preferably directly linked to the C-terminus of the F 1 polypeptide.

It is also preferred that the immunogen according to the present invention comprises a

recombinant RSV F protein or a fragment thereof, wherein the recombinant RSV F protein or

the fragment thereof comprises or consists of

(i) an F2 polypeptide comprising or consisting of amino acids 26 - 05 of SEQ ID NO: 65;

(ii) an F polypeptide comprising or consisting of amino acids 08 - 476 of SEQ ID NO:

65; and

(iii) a foldon domain comprising or consisting of amino acids 477 - 5 15 of SEQ ID NO: 65,

which is preferably directly linked to the C-terminus of the Fl polypeptide.

Most preferably, the immunogen according to the present invention comprises a recombinant

RSV F protein or a fragment thereof, wherein the recombinant RSV F protein or the fragment

thereof comprises or consists of

(i) an F2 polypeptide comprising or consisting of amino acids 26 - 105 of SEQ ID NO: 32;

(ii) an F 1 polypeptide comprising or consisting of amino acids 08 - 476 of SEQ ID NO:

32; and

(iii) a foldon domain comprising or consisting of amino acids 477 - 5 5 of SEQ ID NO: 32,

which is preferably directly linked to the C-terminus of the F polypeptide.

Preferably, the immunogen according to the present invention comprises a recombinant RSV

F protein or a fragment thereof, wherein the recombinant RSV F protein or the fragment

thereof comprises or consists of amino acids 26 - 474 of SEQ ID NO: 3 . More preferably,

the immunogen according to the present invention comprises a recombinant RSV F protein

or a fragment thereof, wherein the recombinant RSV F protein or the fragment thereof



comprises or consists of amino acids 26 - 5 3 of SEQ D NO: 3 . Even more preferably, the

immunogen according to the present invention comprises a recombinant RSV F protein o r a

fragment thereof, wherein the recombinant RSV F protein or the fragment thereof comprises

or consists of amino acids 1 - 474 of SEQ ID NO: 3 1 . Still more preferably, the immunogen

according to the present invention comprises a recombinant RSV F protein or a fragment

thereof, wherein the recombinant RSV F protein or the fragment thereof comprises or consists

of amino acids 1 - 5 3 of SEQ ID NO: 3 1 . Most preferably, the immunogen according to the

present invention comprises a recombinant RSV F protein or a fragment thereof, wherein the

recombinant RSV F protein or the fragment thereof comprises or consists of an amino acid

sequence according to SEQ ID NO: 3 .

It is also preferred that the immunogen according to the present invention comprises a

recombinant RSV F protein or a fragment thereof, wherein the recombinant RSV F protein or

the fragment thereof comprises or consists of amino acids 3 1 - 479 of SEQ ID NO: 33. More

preferably, the immunogen according to the present invention comprises a recombinant RSV

F protein or a fragment thereof, wherein the recombinant RSV F protein or the fragment

thereof comprises or consists of amino acids 3 1 - 5 18 of SEQ ID NO: 33. Even more

preferably, the immunogen according to the present invention comprises a recombinant RSV

F protein or a fragment thereof, wherein the recombinant RSV F protein or the fragment

thereof comprises or consists of amino acids 1 - 479 of SEQ D NO: 33. Still more preferably,

the immunogen according to the present invention comprises a recombinant RSV F protein

or a fragment thereof, wherein the recombinant RSV F protein or the fragment thereof

comprises or consists of amino acids 1 - 5 18 of SEQ ID NO: 33. Most preferably, the

immunogen according to the present invention comprises a recombinant RSV F protein or a

fragment thereof, wherein the recombinant RSV F protein or the fragment thereof comprises

or consists of an amino acid sequence according to SEQ ID NO: 33.

It is also preferred that the immunogen according to the present invention comprises a

recombinant RSV F protein or a fragment thereof, wherein the recombinant RSV F protein or

the fragment thereof comprises or consists of amino acids 26 476 of SEQ ID NO: 63. More

preferably, the immunogen according to the present invention comprises a recombinant RSV

F protein or a fragment thereof, wherein the recombinant RSV F protein or the fragment



thereof comprises or consists of amino acids 26 - 5 5 of SEQ D NO: 63. Even more

preferably, the immunogen according to the present invention comprises a recombinant RSV

F protein or a fragment thereof, wherein the recombinant RSV F protein or the fragment

thereof comprises or consists of amino acids - 476 of SEQ ID NO: 63. Still more preferably,

the immunogen according to the present invention comprises a recombinant RSV F protein

or a fragment thereof, wherein the recombinant RSV F protein or the fragment thereof

comprises or consists of amino acids 1 - 5 15 of SEQ ID NO: 63. Most preferably, the

immunogen according to the present invention comprises a recombinant RSV F protein or a

fragment thereof, wherein the recombinant RSV F protein or the fragment thereof comprises

or consists of an amino acid sequence according to SEQ ID NO: 63.

It is also preferred that the immunogen according to the present invention comprises a

recombinant RSV F protein or a fragment thereof, wherein the recombinant RSV F protein or

the fragment thereof comprises or consists of amino acids 26 - 476 of SEQ ID NO: 64. More

preferably, the immunogen according to the present invention comprises a recombinant RSV

F protein or a fragment thereof, wherein the recombinant RSV F protein or the fragment

thereof comprises or consists of amino acids 26 - 5 15 of SEQ D NO: 64. Even more

preferably, the immunogen according to the present invention comprises a recombinant RSV

F protein or a fragment thereof, wherein the recombinant RSV F protein or the fragment

thereof comprises or consists of ami o acids 1 - 476 of SEQ D NO: 64. Still more preferably,

the immunogen according to the present invention comprises a recombinant RSV F protein

or a fragment thereof, wherein the recombinant RSV F protein or the fragment thereof

comprises or consists of amino acids 1 - 5 15 of SEQ ID NO: 64. Most preferably, the

immunogen according to the present invention comprises a recombinant RSV F protein or a

fragment thereof, wherein the recombinant RSV F protein or the fragment thereof comprises

or consists of an amino acid sequence according to SEQ ID NO: 64.

It is also preferred that the immunogen according to the present invention comprises a

recombinant RSV F protein or a fragment thereof, wherein the recombinant RSV F protein or

the fragment thereof comprises or consists of amino acids 26 - 476 of SEQ ID NO: 65. More

preferably, the immunogen according to the present invention comprises a recombinant RSV

F protein or a fragment thereof, wherein the recombinant RSV F protein or the fragment



thereof comprises or consists of amino acids 26 - 5 15 of SEQ ID NO: 65. Even more

preferably, the immunogen according to the present invention comprises a recombinant RSV

F protein or a fragment thereof, wherein the recombinant RSV F protein or the fragment

thereof comprises or consists of amino acids 1 - 476 of SEQ ID NO: 65. Still more preferably,

the immunogen according to the present invention comprises a recombinant RSV F protein

or a fragment thereof, wherein the recombinant RSV F protein or the fragment thereof

comprises or consists of amino acids - 5 15 of SEQ ID NO: 65. Most preferably, the

immunogen according to the present invention comprises a recombinant RSV F protein o r a

fragment thereof, wherein the recombinant RSV F protein or the fragment thereof comprises

or consists of an amino acid sequence according to SEQ D NO: 65.

Most preferably, the immunogen according to the present invention comprises a recombinant

RSV F protein or a fragment thereof, wherein the recombinant RSV F protein or the fragment

thereof comprises or consists of amino acids 26 - 476 of SEQ ID NO: 32. More preferably,

the immunogen according to the present invention comprises a recombinant RSV F protein

or a fragment thereof, wherein the recombinant RSV F protein or the fragment thereof

comprises or consists of amino acids 26 - 5 5 of SEQ ID NO: 32. Even more preferably, the

immunogen according to the present invention comprises a recombinant RSV F protein or a

fragment thereof, wherein the recombinant RSV F protein or the fragment thereof comprises

or consists of amino acids 1 - 476 of SEQ D NO: 32. Still more preferably, the immunogen

according to the present invention comprises a recombinant RSV F protein or a fragment

thereof, wherein the recombinant RSV F protein or the fragment thereof comprises or consists

of amino acids 1 - 5 5 of SEQ ID NO: 32. Most preferably, the immunogen according to the

present invention comprises a recombinant RSV F protein or a fragment thereof, wherein the

recombinant RSV F protein or the fragment thereof comprises or consists of an amino acid

sequence according to SEQ ID NO: 32.

It is also preferred that the immunogen according to the present invention as described above,

the virus-like particle according to the present invention as described below, or the protein

nanoparticle according to the present invention as described below specifically bind to the

antibodies D25, MPE8 and/or AM1 4, preferably with a Kd of 1 µΜ or less.



As used herein, " K refers to the dissociation constant for a given interaction, such as a

po!ypeptide-ligand interaction or an antibody-antigen interaction. For example, for the

bimolecular interaction of an antibody (such as D25, MPE8 or AM ) and an antigen (such

as the immunogen according to the present invention, in particular the recombinant RSV F

protein o r the fragment thereof), it is the concentration of the individual components of the

bimolecular interaction divided by the concentration of the complex. Methods of determining

the of an antibody: antigen interaction are familiar to the person of ordinary skill in the art.

Virus-like particle and protein nanoparticle

In a further aspect the present invention also provides a virus-like particle comprising the

immunogen according to the present invention as described herein.

As used herein, a "Virus-like particle" (also "VLP") refers in particular to a non-replicating,

viral shell, derived from any of several viruses. VLPs are generally composed of one or more

viral proteins, such as, but not limited to, those proteins referred to as capsicl, coat, shell,

surface and/or envelope proteins, or particle-forming polypeptides derived from these

proteins. VLPs can form spontaneously upon recombinant expression of the protein in an

appropriate expression system. Methods for producing particular VLPs are known in the art.

The presence of VLPs following recombinant expression of viral proteins can be detected

using conventional techniques known in the art, such as by electron microscopy, biophysical

characterization, and the like. Further, VLPs can be isolated by known techniques, e.g.,

density gradient centrifugation and identified by characteristic density banding. See, for

example, Baker eta/. ( 991 ) Biophys. J. 60: 445-1 456; and Hagensee eta/. ( 1 994) Viral.

68:4503-4505; Vincente, J Invertebr Pathol, 201 ; Schneider-Ohrum and Ross, Curr. Top.

Microbial. Immunol., 354: 53073, 20 2).

A virus-like particle comprising the immunogen according to the present invention as

described herein is thus in particular a virus-like particle (VLP) that includes a recombinant

RSV F protein stabilized in a prefusion conformation as disclosed herein. Accordingly, the

virus like particle includes a recombinant RSV F protein or a fragment thereof including an



F2 polypeptide and an F 1 polypeptide (such as an F 1 polypeptide linked to a transmembrane

domain); a disulfide bond between a pair of cysteines at positions 55 and 290; a cavity-

filling amino acid substitution at position S 0 and a cavity-filling amino acid substitution at

position V207; a disulfide bond between a pair of cysteines at positions Q98C and Q361 C,

at positions A 149C and Y458C, at positions N 83GC and N428C, at positions N88C and

N254C, at positions E92C and N254C, and/or at positions S238C and Q279C; wherein the

recombinant RSV F protein or the fragment thereof does not comprise a pep27 polypeptide.

Preferred embodiments of the VLP comprising the immunogen according to the present

invention correspond to preferred embodiments of the immunogen according to the present

invention.

VLPs lack the viral components that are required for virus replication and thus represent a

highly attenuated form of a virus. The VLP can display a polypeptide (e.g., a recombinant

RSV F protein stabilized in a prefusion conformation) that is capable of eliciting an immune

response to RSV when administered to a subject. Virus like particles and methods of their

production are known and familiar to the person of ordinary skill in the art, and viral proteins

from several viruses are known to form VLPs, including human papillomavirus, HIV (Kang et

a/., Biol. Chem. 380: 353-64 ( 999)), Semliki-Forest virus (Notka eta/., Biol. Chem. 380: 341-

52 ( 1 999)), human polyomavirus (Goldmann et a/., J. Virol. 73: 4465-9 ( 1 999)), rota virus

(Jiang et a/., Vaccine 17: 1005-1 3 ( 1 999)), parvovirus (Casal, Biotechnology and Applied

Biochemistry, Vol 29, Part 2, pp 14 1- 50 ( 999)), canine parvovirus (Hurtado etal., ) . Viral.

70: 5422-9 ( 996)), hepatitis Evirus (Li etal., J. Viral. 7 : 35 7207-1 3 ( 997)), and Newcastle

disease virus. For example, a chimeric VLP containing a RSV antigen and can be a Newcastle

disease virus-based VLP. Newcastle disease based VLPs have previously been shown to elicit

a neutralizing immune response to RSV in mice. The formation of such VLPs can be detected

by any suitable technique. Examples of suitable techniques known in the art for detection of

VLPs in a medium include, e.g., electron microscopy techniques, dynamic light scattering

(DLS), selective chromatographic separation (e.g., ion exchange, hydrophobic interaction,

and/or size exclusion chromatographic separation of the VLPs) and density gradient

centrifueation.



In a further aspect the present invention also provides a protein nanoparticle comprising the

immunogen according to the present invention as described herein.

As used herein, a "protein nanoparticle" refers in particular to a multi-subunit, protein-based

polyhedron shaped structure. The subunits are each composed of proteins or polypeptides

(for example a glycosylated polypeptide), and, optionally of single or multiple features of the

following: nucleic acids, prosthetic groups, organic and inorganic compounds. Non-limiting

examples of protein nanoparticles include ferritin nanoparticles (see, e.g., Zhang, Y. Int. J.

Mol. Sci., 2:5406-5421, 20 , incorporated by reference herein), encapsulin nanoparticles

(see, e.g., Sutter et al., Nature Struct and Mol. Biol., 15:939-947, 2008, incorporated by

reference herein), Sulfur Oxygenase Reductase (SOR) nanoparticles (see, e.g., Urich et al.,

Science, 3 :996-1 000, 2006, incorporated by reference herein), lumazine synthase nan op

articles (see, e.g., Zhang et al., J. Mol. Biol, 306: 1099-1 4, 2001) or pyruvate

dehydrogenase nan op articles (see, e.g., Izard et al., PNAS 96: 1240-1245, 1999,

incorporated by reference herein). Ferritin, encapsulin, SOR, lumazine synthase, and

pyruvate dehydrogenase are monomeric proteins that self-assemble into a globular protein

complexes that in some cases consists of 24, 60, 24, 60, and 60 protein subunits, respectively.

Preferably, ferritin, encapsulin, SOR, lumazine synthase, or pyruvate dehydrogenase

monomers are linked to an immunogen according to the present invention as disclosed herein

(for example, a recombinant RSV Fprotein stabilized in a prefusion conformation as described

herein) and self-assembled into a protein nanoparticle presenting the disclosed antigens on

its surface, which can be administered to a subject to stimulate an immune response to the

immunogen.

A protein nanoparticle particle comprising the immunogen according to the present invention

as described herein is thus in particular a protein nanoparticle that includes a recombinant

RSV F protein stabilized in a prefusion conformation as disclosed herein. Accordingly, the

protein nanoparticle includes a recombinant RSV F protein or a fragment thereof including

an F2 polypeptide and an F 1 polypeptide (such as an F 1 polypeptide linked to a

transmembrane domain); a disulfide bond between a pair of cysteines at positions 55 and

290; a cavity-filling amino acid substitution at position S 1 0 and a cavity-filling amino acid

substitution at position V207; a disulfide bond between a pair of cysteines at positions Q98C



and Q361C, at positions A149C and Y458C, at positions N 83GC and N428C, at positions

N88C and N254C, at positions E92C and N254C, and/or at positions S238C and Q279C;

wherein the recombinant RSV F protein or the fragment thereof does not comprise a pep27

polypeptide. Preferred embodiments of the protein nanoparticle comprising the immunogen

according to the present invention correspond to preferred embodiments of the immunogen

according to the present invention.

For example, the protein nanoparticle may include one or more of any of the disclosed

immunogens, in particular recombinant RSV F protein stabilized in a prefusion conformation,

wherein the protein nanoparticle is specifically bound by a prefusion-specific antibody (e.g.,

D25, MPE8 or AMI 4 antibody), and/or includes a RSV F prefusion specific conformation

(such as antigenic site 0).

Non-limiting example of nanoparticles include ferritin nanoparticles, encapsulin

nanoparticles and Sulfur Oxygenase Reductase (SOR) nanoparticles, which are comprised of

an assembly of monomeric subunits including ferritin proteins, encapsulin proteins and SOR

proteins, respectively. To construct protein nanoparticles including the disclosed

recombinant RSV F protein stabilized in a prefusion conformation, the antigen/immunogen

(in particular the recombinant RSV F protein or the fragment thereof) is usually linked to a

subunit of the protein nanoparticle (such as a ferritin protein, an encapsulin protein or a SOR

protein). The fusion protein self-assembles into a nanoparticle under appropriate conditions.

Preferably, the protein nanoparticle is thus a ferritin nanoparticle, an encapsulin nanoparticle,

a Sulfur Oxygenase Reductase (SOR) nanoparticle, a lumazine synthase nanoparticle or a

pyruvate dehydrogenase nanoparticle. More preferably, the protein nanoparticle is a ferritin

nanoparticle.

Ferritin nanoparticles and their use for immunization purposes (e.g., for immunization against

influenza antigens) has been disclosed in the art (see, e.g., Kanekiyo et al., Nature, 499: 02-

06, 201 3, incorporated by reference herein in its entirety). Accordingly, a preferred protein

nanoparticle is a ferritin nanoparticle. For example, any of the disclosed immunogens (in

particular the recombinant RSV F proteins or the fragments thereof) may be linked to a ferritin



polypeptide or hybrid of different ferritin polypeptides to construct a ferritin protein

nanoparticle. Thereby the ferritin nanoparticle is preferably specifically bound by a prefusion-

specific antibody (e.g., D25, MPE8 or AM 4 antibody), and/or includes a RSV F prefusion

specific conformation (such as antigenic site 0).

Ferritin is a globular protein that is found in all animals, bacteria, and plants, and which acts

primarily to control the rate and location of polynuclear Fe(lll) 0 3 formation through the

transportation of hydrated iron ions and protons to and from a mineralized core. The globular

form of ferritin is made up of monomeric subunits, which are polypeptides having a molecule

weight of approximately 7-20 kDa. An example of the sequence of one such monomeric

subunit is represented by SEQ D NO: 48:

ferritin polypeptide:

MLSKDIIKLLNEQVNKEMNSSNLYMSMSSWCYTHSLDGAGLFLFDHAAEEYEHAKKLIVFLNE
NNVPVQLTSISAPEHKFEGLTQIFQKAYEHEQHISESINNIVDHAIKGKDHATFNFLQWYVAEQ
HEEEVLFKDILDKIELIGNENHGLYLADQYVKGIAKSRKS
[SEQ D NO: 48].

Each monomeric subunit has the topology of a helix bundle which includes a four antiparallel

helix motifs, with a fifth shorter helix (the c-terminal helix) lying roughly perpendicular to the

long axis of the 4 helix bundle. According to convention, the helices are labeled Ά , B, C, D

& E' from the N-terminus respectively. The N-terminal sequence lies adjacent to the capsid

three-fold axis and extends to the surface, while the E helices pack together at the four-fold

axis with the C-terminus extending into the capsid core. The consequence of this packing

creates two pores on the capsid surface. It is expected that one or both of these pores represent

the point by which the hydrated iron diffuses into and out of the capsid. Following production,

these monomeric subunit proteins self-assemble into the globular ferritin protein. Thus, the

globular form of ferritin comprises 24 monomeric, subunit proteins, and has a capsid-like

structure having 432 symmetry. Methods of constructing ferritin nanoparticles are known to

the person of ordinary skill in the art and are further described herein (see, e.g., Zhang, Int. J.

Mo/. Sci., 12:5406-5421 , 20 , which is incorporated herein by reference in its entirety).



For example, the ferritin polypeptide is £ coli ferritin, Helicobacter pylori ferritin, human

light chain ferritin, bullfrog ferritin or a hybrid thereof, such as £ coli-human hybrid ferritin,

£ coli-bullfrog hybrid ferritin, or human-bullfrog hybrid ferritin. Exemplary amino acid

sequences of ferritin polypeptides and nucleic acid sequences encoding ferritin polypeptides

to be combined with the immunogen according to the present invention (in particular the

recombinant RSV Fprotein or the fragment thereof) can be found in GENBANK®, for example

at accession numbers ZP 03085328, ZP 06990637, EJB64322. , AAA35832, N P 0001 37

AAA49532, AAA49525, AAA49524 and AAA49523, which are specifically incorporated by

reference herein in their entirety as available February 28, 201 3 . In one embodiment, any of

the disclosed recombinant RSV F proteins stabilized in a prefusion conformation is linked to

a ferritin protein including an amino acid sequence at least 80% (such as at least 85%, at

least 90%, at least 95%, or at least 97%) identical to amino acid sequence set forth as SEQ

ID NO: 48.

Preferably, the ferritin polypeptide is a Helicobacter pylori ferritin (such as a ferritin

polypeptide set forth as SEQ ID NO: 48) and includes a substitution of the cysteine residue at

position 3 1, such as a C31 S, C31 A or C31 V substitution. Any of the immunogens according

to the present invention (in particular the recombinant RSV Fproteins or the fragments thereof)

can be linked to a Helicobacterpylori ' ferritin (such as a ferritin polypeptide set forth as SEQ

D NO: 48) that preferably further includes a substitution of the cysteine residue at position

3 1 of the ferritin polypeptide, such as a C31 S, C3 A or C3 V substitution.

Preferably, the ferritin protein nanoparticle includes an immunogen according to the present

invention comprising a recombinant RSV F protein or a fragment thereof including an F2

polypeptide and an F 1 polypeptide, wherein the F 1 polypeptide is linked to the ferritin

protein. Preferably, the encapsulin protein nanoparticle includes an immunogen according

to the present invention comprising a recombinant RSV F protein or a fragment thereof

including an F2 polypeptide and an F 1 polypeptide, wherein the F 1 polypeptide is linked to

the encapsulin protein. Preferably, the SOR protein nanoparticle includes an immunogen

according to the present invention comprising a recombinant RSV F protein or a fragment

thereof including an F2 polypeptide and an F 1 polypeptide, wherein the F 1 polypeptide is

linked to the SOR protein.



Thus, the immunogen according to the present invention (in particular the recombinant RSV

F protein or the fragment thereof) may also be linked to an encapsulin polypeptide to

construct an encapsulin nanoparticle, in particular wherein the encapsulin nanoparticle is

specifically bound by a prefusion-specific antibody (e.g., D25, MPE8 or AM1 4 antibody),

and/or includes an RSV F prefusion specific conformation (such as antigenic site 0).

Encapsulin proteins are a conserved family of bacterial proteins also known as linocin-like

proteins that form large protein assemblies that function as a minimal compartment to

package enzymes. The encapsulin assembly is made up of monomeric subunits, which are

polypeptides having a molecule weight of approximately 30 kDa. An example of the

sequence of one such monomeric subunit is provided as SEQ ID NO: 49:

encapsulin polypeptide:

MEFLKRSFAPLTEKQWQEIDNRAREIFKTQLYGRKFVDVEGPYGWEYAAHPLGEVEVLSDENE
VVKWGLRKSLPLIELRATFTLDLWELDNLERGKPNVDLSSLEETVRKVAEFEDEVIFRGCEKSGVK
GLLSFEERKIECGSTPKDLLEAIVRALSIFSKDGIEGPYTLVINTDRWINFLKEEAGHYPLEKRVEECL
RGGKIITTPRIEDALVVSERGGDFKLILGQDLSIGYEDREKDAVRLFITETFTFQVVNPEALILLKF
fSEQ D NO: 49]

Following production, the monomeric subunits self-assemble into the globular encapsulin

assembly including 60 monomeric subunits. Methods of constructing encapsulin

nanoparticles are known to the person of ordinary skill in the art, and further described herein

(see, for example, Sutter et al., Nature Struct and Mol. Biol., 15:939-947, 2008, which is

incorporated by reference herein in its entirety). In specific examples, the encapsulin

polypeptide is bacterial encapsulin, such as £ colior Thermotoga maritime encapsulin.

An exemplary encapsulin sequence to be combined with the immunogen according to the

present invention (in particular the recombinant RSV F protein or the fragment thereof) is set

forth as SEQ D NO: 49.

Moreover, any of the immunogens according to the present invention (in particular the

recombinant RSV F proteins or the fragments thereof) may also be linked to a Sulfur

Oxygenase Reductase (SOR) polypeptide to construct a SOR nanoparticle, in particular



wherein the SOR nanoparticle is specifically bound by a prefusion-specific antibody (e.g.,

D25, MPE8 or AM1 4 antibody), and/or includes a RSV F prefusion specific conformation

(such as antigenic site 0). SOR proteins are microbial proteins (for example from the

thermoacidophilic archaeon Acidianus ambivalens that form 24 subunit protein assemblies.

Methods of constructing SOR nanoparticles are known to the person of ordinary skill in the

art (see, e.g., Urich eta/., Science, 3 :996-1000, 2006, which is incorporated by reference

herein in its entirety).

Furthermore, the immunogen according to the present invention (in particular the

recombinant RSV F protein or the fragment thereof) may also be linked to a Lumazine

synthase polypeptide to construct a Lumazine synthase nanoparticle, wherein the Lumazine

synthase nanoparticle is specifically bound by a prefusion-specific antibody (e.g., D25, MPE8

or AM1 4 antibody), and/or includes a RSV F prefusion specific conformation (such as

antigenic site 0).

Moreover, the immunogen according to the present invention (in particular the recombinant

RSV F protein or the fragment thereof) may also be linked to a pyruvate dehydrogenase

polypeptide to construct a pyruvate dehydrogenase nanoparticle, wherein the pyruvate

dehydrogenase nanoparticle is specifically bound by a prefusion-specific antibody (e.g., D25,

MPE8 or AM14 antibody), and/or includes a RSV F prefusion specific conformation (such as

antigenic site 0).

Preferably, the immunogen according to the present invention (in particular the recombinant

RSV F protein or the fragment thereof) is linked to the N- or C-terminus of a ferritin,

encapsulin, SOR, lumazine synthase or pyruvate dehydrogenase protein, for example with a

linker, such as a Ser-Gly linker or any of the linkers disclosed in Table 1. Constructs are

preferably made in H E 293 Freestyle cells, since the fusion proteins are secreted from those

cells and self-assembled into nanoparticles. The nanoparticles can be purified using known

techniques, for example by a few different chromatography procedures, e.g. Mono Q (anion

exchange) followed by size exclusion (SUPEROSE® 6) chromatography.



Several embodiments include a monomeric subunit of a ferritin, encapsulin, SOR, lumazine

synthase or pyruvate dehydrogenase protein, or any portion thereof which is capable of

directing self-assembly of monomeric subunits into the globular form of the protein. Amino

acid sequences from monomeric subunits of any known ferritin, encapsulin, SOR, lumazine

synthase or pyruvate dehydrogenase protein can be used to produce fusion proteins with the

immunogen according to the present invention (in particular the recombinant RSV F protein

or the fragment thereof), in particular so long as the monomeric subunit is capable of self-

assembling into a nanoparticle displaying the immunogen according to the present invention

(in particular the recombinant RSV F protein or the fragment thereof) on its surface.

The fusion proteins need not comprise the full-length sequence of a monomeric subunit

polypeptide of a ferritin, encapsulin, SOR, lumazine synthase or pyruvate dehydrogenase

protein. Portions, or regions, of the monomeric subunit polypeptide can be utilized so long

as the portion comprises amino acid sequences that direct selfassembly of monomeric

subunits into the globular form of the protein.

In some embodiments, it may be useful to engineer mutations into the amino acid sequence

of the monomeric ferritin, encapsulin, SOR, lumazine synthase or pyruvate dehydrogenase

subunits. For example, it may be useful to alter sites such as enzyme recognition sites or

glycosylation sites in order to give the fusion protein beneficial properties (e.g., half-life).

It will be understood by those skilled in the art that fusion of the immunogen according to the

present invention (in particular of the recombinant RSV F protein or of the fragment thereof)

to the ferritin, encapsulin, SOR, lumazine synthase or pyruvate dehydrogenase protein should

be clone such that the immunogen/recombinant RSV F protein portion of the fusion protein

does not interfere with self-assembly of the monomeric ferritin, encapsulin, SOR, lumazine

synthase or pyruvate dehydrogenase subunits into the globular protein, and that the ferritin,

encapsulin, SOR, lumazine synthase or pyruvate dehydrogenase protein portion of the fusion

protein does not interfere with the ability of the immunogen according to the present

invention (in particular of the recombinant RSV F protein or of the fragment thereof) to elicit

an immune response to RSV.



For example, the ferritin, encapsulin, SOR, lumazine synthase or pyruvate dehydrogenase

protein and the immunogen according to the present invention (in particular the recombinant

RSV F protein or the fragment thereof) can be joined together directly without affecting the

activity of either portion. In other embodiments, the ferritin, encapsulin, SOR, lumazine

synthase or pyruvate dehydrogenase protein and the immunogen according to the present

invention (in particular the recombinant RSV F protein or the fragment thereof) are joined

using a linker (also referred to as a spacer) sequence. The linker sequence is designed to

position the ferritin, encapsulin, SOR, lumazine synthase or pyruvate dehydrogenase portion

of the fusion protein and the immunogen/recombinant RSV F protein portion of the fusion

protein, with regard to one another, such that the fusion protein maintains the ability to

assemble into nanoparticles, and also elicits an immune response to RSV.

Preferably, the linker sequences comprise amino acids. Preferable amino acids to use are

those having small side chains and/or those which are not charged. Such amino acids are less

likely to interfere with proper folding and activity of the fusion protein. Accordingly, preferred

amino acids to use in linker sequences, either alone or in combination are serine, glycine and

alanine. One example of such a linker sequence is SGG. Amino acids can be added or

subtracted as needed. Further examples of useful linker sequences are disclosed in Table .

Those skilled in the art are capable of determining appropriate linker sequences for

construction of protein nanoparticles.

Preferably, the protein nanoparticles has a molecular weight of from 100 to 5000 kDa, such

as approximately 500 to 4600 kDa. More preferably, a Ferritin nanoparticle has an

approximate molecular weight of about 650 kDa, an Encapsulin nanoparticle has an

approximate molecular weight of about 2 00 kDa, a SOR nanoparticle has an approximate

molecular weight of about 1000 kDa, a lumazine synthase nanoparticle has an approximate

molecular weight of about 4000 kDa, and a pyruvate dehydrogenase nanoparticle has an

approximate molecular weight of about 4600 kDa, when the protein nanoparticle includes

the immunogen according to the present invention (in particular the recombinant RSV F

protein or the fragment thereof).



The disclosed recombinant RSV F proteins stabilized in a prefusion conformation linked to

ferritin, encapsulin, SOR, lumazine synthase or pyruvate dehydrogenase proteins can self-

assemble into multi-subunit protein nanoparticles, typically termed ferritin nanoparticles,

encapsulin nanoparticles, SOR nanoparticles, lumazine synthase nanoparticles, and pyruvate

dehydrogenase nanoparticles, respectively. The nanoparticles including the immunogen

according to the present invention (in particular the recombinant RSV F protein or the

fragment thereof) have substantially the same structural characteristics as the native ferritin,

encapsulin, SOR, lumazine synthase or pyruvate dehydrogenase nanoparticles that do not

include the immunogen according to the present invention (in particular the recombinant

RSV F protein or the fragment thereof). That is, they contain 24, 60, 24, 60, or 60 subunits

(respectively) and have similar corresponding symmetry. In the case of nanoparticles

constructed of monomer subunits including the immunogen according to the present

invention (in particular the recombinant RSV F protein or the fragment thereof), such

nanoparticles are preferably specifically bound by a prefusion-specific antibody (e.g., D25

antibody), and/or include an RSV F prefusion specific conformation (such as antigenic site

0).

Nucleic acid molecule, vector and host cell

In a further aspect the present invention also provides a nucleic acid molecule comprising a

polynucleotide encoding the immunogen, the virus-like particle, or protein nanoparticle

according to the present invention as described herein.

As used herein, "nucleic acid molecule" (also referred to as "polynucleotide") refers in

particular to a polymer composed of nucleotide units (ribonucleotides, deoxyribonucleotides,

related naturally occurring structural variants, and synthetic non-naturally occurring analogs

thereof) linked via phosphodiester bonds, related naturally occurring structural variants, and

synthetic non-naturally occurring analogs thereof. Thus, the term includes nucleotide

polymers in which the nucleotides and the linkages between them include non-naturally

occurring synthetic analogs, such as, for example and without limitation, phosphorothioates,



phosphoramidates, methyl phosphonates, chiral-methyl phosphonates, 2-0-methyl

ribonucleotides, peptide-nucleic acids (PNAs), and the like.

Such polynucleotides can be synthesized, for example, using an automated DNA synthesizer.

The term "oligonucleotide" typically refers to short polynucleotides, generally no greater than

about 50 nucleotides. It will be understood that when a nucleotide sequence is represented

by a DNA sequence (i.e., A, T, G, C), this also includes an RNA sequence (i.e., A, U, G, C)

in which "U" replaces "T."

"Nucleotide" includes, but is not limited to, a monomer that includes a base linked to a sugar,

such as a pyrimicline, purine or synthetic analogs thereof, or a base linked to an amino acid,

as in a peptide nucleic acid (PNA). Typically, nucleotide is one monomer in a polynucleotide.

A nucleotide sequence refers to the sequence of bases in a polynucleotide. Conventional

notation is used herein to describe nucleotide sequences: the left-hand end of a single-

stranded nucleotide sequence is the 5 '-end; the left-hand direction of a double-stranded

nucleotide sequence is referred to as the 5'-direction. The direction of 5 ' to 3 ' addition of

nucleotides to nascent RNA transcripts is referred to as the transcription direction. The DNA

strand having the same sequence as an mRNA is referred to as the "coding strand;" sequences

on the DNA strand having the same sequence as an mRNA transcribed from that DNA and

which are located 5' to the 5'-end of the RNA transcript are referred to as "upstream

sequences;" sequences on the DNA strand having the same sequence as the RNA and which

are 3' to the 3 ' end of the coding RNA transcript are referred to as "downstream sequences."

"cDNA" refers to a DNA that is complementary or identical to an mRNA, in either single

stranded or double stranded form. "Encoding" refers to the inherent property of specific

sequences of nucleotides in a polynucleotide, such as a gene, a cDNA, or an mRNA, to serve

as templates for synthesis of other polymers and macromolecules in biological processes

having either a defined sequence of nucleotides (for example, rRNA, tRNA and mRNA) or a

defined sequence of amino acids and the biological properties resulting therefrom. Thus, a

gene encodes a protein if transcription and translation of mRNA produced by that gene

produces the protein in a cell or other biological system.



Both the coding strand, the nucleotide sequence of which is identical to the mRNA sequence

and is usually provided in sequence listings, and non-coding strand, used as the template for

transcription, of a gene or cDNA can be referred to as encoding the protein or other product

of that gene or cDNA. Unless otherwise specified, a "nucleotide sequence encoding an amino

acid sequence" or a "nucleic acid molecule encoding a certain peptide/protein" includes all

nucleotide sequences that are degenerate versions of each other and that encode the same

amino acid sequence. Nucleotide sequences that encode proteins and RNA may include

introns.

A nucleic acid molecule comprising a polynucleotide encoding the immunogen, the v irus

like particle or the protein nanoparticle according to the present invention as described herein

is thus in particular a nucleic acid molecule comprising a polynucleotide encoding at least a

recombinant RSV F protein stabilized in a prefusion conformation as disclosed herein.

Accordingly, the polynucleotide encodes at least a recombinant RSV F protein or a fragment

thereof including an F2 polypeptide and an F 1 polypeptide (such as an F 1 polypeptide linked

to a transmembrane domain); a disulfide bond between a pair of cysteines at positions 55

and 290; a cavity-filling amino acid substitution at position S 90 and a cavity-filling amino

acid substitution at position V207; a disulfide bond between a pair of cysteines at positions

Q98C and Q36 C, at positions A149C and Y458C, at positions N 83GC and N428C, at

positions N88C and N254C, at positions E92C and N254C, and/or at positions S238C and

Q279C; wherein the recombinant RSV F protein or the fragment thereof does not comprise a

pep27 polypeptide. Preferred embodiments of the nucleic acid molecule comprising a

polynucleotide encoding the immunogen, the virus-like particle or the protein nanoparticle

according to the present invention correspond to preferred embodiments of the immunogen,

the virus-like particle or the protein nanoparticle according to the present invention.

Nucleic acid molecules comprising polynucleotides encoding the immunogen according to

the present invention (in particular the recombinant RSV F protein or the fragment thereof) or

virus-like particles or protein nanoparticles containing such immunogens include DNA,

cDNA and RNA sequences which encode the antigen. Examples of nucleic acid molecules

and/or polynucleotides include, e.g., a recombinant polynucleotide, a vector, an



oligonucleotide, an RNA molecule such as an rRNA, an mRNA, an miRNA, an siRNA, or a

tRNA, or a DNA molecule such as a cDNA.

Preferably, the nucleic acid molecule comprises a polynucleotide encoding the immunogen

according to the present invention as described herein. It is also preferred that the nucleic

acid molecule comprises a polynucleotide encoding the virus-like particle or the protein

nanoparticle according to the present invention as described herein.

Preferably, the nucleic acid molecule encodes a precursor F0 polypeptide that, when

expressed in an appropriate cell, is processed into the disclosed recombinant RSV F protein

or the fragment thereof, in particular wherein the precursor F0 polypeptide includes, from N-

to C-terminus, a signal peptide, a F2 polypeptide, a Pep27 polypeptide, and a F 1 polypeptide.

Accordingly, it is preferred that the polynucleotide encodes a precursor protein of the

immunogen or protein nanoparticle. More preferably, the encoded precursor protein

comprises, from N- to C-terminus, a signal peptide, a F2 polypeptide, and a F 1 polypeptide.

Even more preferably, the encoded precursor protein comprises, from N- to C-terminus, a

signal peptide, a F2 polypeptide, a F 1 polypeptide, and a trimerization domain.

Exemplary nucleic acid molecules comprising a polynucleotide encoding an immunogen

according to the present invention (in particular a recombinant RSV F protein or a fragment

thereof) have any of the following nucleic acid sequences (SEQ ID NOs 56 - 62) or share at

least 70% sequence identity, preferably at least 75% sequence identity, preferably at least

80% sequence identity, more preferably at least 85% sequence identity, more preferably at

least 88% sequence identity, even more preferably at least 90 % sequence identity, even

more preferably at least 92% sequence identity, still more preferably at least 95% sequence

identity, still more preferably at least 96% sequence identity, particularly preferably at least

97% sequence identity, particularly preferably at least 98% sequence identity and most

preferably at least 99% sequence identity with any of the following nucleic acid sequences

(SEQ ID NOs 56 - 62):

391 -2sc9-1 0DS-Cav1 Q98C-Q361 C :



atggctgctactgctatgcggatgattatctcaattatttttatttcaacctacatgactcacattaccctgtgtcagaacattaccgaggaa

ttctaccagagcacttgctccgccgtgtctagaggatacctgtctgctctgaggaccggctggtatacaagcgtggtcactattgagctg

tccaagatccagaaaaacgtgtgtaagagtaccgattcaaaggtcaaactgatcaaacaggagctggaaaggtataacaatgccgt

gattgagctgcagagcctgatgtgcaatgaacctgctagcgggtctggaagtgccatcgcttccggagtggccgtctgcaaggtgctg

cacctggagggcgaagtcaacaagatcaagaatgccctgctgtctacaaacaaagctgtggtctcactgagcaatggcgtgagtgt

cctgacttttaaggtgctggacctgaaaaactacatcgataaggagctgctgccaaaactgaacaatcatgactgtcggatcagcaat

attgagacagtgattgaattccagcagaagaacaatcgactgctggagatcgcaagagaattttcagtgaacgccggcattaccaca

cccctgagcacctacatgctgacaaattctgagctgctgagtctgattaacgacatgcctatcaccaatgatcagaagaaactgatga

gctccaacgtgcagatcgtcagacagcagtcctattctattatgtgcgtggtcaaggaggaagtgatcgcctacgtggtccagctgcct

atctacggcgtgatcgataccccatgctggaagctgcacacaagtcccctgtgtactaccgacaacaaagagggctcaaatatctg

cctgacaaggactgaccgcggctggtactgtgataacgcagggagtgtgtcattctttccacaggccgaaacttgcaaggtgtgctcc

aacagggtcttctgtgataccatgaattctctgaccctgcccacagacgtgaacctgtgcaacactgatatctttaataccaagtacga

ctgtaagattatgactagcaagaccgacatctctagttcagtgatcacctccattggagctatcgtctcttgctacggcaagacaaaatg

tactgcatctaacaagaatcgcgggatcatcaagacattctctaacggatgtgattatgtcagtaataagggggtcgacacagtgagc

gtcggaaacactctgtactatgtgaataagctggagggcaaagccctgtacatcaaaggggaacctatcattaactactatgatccac

tggtgttccccagtgacgagtttgatgcatcaattgcccaggtgaacgctaagatcaatcagtccctggccttcatccggagatcagac

gagctgctgagcgcaattggcgggtacatccccgaagctcctcgcgatggccaggcatatgtgcgaaaagacggggagtgggtcct

gctgagcaccttcctgggaggactggtgcctcgaggatcccaccatcaccatcaccatagcgcttggtcccatccacagtttgaaaa

g

[SEQ ID NO: 56]

391 -2sc9DS-Cav1 Q98C-Q361 C :

atggctgctactgctatgcggatgattatctcaattatttttatttcaacctacatgactcacattaccctgtgtcagaacattaccgaggaa

ttctaccagagcacttgctccgccgtgtctagaggatacctgtctgctctgaggaccggctggtatacaagcgtggtcactattgagctg

tccaagatccagaaaaacgtgtgtaagagtaccgattcaaaggtcaaactgatcaaacaggagctggaaaggtataacaatgccgt

gattgagctgcagagcctgatgtgcaatgaacctgctagcttctccgggtctggaagtgccatcgcttccggagtggccgtctgcaag

gtgctgcacctggagggcgaagtcaacaagatcaagaatgccctgctgtctacaaacaaagctgtggtctcactgagcaatggcgt

gagtgtcctgacttttaaggtgctggacctgaaaaactacatcgataaggagctgctgccaaaactgaacaatcatgactgtcggatc

agcaatattgagacagtgattgaattccagcagaagaacaatcgactgctggagatcgcaagagaattttcagtgaacgccggcatt

accacacccctgagcacctacatgctgacaaattctgagctgctgagtctgattaacgacatgcctatcaccaatgatcagaagaaa

ctgatgagctccaacgtgcagatcgtcagacagcagtcctattctattatgtgcgtggtcaaggaggaagtgatcgcctacgtggtcca

gctgcctatctacggcgtgatcgataccccatgctggaagctgcacacaagtcccctgtgtactaccgacaacaaagagggctcaa



atatctgcctgacaaggactgaccgcggctggtactgtgataacgcagggagtgtgtcattctttccacaggccgaaacttgcaaggt

gtgctccaacagggtcttctgtgataccatgaattctctgaccctgcccacagacgtgaacctgtgcaacactgatatctttaataccaa

gtacgactgtaagattatgactagcaagaccgacatctctagttcagtgatcacctccattggagctatcgtctcttgctacggcaagac

aaaatgtactgcatctaacaagaatcgcgggatcatcaagacattctctaacggatgtgattatgtcagtaataagggggtcgacaca

gtgagcgtcggaaacactctgtactatgtgaataagctggagggcaaagccctgtacatcaaaggggaacctatcattaactactatg

atccactggtgttccccagtgacgagtttgatgcatcaattgcccaggtgaacgctaagatcaatcagtccctggccttcatccggaga

tcagacgagctgctgagcgcaattggcgggtacatccccgaagctcctcgcgatggccaggcatatgtgcgaaaagacggggagt

gggtcctgctgagcaccttcctgggaggactggtgcctcgaggatcccaccatcaccatcaccatagcgcttggtcccatccacagt

ttgaaaagtga

[SEQ ID NO: 57]

ATue51 908sc9-1 0DS-Cav1 ΑΊ 49C-Y458C:

atggattccaaggggagctcccagaaaggatctaggctgctgctgctgctggtggtctccaacctgctgctgccacagggagtggtc

ggacagaatatcacagaggaattctaccagagcacttgctccgcagtgtctcggggatacctgtctgccctgagaactggctggtata

cctctgtggtcacaattgagctgagtaagatccagaagaacgtgtgcaaaagtaccgactcaaaggtcaaactgatcaagcaggag

ctggaacggtataacaatgccgtggtcgagctgcagagcctgatgcagaacgaacctgcttctggcagcggatctgccgtgtgtagt

ggagtggccgtctgcaaagtgctgcatctggagggcgaagtcaacaagatcaagaatgcactgctgtctactaacaaggccgtggt

ctcactgagcaatggcgtgagtgtcctgacctttaaggtgctggacctgaaaaactacatcgataaggagctgctgcctcagctgaac

aatcacgattgtaggatctccaatattgagacagtgattgaattccagcagaagaacaatcgcctgctggagatcgctcgagagttca

gcgtgaacgcaggcattaccacaccactgtcaacatacatgctgactaattcagagctgctgagcctgattaacgacatgcccatca

ccaatgatcagaagaaactgatgtctagtaacgtgcagatcgtccgccagcagtcctattctattatgtgcgtggtcaaggaggaagtg

atcgcatacgtggtccagctgcctatctacggcgtgatcgataccccatgctggaaactgcatacatctcccctgtgcactaccgaca

acaaggaaggaagtaatatttgcctgacaagaactgacaggggctggtactgtgataacgctggcagcgtgagcttcttccctcaga

ccgaaacatgcaaggtgcagagcaaccgggtcttctgtgatacaatgaattccctgactctgccaaccgacgtgaacctgtgcaac

accgatatctttaatacaaagtacgactgtaagatcatgacaagcaagactgacatctcaagctccgtgatcacaagtattggagctat

cgtgtcatgctacggcaagaccaaatgtacagcatctaacaaaaacagagggatcattaagactttctcaaacggatgtgattatgtg

agcaacaagggggtcgacactgtgagcgtcggaaacaccctgtactgtgtgaataagctggagggcaaagccctgtacatcaagg

gggaacccatcattaactactatgatccactggtgttccccagcgacgagtttgatgcatccattgcccaggtgaacgccaaaatcaa

tcagtccctggcttttattaggcgctccgacgagctgctgtctgccattggcgggtacatccccgaagcccctagggatggccaggctt

atgtgcgcaaggacggggagtgggtcctgctgtcaaccttcctgggaggactggtgccaagaggctcccaccatcaccatcaccat

agcgcctggtcccaccctcagtttgaaaag

[SEQ D NO: 58]



RB94 DS-Cav1 sc9 A 49C-Y458C:

atggattctaagggttccagccagaaaggttccaggctgctgctgctgctggtggtgagcaatctgctgctgcctcagggagtggtggg

acagaacatcaccgaggagttctaccagtcaacctgcagcgccgtgagccggggctacctgagcgcactgagaaccggatggtat

acatccgtggtcactattgagctgtctaagatccagaaaaacgtgtgtaattctacagatagtaacgtcaagctgatcaaacaggagct

ggaaaggtataacaatgctgtggtcgagctgcagtccctgatgcagaacgaacctgccagcagcagcggcagcggcagcgccat

ctgttctggggtggcagtctgcaaggtgctgcatctggagggagaagtcaacaagatcaaaaatgcactgctgagtactaacaaagc

cgtggtcagtctgtcaaatggggtgagcgtcctgacctttaaggtgctggacctgaaaaactacatcgataaggagctgctgcccaaa

ctgaacaatcacgactgtcagatcagcaatattgccactgtgattgagttccagcagaagaacaatcgcctgctggagatcgcccgg

gagttcagcgtgaacgcaggcattaccacaccactgtccacctacatgctgacaaatagtgagctgctgtcactgattaacgacatg

cccatcaccaatgatcagaagaaactgatgagttcaaacgtgcagatcgtcaggcagcagagctattccattatgtgcgtggtcaag

gaggaagtgatggcctacgtggtccagctgcctatctacggcgtgatcgatacaccatgctggaagctgcatacttcacccctgtgta

ctaccgacaacaaagaggggagcaatatctgcctgacaagaactgacaggggatggtactgtgataacgctggctctgtgagtttctt

tcctcaggcagaaacctgcaaggtgcagtctaaccgcgtcttctgtgatacaatgaatagtctgaccctgccaacagacgtgaacct

gtgcaatacagatatctttaatgccaagtacgactgtaagattatgacttccaagaccgacatcagctcctctgtgatcacttctattggg

gccatcgtcagttgctacggaaagacaaaatgtactgctagcaacaagaatcggggcatcatcaagacattcagtaacgggtgtgat

tatgtgtcaaatagaggcgtggacactgtgagcgtcgggaacaccctgtactgtgtgaataagctggagggaaaagctctgtacatca

agggcgaacctatcattaactactatgatccactggtgttcccctcagacgagtttgatgcaagcattgcccaggtgaacgccaaaat

caatcagtctctggcttttattaggcgcagcgacgagctgctgtccgcaattggcgggtacatccccgaagcccctagggatggaca

ggcttatgtgcgcaaggacggcgagtgggtcctgctgtccaccttcctgggaggcctggtgcccagaggctctcaccatcaccatca

ccattcagcctggagccaccctcagtttgaaaaa

[SEQ D NO: 59]

RB94 sc9 DS-Cav1 N 83GC-N428C:

atggattctaagggttccagccagaaaggttccaggctgctgctgctgctggtggtgagcaatctgctgctgcctcagggagtggtggg

acagaacatcaccgaggagttctaccagtcaacctgcagcgccgtgagccggggctacctgagcgcactgagaaccggatggtat

acatccgtggtcactattgagctgtctaagatccagaaaaacgtgtgtaattctacagatagtaacgtcaagctgatcaaacaggagct

ggaaaggtataacaatgctgtggtcgagctgcagtccctgatgcagaacgaacctgccagcagcagcggcagcggcagcgccat

cgcttciggggtggcagtctgcaaggtgctgcatctggagggagaagtcaacaagatcaaaaatgcactgctgagtactaacaaag

ccgtggtcagtctgtcaggttgtggggtgagcgtcctgacctttaaggtgctggacctgaaaaactacatcgataaggagctgctgccc

aaactgaacaatcacgactgtcagatcagcaatattgccactgtgattgagttccagcagaagaacaatcgcctgctggagatcgcc

cgggagttcagcgtgaacgcaggcattaccacaccactgtccacctacatgctgacaaatagtgagctgctgtcactgattaacgac



atgcccatcaccaatgatcagaagaaactgatgagttcaaacgtgcagatcgtcaggcagcagagctattccattatgtgcgtggtca

aggaggaagtgatggcctacgtggtccagctgcctatctacggcgtgatcgatacaccatgctggaagctgcatacttcacccctgtg

tactaccgacaacaaagaggggagcaatatctgcctgacaagaactgacaggggatggtactgtgataacgctggctctgtgagttt

ctttcctcaggcagaaacctgcaaggtgcagtctaaccgcgtcttctgtgatacaatgaatagtctgaccctgccaacagacgtgaac

ctgtgcaatacagatatctttaatgccaagtacgactgtaagattatgacttccaagaccgacatcagctcctctgtgatcacttctattg

gggccatcgtcagttgctacggaaagacaaaatgtactgctagcaacaagtgtcggggcatcatcaagacattcagtaacgggtgtg

attatgtgtcaaatagaggcgtggacactgtgagcgtcgggaacaccctgtactatgtgaataagctggagggaaaagctctgtacat

caagggcgaacctatcattaactactatgatccactggtgttcccctcagacgagtttgatgcaagcattgcccaggtgaacgccaaa

atcaatcagtctctggcttttattaggcgcagcgacgagctgctgtccgcaattggcgggtacatccccgaagcccctagggatggac

aggcttatgtgcgcaaggacggcgagtgggtcctgctgtccaccttcctgggaggcctggtgcccagaggctctcaccatcaccatc

accattcagcctggagccaccctcagtttgaaaaa

[SEQ ID NO: 60]

bRSV 391 -2 sc9 DS-Cavl A 49C-Y458C:

atggctgctactgctatgcggatgattatctcaattatttttatttcaacctacatgactcacattaccctgtgtcagaacattaccgaggaa

ttctaccagagcacttgctccgccgtgtctagaggatacctgtctgctctgaggaccggctggtatacaagcgtggtcactattgagctg

tccaagatccagaaaaacgtgtgtaagagtaccgattcaaaggtcaaactgatcaaacaggagctggaaaggtataacaatgccgt

gattgagctgcagagcctgatgcagaatgaacctgctagcttctccgggtctggaagtgccatctgttccggagtggccgtctgcaag

gtgctgcacctggagggcgaagtcaacaagatcaagaatgccctgctgtctacaaacaaagctgtggtctcactgagcaatggcgt

gagtgtcctgacttttaaggtgctggacctgaaaaactacatcgataaggagctgctgccaaaactgaacaatcatgactgtcggatc

agcaatattgagacagtgattgaattccagcagaagaacaatcgactgctggagatcgcaagagaattttcagtgaacgccggcatt

accacacccctgagcacctacatgctgacaaattctgagctgctgagtctgattaacgacatgcctatcaccaatgatcagaagaaa

ctgatgagctccaacgtgcagatcgtcagacagcagtcctattctattatgtgcgtggtcaaggaggaagtgatcgcctacgtggtcca

gctgcctatctacggcgtgatcgataccccatgctggaagctgcacacaagtcccctgtgtactaccgacaacaaagagggctcaa

atatctgcctgacaaggactgaccgcggctggtactgtgataacgcagggagtgtgtcattctttccacaggccgaaacttgcaaggt

gcagtccaacagggtcttctgtgataccatgaattctctgaccctgcccacagacgtgaacctgtgcaacactgatatctttaatacca

agtacgactgtaagattatgactagcaagaccgacatctctagttcagtgatcacctccattggagctatcgtctcttgctacggcaaga

caaaatgtactgcatctaacaagaatcgcgggatcatcaagacattctctaacggatgtgattatgtcagtaataagggggtcgacac

agtgagcgtcggaaacactctgtactgtgtgaataagctggagggcaaagccctgtacatcaaaggggaacctatcattaactactat

gatccactggtgttccccagtgacgagtttgatgcatcaattgcccaggtgaacgctaagatcaatcagtccctggccttcatccggag

atcagacgagctgctgagcgcaattggcgggtacatccccgaagctcctcgcgatggccaggcatatgtgcgaaaagacggggag



tgggtcctgctgagcaccttcctgggaggactggtgcctcgaggatcccaccatcaccatcaccatagcgcttggtcccatccacag

tttgaaaag

[SEQ D NO: 6 1 ]

bRSV AT e5 08 sc9-1 0 DS-Cavl N 83GC-N428C:

atggattccaaggggagctcccagaaaggatctaggctgctgctgctgctggtggtctccaacctgctgctgccacagggagtggtc

ggacagaatatcacagaggaattctaccagagcacttgctccgcagtgtctcggggatacctgtctgccctgagaactggctggtata

cctctgtggtcacaattgagctgagtaagatccagaagaacgtgtgcaaaagtaccgactcaaaggtcaaactgatcaagcaggag

ctggaacggtataacaatgccgtggtcgagctgcagagcctgatgcagaacgaacctgcttctggcagcggatctgccgtggctagt

ggagtggccgtctgcaaagtgctgcatctggagggcgaagtcaacaagatcaagaatgcactgctgtctactaacaaggccgtggt

ctcactgagcggctgcggcgtgagtgtcctgacctttaaggtgctggacctgaaaaactacatcgataaggagctgctgcctcagctg

aacaatcacgattgtaggatctccaatattgagacagtgattgaattccagcagaagaacaatcgcctgctggagatcgctcgagagt

tcagcgtgaacgcaggcattaccacaccactgtcaacatacatgctgactaattcagagctgctgagcctgattaacgacatgccca

tcaccaatgatcagaagaaactgatgtctagtaacgtgcagatcgtccgccagcagtcctattctattatgtgcgtggtcaaggaggaa

gtgatcgcatacgtggtccagctgcctatctacggcgtgatcgataccccatgctggaaactgcatacatctcccctgtgcactaccg

acaacaaggaaggaagtaatatttgcctgacaagaactgacaggggctggtactgtgataacgctggcagcgtgagcttcttccctc

agaccgaaacatgcaaggtgcagagcaaccgggtcttctgtgatacaatgaattccctgactctgccaaccgacgtgaacctgtgc

aacaccgatatctttaatacaaagtacgactgtaagatcatgacaagcaagactgacatctcaagctccgtgatcacaagtattggag

ctatcgtgtcatgctacggcaagaccaaatgtacagcatctaacaaatgcagagggatcattaagactttctcaaacggatgtgattat

gtgagcaacaagggggtcgacactgtgagcgtcggaaacaccctgtactatgtgaataagctggagggcaaagccctgtacatcaa

gggggaacccatcattaactactatgatccactggtgttccccagcgacgagtttgatgcatccattgcccaggtgaacgccaaaatc

aatcagtccctggcttttattaggcgctccgacgagctgctgtctgccattggcgggtacatccccgaagcccctagggatggccagg

cttatgtgcgcaaggacggggagtgggtcctgctgtcaaccttcctgggaggactggtgccaagaggctcccaccatcaccatcac

catagcgcctggtcccaccctcagtttgaaaag

[SEQ D NO: 62]

Methods for the manipulation and insertion of the nucleic acids of this disclosure into vectors

are well known in the art (see for example, Sambrook eta/., Molecular Cloning, a Laboratory

Manual, 2d edition, Cold Spring Harbor Press, Cold Spring Harbor, N.Y., 989, and Ausubel

e /., Current Protocols in Molecular Biology, Greene Publishing Associates and John Wiley

& Sons, New York, N.Y., 994).



A nucleic acid molecule comprising a polynucleotide encoding the immunogen, the v i rus

like particle or the protein nanoparticle according to the present invention can be cloned or

amplified by in vitro methods, such as the polymerase chain reaction (PCR), the ligase chain

reaction (LCR), the transcription-based amplification system (TAS), the self-sustained

sequence replication system (3SR) and the QB replicase amplification system (QB). For

example, a polynucleotide encoding the protein can be isolated by polymerase chain reaction

of cDNA using primers based on the DNA sequence of the molecule. A wide variety of

cloning and in vitro amplification methodologies are well known to persons skilled in the art.

PCR methods are described in, for example, U.S. Patent No. 4,683,1 5; Mullis et a/., Cold

Spring Harbor Symp. Quant. Biol. 5 1 :263, 987; and Erlich, ed., PCR Technology, (Stockton

Press, NY, 989). Polynucleotides also can be isolated by screening genomic or cDNA

libraries with probes selected from the sequences of the desired polynucleotide under

stringent hybridization conditions.

The nucleic acid molecule comprising a polynucleotide encoding the immunogen, the v irus

like particle or the protein nanoparticle according to the present invention may be a

recombinant DNA which is incorporated into a vector, into an autonomously replicating

plasmid or virus, or into the genomic DNA of a prokaryote or eukaryote, or which exists as a

separate molecule (such as a cDNA) independent of other sequences. The nucleotides can

be ribonucleotides, deoxyribonucleotides, or modified forms of either nucleotide. The term

includes single and double forms of DNA. DNA sequences encoding the immunogen, the

virus-like particle or the protein nanoparticle according to the present invention can be

expressed in vitro by DNA transfer into a suitable host cell. The cell may be prokaryotic or

eukaryotic. The term also includes any progeny of the subject host cell. It is understood that

all progeny may not be identical to the parental cell since there may be mutations that occur

during replication. Methods of stable transfer, meaning that the foreign DNA is continuously

maintained in the host, are known in the art.

Preferably, the nucleic acid molecule comprising a polynucleotide encoding the immunogen,

the virus-like particle or the protein nanoparticle according to the present invention is codon

optimized for expression in a bovine cell. This is particularly useful if the nucleic acid

molecule is for use in cattle.



The nucleic acid molecule comprising a polynucleotide encoding the immunogen, the v i rus

like particle or the protein nanoparticle according to the present invention may be operably

linked to expression control sequences.

As used herein, "expression control sequences" refers in particular to nucleic acid sequences

that regulate the expression of a heterologous nucleic acid sequence to which it is operably

linked. Expression control sequences are operably linked to a nucleic acid sequence when

the expression control sequences control and regulate the transcription and, as appropriate,

translation of the nucleic acid sequence. Thus expression control sequences can include

appropriate promoters, enhancers, transcription terminators, a start codon (ATG) in front of a

protein-encoding gene, splicing signal for introns, maintenance of the correct reading frame

of that gene to permit proper translation of mRNA, and stop codons. The term "control

sequences" is intended to include, at a minimum, components whose presence can influence

expression, and can also include additional components whose presence is advantageous,

for example, leader sequences and fusion partner sequences. Expression control sequences

can include a promoter.

A promoter is a minimal sequence sufficient to direct transcription. Also included are those

promoter elements which are sufficient to render promoter-dependent gene expression

controllable for cell-type specific, tissue-specific, or inducible by external signals or agents;

such elements may be located in the 5 ' or 3 ' regions of the gene. Both constitutive and

inducible promoters are included (see for example, Bitter et al., Methods in Enzymology

53:51 6-544, 1987). For example, when cloning in bacterial systems, inducible promoters

such as pL of bacteriophage lambda, plac, ptrp, ptac (ptrp-lac hybrid promoter) and the like

may be used. In one embodiment, when cloning in mammalian cell systems, promoters

derived from the genome of mammalian cells (such as metallothionein promoter) or from

mammalian viruses (such as the retrovirus long terminal repeat; the adenovirus late promoter;

the vaccinia virus 7.5 promoter) can be used. Promoters produced by recombinant DNA or

synthetic techniques may also be used to provide for transcription of the nucleic acid

sequences.



A nucleic acid molecule/polynucleotide can be inserted into an expression vector that

contains a promoter sequence, which facilitates the efficient transcription of the inserted

genetic sequence of the host. The expression vector typically contains an origin of replication,

a promoter, as well as specific nucleic acid sequences that allow phenotypic selection of the

transformed cells.

Preferably, the nucleic acid molecule comprising a polynucleotide encoding the immunogen,

the virus-like particle or the protein nanoparticle according to the present invention is

operably linked to a promoter.

As used herein, a first nucleic acid sequence is "operably linked" with a second nucleic acid

sequence when the first nucleic acid sequence is placed in a functional relationship with the

second nucleic acid sequence. For instance, a promoter is operably linked to a coding

sequence if the promoter affects the transcription or expression of the coding sequence.

Generally, operably linked DNA sequences are contiguous and, where necessary to join two

protein-coding regions, in the same reading frame.

An expression control sequence operably linked to a coding sequence is ligated such that

expression of the coding sequence is achieved under conditions compatible with the

expression control sequences. The expression control sequences include, but are not limited

to, appropriate promoters, enhancers, transcription terminators, a start codon (i.e., ATG) in

front of a protein-encoding gene, splicing signal for introns, maintenance of the correct

reading frame of that gene to permit proper translation of mRNA, and stop codons.

In a further aspect the present invention thus also provides a vector comprising the nucleic

acid molecule according to the present invention as described above.

As used herein, the term "vector" refers in particular to a nucleic acid molecule that is suitable

for incorporating or harboring a desired nucleic acid sequence. In particular, a vector can be

introduced into a host cell, thereby producing a transformed host cell.



In general, a transformed cell is a cell into which a nucleic acid molecule has been introduced

by molecular biology techniques. As used herein, the term transformation encompasses all

techniques by which a nucleic acid molecule might be introduced into such a cell, including

transfection with viral vectors, transformation with plasmid vectors, and introduction of DNA

by electroporation, lipofection, and particle gun acceleration.

The vectors may be a storage vector, an expression vector, a cloning vector, a transfer vector

etc. A storage vector is a vector which allows the convenient storage of a nucleic acid

molecule. Thus, the vector may comprise a sequence corresponding, e.g., to a desired

antibody or antibody fragment thereof according to the present invention. An expression

vector may be used for production of expression products such as RNA, e.g. mRNA, or

peptides, polypeptides or proteins. For example, an expression vector may comprise

sequences needed for transcription of a sequence stretch of the vector, such as a promoter

sequence. A cloning vector is typically a vector that contains a cloning site, which may be

used to incorporate nucleic acid sequences into the vector. A cloning vector may be, e.g., a

plasmid vector or a bacteriophage vector. A transfer vector may be a vector which is suitable

for transferring nucleic acid molecules into cells or organisms, for example, viral vectors. A

vector in the context of the present invention may be, e.g., an RNA vector or a DNA vector.

Preferably, a vector is a DNA molecule. For example, a vector in the sense of the present

application comprises a cloning site, a selection marker, such as an antibiotic resistance

factor, and a sequence suitable for multiplication of the vector, such as an origin of

replication. Preferably, a vector in the context of the present application is a plasmid vector.

Recombinant DNA vectors are vectors having recombinant DNA. A vector can include

nucleic acid sequences that permit it to replicate in a host cell, such as an origin of replication.

A vector can also include one or more selectable marker genes and other genetic elements

known in the art. Viral vectors are recombinant DNA vectors having at least some nucleic

acid sequences derived from one or more viruses. A replication deficient viral vector that

requires complementation of one or more regions of the viral genome required for replication,

as a result of, for example a deficiency in at least one replication-essential gene function. For

example, such that the viral vector does not replicate in typical host cells, especially those in

a mammalian subject that could be infected by the viral vector in the course of a therapeutic



method. Examples of replication-deficient viral vectors and systems for their use are known

in the art and include; for example replication-deficient LCMV vectors (see, e.g., U.S. Pat.

Pub. No. 201 0/02971 72, incorporated by reference herein in its entirety) and replication

deficient adenoviral vectors (see, e.g., PCT App. Pub. No. W O 2000/00628, incorporated by

reference herein).

Preferably, the vector including the nucleic acid molecule comprising a polynucleotide

encoding the immunogen (in particular the recombinant RSV F protein or the fragment

thereof), the virus-like particle or the protein nanoparticle is a viral vector. Such a viral vector

may be used, for example for expression of the immunogen in a host cell, or for immunization

of a subject as disclosed herein. In some embodiments, the viral vectors are administered to

a subject as part of a prime-boost vaccination. Moreover, the viral vectors may be included

in a vaccine, such as a primer vaccine or a booster vaccine for use in a prime-boost

vaccination.

The viral vector including the nucleic acid molecule comprising a polynucleotide encoding

the immunogen (in particular the recombinant RSV F protein or the fragment thereof), the

virus-like particle or the protein nanoparticle may be replication-competent. For example, the

viral vector can have a mutation (e.g., insertion of nucleic acid encoding the PreF antigen) in

the viral genome that does not inhibit viral replication in host cells. The viral vector also can

be conditionally replication-competent. In other examples, the viral vector is replication-

deficient in host cells.

Preferably, the vector is a bovine parainfluenza virus vector, a human parainfluenza virus

vector, a Newcastle disease virus vector, a Sendai virus vector, a measles virus vector, an

attenuated RSV vector, a paramyxovirus vector, an adenovirus vector, an alphavirus vector,

a Venezuelan equine encephalitis vector, a Semliki Forest virus vector, a Sindbis virus vector,

an adeno-associated virus vector, a poxvirus vector, a rhabdovirus vector, a vesicular

stomatitis virus vector, a picornovirus vector, or a herpes virus vector

Preferably, the immunogen (in particular the recombinant RSV F protein or the fragment

thereof) is expressed by a viral vector that can be delivered via the respiratory tract. For



example, a paramyxovirus (PIV) vector, such as bovine parainfluenza virus (BPIV) vector (e.g.,

a BP V- , BPIV-2, or BPV-3 vector) o r human PIV vector, a metapneumovirus (MPV) vector,

a Sendia virus vector, or a measles virus vector, is used to express the immunogen (in

particular the recombinant RSV F protein or the fragment thereof). A BP1V3 viral vector

expressing the RSV F and the hPIV F proteins (MEDI-534) is currently in clinical trials as a

RSV vaccine.

Examples of paramyxovirus (PIV) vector for expressing antigens are known to the person of

skill in the art (see, e.g., U.S. Pat. App. Pubs. 201 2/0045471, 20 /02 2488, 201 0/0297730,

20 0/027881 3, 201 0/01 67270, 2010/01 19547, 2009/0263883, 2009/001 751 7,

2009/0004722, 2008/0096263, 2006/021 6700, 2005/0147623, 2005/0 2 48,

2005/001 9891 , 2004/0208895, 2004/0005545, 2003/0232061 , 2003/0095987, and

2003/0072773; each of which is incorporated by reference herein in its entirety).

In another example, a Newcastle disease viral vector is used to express the immunogen (in

particular the recombinant RSV F protein o r the fragment thereof) (see, e.g., McGinnes et al.,

J. Virol., 85: 366-377, 20 , describing RSV F and G proteins expressed on Newcastle disease

like particles, incorporated by reference in its entirety).

In another example, a Sendai virus vector is used to express a disclosed antigen (see, e.g.,

Jones et al., Vaccine, 30:959-968, 2012, incorporated by reference herein in its entirety,

which discloses use of a Sendai virus-based RSV vaccine to induce an immune response in

primates).

Additional viral vectors are also available for expression of the disclosed antigens, including

polyoma, i.e., SV40 (Madzak eta/., 992, / Gen. Viral., 73:1 5331 536), adenovirus (Berkner,

992, Cur. Top. Microbial. Immunol., 58:39-6; Berliner etal., 988, Bio Techniques, 6:61 -

629; Gorziglia et al., 992, / Viral., 66:4407-441 2; Quantin et al., 992, Proc. Natl. Acad.

Sci. USA, 89:2581 -2584; Rosenfeld et al., 1992, Cell, 68:143-1 55; Wilkinson et al, 1992,

Nucl. Acids Res., 20:2233-2239; Stratforcl-Perricaudet et al., 990, Hum. Gene Ther., :241 -

256), vaccinia virus (Mackett et al., 1992, Biotechnology, 24:495-499), adeno-associated

virus (Muzyczka, 992, Curr. Top. Microbial. Immunol., 58:91 -123; O n etal., 1990, Gene,



89:279-282), herpes viruses including HSV and EBV and CMV (Margolskee, 992, Curr. Top.

Microbial. Immunol., 158:67-90; Johnson et a/., 992, Viral., 66:29522965; Fink e a/.,

992, Hum. Gene Ther. 3 : - 19; Breakfield eta/., 987, Mol. Neurobiol., :33 7-3 71; Fresse

eta/., 990, Biochem. Pharmacol., 40:21 89-21 9), Sindbis viruses (H. Herweijer eta/., 995,

Human Gene Therapy 6:1 1- 1167; U.S. Pat. Nos. 5,091,309 and 5,221 7,879), alpha

viruses (S. Schlesinger, 993, Trends Biotechnol. : 8-22; . Frolov eta/., 996, Proc. Natl

Acad. Sci. USA 93: 371-1 377) and retroviruses of avian (Brandyopadhyay et a!, 984,

Mol. Cell Biol., 4:749-754; Petropouplos eta/., 1992,/ Viral, 66:3391 -3397), murine (Miller,

992, Curr. Top. Microbial Immunol, 58:1 -24; Miller et a/., 985, Mol. Cell Biol., 5:431-

437; Sorge et ai, 984, Mol. Cell Biol, 4 : 730-1 737; Mann et a/., 985, Viral, 54:401 -

407), and human origin (Page et ai, 1990, Viral., 64:5370- 5276; Buchschalcher e a/.,

1992, J. Viral, 66:2731 -2739). Baculovirus (Autographa californica multinuclear

polyhedrosis virus; AcMNPV) vectors are also known in the art, and may be obtained from

commercial sources (such as PharMingen, San Diego, Calif.; Protein Sciences Corp., Meriden,

Conn.; Stratagene, La Jolla, Calif.). Additional viral vectors are familiar to the person of

ordinary skill in the art.

Preferably, the vector is an adenoviral vector. Adenovirus from various origins, subtypes, or

mixture of subtypes can be used as the source of the viral genome for the adenoviral vector.

Non-human adenovirus (e.g., simian, chimpanzee, gorilla, avian, canine, ovine, or bovine

adenoviruses) can be used to generate the adenoviral vector. For example, a simian

adenovirus can be used as the source of the viral genome of the adenoviral vector. A simian

adenovirus can be of serotype 1, 3, 7, , 16, 18, 19, 20, 27, 33, 38, 39, 48, 49, 50, or any

other simian adenoviral serotype. A simian adenovirus can be referred to by using any suitable

abbreviation known in the art, such as, for example, SV, SAdV, SAV or sAV. In some

examples, a simian adenoviral vector is a simian adenoviral vector of serotype 3, 7, , 6,

8, 9, 20, 27, 33, 38, or 39. In one example, a chimpanzee serotype C Ad3 vector is used

(see, e.g., Peruzzi e a/., Vaccine, 27:1293-1 300, 2009). Human adenovirus can be used as

the source of the viral genome for the adenoviral vector. Human adenovirus can be of various

subgroups or serotypes. For instance, an adenovirus can be of subgroup A (e.g., serotypes 2,

18, and 31), subgroup B (e.g., serotypes 3, 7, , 14, , 21, 34, 35, and 50), subgroup C

(e.g., serotypes 1, 2, 5, and 6), subgroup D (e.g., serotypes 8, 9, 0, 3, 5, 17, 9, 20, 22,



23, 24, 25, 26, 27, 28, 29, 30, 32, 33, 36-39, and 42-48), subgroup E (e.g., serotype 4),

subgroup F (e.g., serotypes 40 and 41), an unclassified serogroup (e.g., serotypes 49 and 51),

or any other adenoviral serotype. The person of ordinary skill in the art is familiar with

replication competent and deficient adenoviral vectors (including singly and multiply

replication deficient adenoviral vectors). Examples of replication-deficient adenoviral vectors,

including multiply replication-deficient adenoviral vectors, are disclosed in U.S. Patent Nos.

5,837,51 1 ; 5,851,806; 5,994,106; 6,1 27,1 75; 6,482,61 6; and 7,1 95,896, and International

Patent Application Nos. W O 94/281 52, W O 95/02697, W O 95/1 6772, W O 95/34671, W O

96/22378, W O 971 2986, W O 97/21 826, and W O 03/02231 .

Preferably, the nucleic acid molecule or the vector according to the present invention as

described herein comprise a nucleotide sequence as set forth in any of SEQ D NOs: 56 - 62.

In a further aspect, the present invention also provides an isolated host cell comprising the

nucleic acid molecule or the vector according to the present invention as described herein.

As used herein, the term "host cell" refers in particular to cells in which a vector can be

propagated and its DNA expressed. The cell may be prokaryotic o r eukaryotic. The term also

includes any progeny of the subject host cell. It is understood that all progeny may not be

identical to the parental cell since there may be mutations that occur during replication.

However, such progeny are included when the term "host cell" is used.

Hosts can include microbial, yeast, insect and mammalian organisms. Methods of expressing

DNA sequences having eukaryotic or viral sequences in prokaryotes are well known in the

art. Non-limiting examples of suitable host cells include bacteria, archea, insect, fungi (for

example, yeast), plant, and animal cells (for example, mammalian cells, such as human).

Exemplary cells of use include Escherichia coli, Bacillus subtilis, Saccharomyces cerevisiae,

Salmonella typhimurium, SF9 cells, CI29 cells, 293 cells, Neurospora, and immortalized

mammalian myeloid and lymphoid cell lines. Techniques for the propagation of mammalian

cells in culture are well-known (see, Jakoby and Pastan (eds), 79, Cell Culture. Methods in

Enzymology, volume 58, Academic Press, Inc., Harcourt Brace Jovanovich, N.Y.). Examples

of commonly used mammalian host cell lines are VERO and HeLa cells, CHO cells, and



WI38, BHK, and COS cell lines, although cell lines may be used, such as cells designed to

provide higher expression, desirable glycosylation patterns, or other features. Preferably, the

host cell is a HEK293 cell or a derivative thereof, such as Gnn-1 - cells (ATCC® No. CRL-

3022).

Transformation of a host cell with recombinant DNA can be carried out by conventional

techniques as are well known to those skilled in the art. Where the host is prokaryotic, such

as, but not limited to, £ coli, competent cells which are capable of DNA uptake can be

prepared from cells harvested after exponential growth phase and subsequently treated by the

CaCI method using procedures well known in the art. Alternatively, MgC or RbCl can be

used. Transformation can also be performed after forming a protoplast of the host cell if

desired, or by electroporation.

When the host is a eukaryote, such methods of transfection of DNA as calcium phosphate

coprecipitates, conventional mechanical procedures such as microinjection, electroporation,

insertion of a plasmid encased in liposomes, or viral vectors can be used. Eukaryotic cells can

also be co-transformed with polynucleotide sequences encoding a disclosed antigen, and a

second foreign DNA molecule encoding a selectable phenotype, such as the herpes simplex

thymidine kinase gene. Another method is to use a eukaryotic viral vector, such as simian

virus 40 (SV40) or bovine papilloma virus, to transiently infect or transform eukaryotic cells

and express the protein (see for example, Eukaryotic Viral Vectors, Cold Spring Harbor

Laboratory, Gluzman ed., Ί 982).

Immunogenic composition

In a further aspect the present invention also provides a pharmaceutical composition

comprising

(i) the immunogen according to the present invention as described herein;

(ii) the virus-like particle according to the present invention as described herein;

(iii) the protein nanoparticle according to the present invention as described

herein;



(iv) the nucleic acid molecule according to the present invention as described

herein;

(v) the vector according to the present invention as described herein; or

(vi) the host cell according to the present invention as described herein;

and a pharmaceutically acceptable carrier.

Preferred embodiments of the pharmaceutical composition correspond to preferred

embodiment of the immunogen according to the present invention as described herein, the

virus-like particle according to the present invention as described herein, the protein

nanoparticle according to the present invention as described herein, the nucleic acid

molecule according to the present invention as described herein, the vector according to the

present invention as described herein, and the host cell according to the present invention as

described herein, respectively.

Preferably, the pharmaceutical composition (i.e., the immunogenic composition) comprises

the virus-like particle according to the present invention as described herein or the protein

nanoparticle according to the present invention as described herein. More preferably, the

pharmaceutical composition (i.e., the immunogenic composition) comprises the host cell

according to the present invention as described herein. Even more preferably, the

pharmaceutical composition (i.e., the immunogenic composition) comprises the nucleic acid

molecule according to the present invention as described herein or the vector according to

the present invention as described herein. Most preferably, the pharmaceutical composition

(i.e., the immunogenic composition) comprises the immunogen according to the present

invention as described herein.

The immunogen according to the present invention as described herein, the virus-like particle

according to the present invention as described herein, the protein nanoparticle according to

the present invention as described herein, the nucleic acid molecule according to the present

invention as described herein, the vector according to the present invention as described

herein, and the host cell according to the present invention as described herein can be

included in a pharmaceutical composition, including therapeutic and prophylactic

formulations. It is understood that the immunogen according to the present invention as



described herein, the virus-like particle according to the present invention as described

herein, the protein nanoparticle according to the present invention as described herein, the

nucleic acid molecule according to the present invention as described herein, the vector

according to the present invention as described herein, and the host cell according to the

present invention as described herein, respectively, constitutes in particular the active

component of the pharmaceutical composition.

Preferably, the pharmaceutical composition is an immunogenic composition. In general, an

immunogenic composition is a composition comprising an immunogen, i.e. an antigen that

induces an immune response, such as a measurable CTL response against virus expressing

the antigen, or a measurable B cell response (such as production of antibodies) against the

antigen. As such, an immunogenic composition includes one or more immunogens (for

example, polypeptide antigens) or antigenic epitopes. An immunogenic composition can also

include one or more additional components capable of eliciting or enhancing an immune

response, such as an excipient, carrier, and/or adjuvant. In certain instances, immunogenic

compositions are administered to elicit an immune response that protects the subject against

symptoms or conditions induced by a pathogen. In some cases, symptoms or disease caused

by a pathogen is prevented (or reduced or ameliorated) by inhibiting replication of the

pathogen (e.g., RSV) following exposure of the subject to the pathogen. In particular, an

"immunogenic composition" includes the immunogen according to the present invention (in

particular the recombinant RSV F protein or the fragment thereof), that induces a measurable

CTL response against virus expressing RSV F protein, or induces a measurable B cell response

(such as production of antibodies) against RSV F protein. It further refers to isolated nucleic

acids encoding an immunogen, such as a nucleic acid that can be used to express the

immunogen (and thus be used to elicit an immune response against this polypeptide). For in

vitro use, an immunogenic composition may for example include the immunogen or the

nucleic acid encoding the immunogen. For in vivo use, the immunogenic composition may

for example include the immunogen according to the present invention as described herein,

the virus-like particle according to the present invention as described herein, the protein

nanoparticle according to the present invention as described herein, the nucleic acid

molecule according to the present invention as described herein, the vector according to the

present invention as described herein, and the host cell according to the present invention as



described herein provided in pharmaceutically acceptable carriers, and/or other agents. Any

particular peptide, such as the immunogen according to the present invention (in particular

the recombinant RSV F protein or the fragment thereof) or a nucleic acid encoding the

immunogen according to the present invention (in particular the recombinant RSV F protein

or the fragment thereof), can be readily tested for its ability to induce a CTL or B cell response

by art-recognized assays. Immunogenic compositions can include adjuvants, which are well

known to one of skill in the art.

The pharmaceutical composition further comprises a pharmaceutically acceptable carrier.

The pharmaceutically acceptable carriers of use are conventional. Remington's

Pharmaceutical Sciences, by E.W. Martin, Mack Publishing Co., Easton, PA, th Edition,

995, describes compositions and formulations suitable for pharmaceutical delivery of the

disclosed immunogens. In general, the nature of the carrier will depend on the particular

mode of administration being employed. For instance, parenteral formulations usually

comprise injectable fluids that include pharmaceutically and physiologically acceptable

fluids such as water, physiological saline, balanced salt solutions, aqueous dextrose, glycerol

or the like as a vehicle. For solid compositions (e.g., powder, pill, tablet, or capsule forms),

conventional non-toxic solid carriers can include, for example, pharmaceutical grades of

mannitol, lactose, starch, or magnesium stearate. In addition to biologically neutral carriers,

pharmaceutical compositions to be administered can contain minor amounts of non-toxic

auxiliary substances, such as wetting or emulsifying agents, preservatives, and pH buffering

agents and the like, for example sodium acetate or sorbitan monolaurate. In particular

embodiments, suitable for administration to a subject the carrier may be sterile, and/or

suspended or otherwise contained in a unit dosage form containing one or more measured

doses of the composition suitable to induce the desired anti-RSV immune response. It may

also be accompanied by medications for its use for treatment purposes. The unit dosage form

may be, for example, in a sealed vial that contains sterile contents or a syringe for injection

into a subject, or lyophilized for subsequent solubilization and administration or in a solid or

controlled release dosage.

Preferably, the immunogen according to the present invention as described herein, the virus-

like particle according to the present invention as described herein, the protein nanoparticle



according to the present invention as described herein, the nucleic acid molecule according

to the present invention as described herein, the vector according to the present invention as

described herein, or the host cell according to the present invention as described herein can

be combined in the pharmaceutical composition together with one or more adjuvants and,

optionally, other therapeutic ingredients, such as antiviral drugs.

The composition may include a first immunogen according to the present invention (in

particular the recombinant RSV F protein or the fragment thereof) and a second immunogen

according to the present invention (in particular the recombinant RSV F protein or the

fragment thereof), wherein the first and the second immunogen according to the present

invention (in particular the recombinant RSV F protein or the fragment thereof) are distinct.

The composition may include a first virus-like particle according to the present invention as

described herein and a second virus-like particle according to the present invention as

described herein, wherein the first and the second virus-like particle according to the present

invention as described herein are distinct. The composition may include a first protein

nanoparticle according to the present invention as described herein and a second protein

nanoparticle according to the present invention as described herein, wherein the first and the

second protein nanoparticle according to the present invention as described herein are

distinct. The composition may include a first nucleic acid molecule according to the present

invention as described herein and a second nucleic acid molecule according to the present

invention as described herein, wherein the first and the second nucleic acid molecule

according to the present invention as described herein are distinct. The composition may

include a first vector according to the present invention as described herein and a second

vector according to the present invention as described herein, wherein the first and the second

vector according to the present invention as described herein are distinct. The composition

may include a first host cell according to the present invention as described herein and a

second host cell according to the present invention as described herein, wherein the first and

the second host cell according to the present invention as described herein are distinct.

The pharmaceutical composition can be administered to subjects by a variety of

administration modes known to the person of ordinary skill in the art, for example, nasal,



pulmonary, intramuscular, subcutaneous, intravenous, intraperitoneal, or parenteral routes.

Preferably, the pharmaceutical composition is administered intramuscularly.

To formulate the compositions, various pharmaceutically acceptable additives, as well as a

base or vehicle for dispersion of the conjugate can be used. Desired additives include, but

are not limited to, pH control agents, such as arginine, sodium hydroxide, glycine,

hydrochloric acid, citric acid, and the like. In addition, local anesthetics (for example, benzyl

alcohol), isotonizing agents (for example, sodium chloride, mannitol, sorbitol), adsorption

inhibitors (for example, TWEEN® 80), solubility enhancing agents (for example, cyclodextrins

and derivatives thereof), stabilizers (for example, serum albumin), and reducing agents (for

example, glutathione) can be included. Adjuvants, such as Montanide ISA71 VG (Seppic),

aluminum hydroxide (ALHYDROGEL®, available from Brenntag Biosector, Copenhagen,

Denmark and AMPHOGEL®, Wyeth Laboratories, Madison, NJ), Freund's adjuvant, MPL™

(3-0-deacylated monophosphoryl lipid A; Corixa, Hamilton, IN), !L-12 (Genetics Institute,

Cambridge, MA) TLR agonists (such as TLR-9 agonists), among many other suitable adjuvants

well known in the art, can be included in the compositions.

The pharmaceutical composition may be in liquid or in solid form. When the composition is

a liquid, the tonicity of the formulation, as measured with reference to the tonicity of 0.9%

(w/v) physiological saline solution taken as unity, may be adjusted to a value at which no

substantial, irreversible tissue damage will be induced at the site of administration. Generally,

the tonicity of the solution may be adjusted to a value of about 0.3 to about 3.0, such as about

0.5 to about 2.0, o r about 0.8 to about .7.

The immunogen according to the present invention as described herein, the virus-like particle

according to the present invention as described herein, the protein nanoparticle according to

the present invention as described herein, the nucleic acid molecule according to the present

invention as described herein, the vector according to the present invention as described

herein, and the host cell according to the present invention as described herein, respectively,

can be dispersed in a base o r vehicle, which can include a hydrophilic compound having a

capacity to disperse the antigens, and any desired additives. The base can be selected from a

wide range of suitable compounds, including but not limited to, copolymers of polycarboxylic



acids or salts thereof, carboxylic anhydrides (for example, maleic anhydride) with other

monomers (for example, methyl (meth)acrylate, acrylic acid and the like), hydrophilic vinyl

polymers, such as polyvinyl acetate, polyvinyl alcohol, polyvinylpyrrolidone, cellulose

derivatives, such as hydroxymethylcellulose, hydroxypropylcellulose and the like, and

natural polymers, such as chitosan, collagen, sodium alginate, gelatin, hyaluronic acid, and

nontoxic metal salts thereof. Often, a biodegradable polymer is selected as a base or vehicle,

for example, polylactic acid, poly(lactic acid-glycolic acid) copolymer, polyhydroxybutyric

acid, poly(hydroxybutyric acid-glycolic acid) copolymer and mixtures thereof. Alternatively

or additionally, synthetic fatty acid esters such as polyglycerin fatty acid esters, sucrose fatty

acid esters and the like can be employed as vehicles. Hydrophilic polymers and other vehicles

can be used alone or in combination, and enhanced structural integrity can be imparted to

the vehicle by partial crystallization, ionic bonding, cross-linking and the like. The vehicle

can be provided in a variety of forms, including fluid or viscous solutions, gels, pastes,

powders, microspheres and films, for examples for direct application to a mucosal surface.

The immunogen according to the present invention as described herein, the virus-like particle

according to the present invention as described herein, the protein nanoparticle according to

the present invention as described herein, the nucleic acid molecule according to the present

invention as described herein, the vector according to the present invention as described

herein, and the host cell according to the present invention as described herein, respectively,

can be combined with the base or vehicle according to a variety of methods, and release of

the antigens can be by diffusion, disintegration of the vehicle, or associated formation of water

channels. In some circumstances, the immunogen according to the present invention as

described herein, the virus-like particle according to the present invention as described

herein, the protein nanoparticle according to the present invention as described herein, the

nucleic acid molecule according to the present invention as described herein, the vector

according to the present invention as described herein, and the host cell according to the

present invention as described herein, respectively, is dispersed in microcapsules

(microspheres) or nanocapsules (nanospheres) prepared from a suitable polymer, for example,

isobutyl 2-cyanoacrylate (see, for example, Michael et ai, ) . Pharmacy Pharmacol. 43:1 -5,

991 ), and dispersed in a biocompatible dispersing medium, which yields sustained delivery

and biological activity over a protracted time.



The pharmaceutical compositions can contain as pharmaceutically acceptable vehicles

substances as required to approximate physiological conditions, such as pH adjusting and

buffering agents, tonicity adjusting agents, wetting agents and the like, for example, sodium

acetate, sodium lactate, sodium chloride, potassium chloride, calcium chloride, sorbitan

monolaurate, and triethanolamine oleate. For solid compositions, conventional nontoxic

pharmaceutically acceptable vehicles can be used which include, for example,

pharmaceutical grades of mannitol, lactose, starch, magnesium stearate, sodium saccharin,

talcum, cellulose, glucose, sucrose, magnesium carbonate, and the like.

Pharmaceutical compositions can also be formulated as a solution, microemulsion, or other

ordered structure suitable for high concentration of active ingredients. The vehicle can be a

solvent or dispersion medium containing, for example, water, ethanol, polyol (for example,

glycerol, propylene glycol, liquid polyethylene glycol, and the like), and suitable mixtures

thereof. Proper fluidity for solutions can be maintained, for example, by the use of a coating

such as lecithin, by the maintenance of a desired particle size in the case of dispersible

formulations, and by the use of surfactants. In many cases, it will be desirable to include

isotonic agents, for example, sugars, polyalcohols, such as mannitol and sorbitol, or sodium

chloride in the composition. Prolonged absorption of the disclosed immunogens can be

brought about by including in the composition an agent which delays absorption, for

example, monostearate salts and gelatin.

The immunogen according to the present invention as described herein, the virus-like particle

according to the present invention as described herein, the protein nanoparticle according to

the present invention as described herein, the nucleic acid molecule according to the present

invention as described herein, the vector according to the present invention as described

herein, and the host cell according to the present invention as described herein, respectively,

may be administered in a time-release formulation, for example in a composition that

includes a slow release polymer. These compositions can be prepared with vehicles that will

protect against rapid release, for example a controlled release vehicle such as a polymer,

microencapsulated delivery system or bioadhesive gel. Prolonged delivery in various

compositions of the disclosure can be brought about by including in the composition agents



that delay absorption, for example, aluminum monostearate hydrogels and gelatin. When

controlled release formulations are desired, controlled release binders suitable for use in

accordance with the disclosure include for example any biocompatible controlled release

material which is inert to the active agent and which is capable of incorporating the disclosed

antigen and/or other biologically active agent. Numerous such materials are known in the art.

Useful control led-release binders are materials that are metabolized slowly under

physiological conditions following their delivery (for example, at a mucosal surface, or in the

presence of bodily fluids). Appropriate binders include, but are not limited to, biocompatible

polymers and copolymers well known in the art for use in sustained release formulations.

Such biocompatible compounds are non-toxic and inert to surrounding tissues, and do not

trigger significant adverse side effects, such as nasal irritation, immune response,

inflammation, or the like. They are metabolized into metabolic products that are also

biocompatible and easily eliminated from the body. Numerous systems for controlled

delivery of therapeutic proteins are known (e.g., U.S. Patent No. 5,055,303; U.S. Patent No.

5,1 88,837; U.S. Patent No. 4,235,871; U.S. Patent No. 4,501,728; U.S. Patent No.

4,837,028; U.S. Patent No. 4,957,735; and U.S. Patent No. 5,01 9,369; U.S. Patent No.

5,055,303; U.S. Patent No. 5,51 4,670; U.S. Patent No. 5,41 3,797; U.S. Patent No.

5,268,1 64; U.S. Patent No. 5,004,697; U.S. Patent No. 4,902,505; U.S. Patent No.

5,506,206; U.S. Patent No. 5,271,961; U.S. Patent No. 5,254,342; and U.S. Patent No.

5,534,496).

Exemplary polymeric materials for use include, but are not limited to, polymeric matrices

derived from copolymeric and homopolymeric polyesters having hydrolyzable ester linkages.

A number of these are known in the art to be biodegradable and to lead to degradation

products having no or low toxicity. Exemplary polymers include polyglycolic acids and

polylactic acids, poly(DL-lactic acid-co-glycolic acid), poly(D-lactic acid-co-glycolic acid),

and poly(L-lactic acid-co-glycolic acid). Other useful biodegradable or bioerodable polymers

include, but are not limited to, such polymers as poly(epsilon-caprolactone), poly(epsilon-

aprolactone-CO-lactic acid), poly(epsilon.aprolactone-CO-glycolic acid), poly(beta-hydroxy

butyric acid), poly(alkyl-2-cyanoacrilate), hydrogels, such as poly(hydroxyethyl

methacrylate), polyamides, poly( amino acids) (for example, L-leucine, glutamic acid, L-

aspartic acid and the like), poly( ester urea), poly(2-hydroxyethyl DL-aspartamide), polyacetal



polymers, polyorthoesters, polycarbonate, polymaleamides, polysaccharides, and

copolymers thereof. Many methods for preparing such formulations are well known to those

skilled in the art (see, for example, Sustained and Controlled Release Drug Delivery Systems,

j . R. Robinson, ed., Marcel Dekker, Inc., New York, 978). Other useful formulations include

control led-release microcapsules (U.S. Patent Nos. 4,652,441 and 4,91 7,893), lactic acid-

glycolic acid copolymers useful in making microcapsules and other formulations (U.S. Patent

Nos. 4,677,1 9 1 and 4,728,721 ) and sustained-release compositions for water-soluble

peptides (U.S. Patent No. 4,675, 89).

Pharmaceutical compositions may in particular be sterile and stable under conditions of

manufacture, storage and use. Sterile solutions can be prepared by incorporating the

immunogen according to the present invention as described herein, the virus-like particle

according to the present invention as described herein, the protein nanoparticle according to

the present invention as described herein, the nucleic acid molecule according to the present

invention as described herein, the vector according to the present invention as described

herein, and the host cell according to the present invention as described herein, respectively,

in the required amount in an appropriate solvent with one or a combination of ingredients

enumerated herein, as required, followed by filtered sterilization. Generally, dispersions may

be prepared by incorporating the disclosed antigen and/or other biologically active agent into

a sterile vehicle that contains a basic dispersion medium and the required other ingredients

from those enumerated herein. In the case of sterile powders, methods of preparation include

vacuum drying and freeze-drying which yields a powder of the disclosed antigen plus any

additional desired ingredient from a previously sterile-filtered solution thereof. The prevention

of the action of microorganisms can be accomplished by various antibacterial and antifungal

agents, for example, parabens, chlorobutanol, phenol, sorbic acid, thimerosal, and the like.

Actual methods for preparing administrable compositions will be known or apparent to those

skilled in the art and are described in more detail in such publications as Remingtons

Pharmaceutical Sciences, 19th Ed., Mack Publishing Company, Easton, Pennsylvania, 1995.

In several embodiments, the composition includes an adjuvant. As used herein, the term

"adjuvant" refers in particular to a vehicle used to enhance antigenicity. Adjuvants include a



suspension of minerals (alum, aluminum hydroxide, or phosphate) on which antigen is

adsorbed; o r water-in-oil emulsion, for example, in which antigen solution is emulsified in

mineral oil (Freund incomplete adjuvant), sometimes with the inclusion of killed

mycobacteria (Freund's complete adjuvant) to further enhance antigenicity (inhibits

degradation of antigen and/or causes influx of macrophages). Immunostimulatory

oligonucleotides (such as those including a CpG motif) can also be used as adjuvants.

Adjuvants include biological molecules (a "biological adjuvant"), such as costimulatory

molecules. Exemplary adjuvants include IL-2, RANTES, GM-CSF, TNF-a, IFN-y, G-CSF, LFA-

3, CD72, B7-1, B7-2, OX-40L, 4-IBBL and toll-like receptor (TLR) agonists, such as TLR-9

agonists. The person of ordinary skill in the art is familiar with adjuvants (see, e.g., Singh (ed.)

Vaccine Adjuvants and Delivery Systems. Wiley-lnterscience, 2007), for example, those that

can be included in a pharmaceutical composition. Preferably, the adjuvant is selected to elicit

a Th1 immune response in a subject administered the pharmaceutical composition In other

words, the adjuvant comprised by the pharmaceutical composition preferably promotes a

Th immune response. Preferably, the adjuvant is alum, an oil-in water composition, MF59,

ASOI, AS03, AS04, MPL, QS21, a CpG oligonucleotide, a TLR7 agonist, a TLR4 agonist, a

TLR3 agonist, o r a combination of two or more thereof.

A particularly preferred adjuvant is Montanide™ ISA71 VG (Seppic). Montanide™ ISA71 VG

is a ready-to-use oily vaccine adjuvant for water-in-oil (W/O) emulsion. It is based on specific

enriched light mineral oil and is preferably used in bovine subjects. Montanide™ ISA71 VG

increases the Thl immune response. Montanide ™ ISA 7 1 VG has some advantages over

Freund's adjuvant (FA), as it is less viscous and more stable (Aucouturier \, Dupuis I Ganne

V . Adjuvants designed for veterinary and human vaccines. Vaccine 2001;1 9:2666-72).

Montanide™ ISA71 VG is based on mineral oil with a refined, non-ionic surfactant from an

ester of the sugar mannitol and purified oleic acid of vegetable origin. According to the

manufacturer's data sheet, Montanide ™ ISA 7 1 VG is based on a specific enriched light

mineral oil, designed to raise the TH1 response and to improve significantly the lgG2

production, even if the antigen is of low intrinsic immunogenicity. Montanide'" ISA 7 1 VG

has been demonstrated to stimulate humoral and cellular immune responses. Because

Montanide 1" ISA 7 1 VG contains no ingredients of animal or bacterial origin, it is considered

safe and possesses the European Council Regulation-allowance for the animal market so far.



Preferably, an water in oil emulsion is prepared with Montanide ISA71 VG in a ratio of 70

: 30 adjuvant to aqueous phase.

Another preferred adjuvant is ISA 206 (Seppic). ISA 206 is based on a high-grade injectable

mineral oil and provides a water-in-oil-in-water emulsion and is supposed to induce both, a

short- and a long-term protective immune response.

A further suitable adjuvant is a non-toxic bacterial lipopolysaccharide derivative. An example

of a suitable nontoxic derivative of lipid A, is monophosphoryl lipid A or more particularly 3-

Deacylated monophoshoryl lipid A (3DMPL). See, for example, U.S. Pat. Nos. 4,436,727;

4,877,61 ; 4,866,034 and 4,91 2,094. 3D-MPL primarily promotes CD4+ T cell responses

with an IFN-y (Thl) phenotype. Chemically it is a mixture of 3-deacylated monophosphoryl

lipid A with 3, 4, 5 or 6 acylated chains. In the compositions, small particle 3D-MPL can be

used. Small particle 3D-MPL has a particle size such that it can be sterile-filtered through a

0.22 µ η filter. Such preparations are described in W094/21 292. Alternatively, the

lipopolysaccharide can be a B(l-6) glucosamine disaccharide, as described in U.S. Pat. No.

6,005,099 and EP Patent No. 0 729 473 B . One of skill in the art would be readily able to

produce various lipopolysaccharides, such as 3D-MPL, based on the teachings of these

references.

In addition to the aforementioned immunostimulants (that are similar in structure to that of

LPS or MPL or 3D-MPL), acylated monosaccharide and disaccharide derivatives that are a

sub-portion to the above structure of MPL are also suitable adjuvants.

In several embodiments, a Toll-like receptor (TLR) agonist is used as an adjuvant. For

example, the pharmaceutical composition comprises a TLR agonist. For example, the TLR

agonist can be a TLR-4 agonist such as a synthetic derivative of lipid A (see, e.g., W O

95/1 4026, and W O 01/461 27) an alkyl Glucosaminide phosphate (AGP; see, e.g., W O

98/50399 or U.S. Pat. No. 6,303,347; 6,764,840). Other suitable TLR-4 ligands, capable of

causing a signaling response through TLR-4 are, for example, lipopolysaccharide from gram-

negative bacteria and its derivatives, or fragments thereof, in particular a non-toxic derivative

of LPS (such as 3D-MPL). Other suitable TLR agonists are: heat shock protein (HSP) 10, 60,



65, 70, 75 or 90; surfactant Protein A, hyaluronan oligosaccharides, heparin sulphate

fragments, fibronectin fragments, fibrinogen peptides and B-defensin-2, and muramyl

dipeptide (MDP). For example, the TLR agonist is HSP 60, 70 or 90. Other suitable TLR-4

ligands are as described in WO 2003/01 1223 and in O 2003/0991 95.

Additional TLR agonists (such as an agent that is capable of causing a signaling response

through a TLR signaling pathway) are also useful as adjuvants, such as agonists for TLR2,

TLR3, TLR7, TLR8 and/or TLR9. Accordingly, the composition may further include an

adjuvant which is selected from the group consisting of: a TLR-1 agonist, a TLR-2 agonist,

TLR-3 agonist, a TLR-4 agonist, TLR-5 agonist, a TLR-6 agonist, TLR-7 agonist, a TLR-8

agonist, TLR-9 agonist, o r a combination thereof. For example, a TLR agonist is used that is

capable of causing a signaling response through TLR-1 , for example one o r more of from: Tri-

acylated lipopeptides (LPs); phenol-soluble modulin; Mycobacterium tuberculosis LP; S-(2,3-

bis(palmitoyloxy )-(2-RS)-propyl)-N-palmitoyl-(R)-Cys-(S)-Ser-(S )-L- ys( 4 )-OH,

trihydrochloride (Pam3Cys) LP which mimics the acetylated amino terminus of a bacterial

lipoprotein and OspA LP from Borrelia burgdorferi. For example, a TLR agonist is used that is

capable of causing a signaling response through TLR-2, such as one or more of a lipoprotein,

a peptidoglycan, a bacterial lipopepticle from M tuberculosis, B burgdorferi or T pallidum;

peptidoglycans from species including Staphylococcus aureus; lipoteichoic acids,

mannuronic acids, N eisseria porins, bacterial fimbriae, Y ersina virulence factors, CMV

virions, measles haemagglutinin, and zymosan from yeast. Furthermore, a TLR agonist may

be used that is capable of causing a signaling response through TLR-3, such as one or more

of double stranded RNA (dsRNA), or polyinosinicpolycytidyiic acid (Poly IC), a molecular

nucleic acid pattern associated with viral infection. Moreover, a TLR agonist may be used

that is capable of causing a signaling response through TLR-5, such as bacterial flagellin. Also,

a TLR agonist may be used that is capable of causing a signaling response through TLR-6,

such as one or more of mycobacterial lipoprotein, di-acylated LP, and phenol-soluble

modulin. Additional TLR6 agonists are described in WO 2003/043572. For example, a TLR

agonist is used that is capable of causing a signaling response through TLR-7, such as one or

more of a single stranded RNA (ssRNA), loxoribine, a guanosine analogue at positions N7

and CS, or an imidazoquinoline compound, or derivative thereof. In one embodiment, the

TLR agonist is imiquimod. Further TLR7 agonists are described in WO 2002/085905.



Moreover, a TLR agonist may be used that is capable of causing a signaling response through

TLR-8. Suitably, the TLR agonist capable of causing a signaling response through TLR-8 is a

single stranded RNA (ssRNA), an imidazoquinoline molecule with anti-viral activity, for

example resiquimod (R848); resiquimod is also capable of recognition by TLR-7. Other TLR-

8 agonists which can be used include those described in WO 20Ό4/07 Ί 459. Furthermore, an

adjuvant may include a TLR agonist capable of inducing a signaling response through TLR-9.

For example, the adjuvant can include HSP90, bacterial o r viral DNA, and/or DNA containing

unmethylated CpG nucleotides (e.g., a CpG oligonucleotide). For example, CpG-containing

oligonucleotides induces a predominantly Thi response. Such oligonucleotides are well

known and are described, for example, in WO 95/26204, WO 96/02555, WO 99/33488 and

U.S. Pat. Nos. 5,278,302, 5,666,1 53, and. 6,008,200 and 5,856,462. Accordingly,

oligonucleotides for use as adjuvants in the disclosed compositions include CpG containing

oligonucleotides, for example, containing two or more d inucleotide CpG motifs. Also

included are oligonucleotides with mixed internucleotide linkages.

Other adjuvants that can be used in the pharmaceutical compositions are saponins, such as

QS21 . In some examples, saponins are used as an adjuvant, e.g., for systemic administration

of a PreF antigen. Use of saponins (e.g., use of Quil A, derived from the bark of the South

American tree Quillaja Saponaria Molina) as adjuvants is familiar to the person of ordinary

skill in the art (see, e.g., US 5,057,540 and EP 0 362 279 B 1 . EP 0 109 942 B ; WO 96/1 7 ;

WO 96/33739). The haemolytic saponins QS21 and QS 17 (HPLC purified fractions of Quil

A) have been described as potent systemic adjuvants, and the method of their production is

disclosed in U.S. Pat. No. 5,057 ,540 and EP 0 362279B1 .

The adjuvant can also include mineral salts such as an aluminum or calcium salts, in

particular aluminum hydroxide, aluminum phosphate and calcium phosphate.

Another class of suitable Th1 biasing adjuvants for use in compositions includes outer

membrane proteins (OMP)-based immunostimulatory compositions. OMP-based

immunostimulatory compositions are particularly suitable as mucosal adjuvants, e.g., for

intranasal administration. OMP-based immunostimulatory compositions are a genus of

preparations of (OMPs, including some porins) from Gram-negative bacteria, e.g., Neisseria



species, which are useful as a carrier or in compositions for immunogens, such as bacterial

or viral antigens (see, e.g., U.S. Pat. No. 5,726,292; U.S. Pat. No. 4,707,543). Further,

proteosomes have the capability to auto-assemble into vesicle or vesicle-like OMP clusters of

about 20 nm to about 800 nm, and to noncovalently incorporate, coordinate, associate (e.g.,

electrostatically or hydrophobically), or otherwise cooperate with protein antigens (Ags),

particularly antigens that have a hydrophobic moiety. Proteosomes can be prepared, for

example, as described in the art (see, e.g., U.S. Pat. No. 5,726,292 or U.S. Pat. No. 5,985,284;

2003/0044425.). Proteosomes are composed primarily of chemically extracted outer

membrane proteins (OMPs) from Neisseria meningitidis (mostly porins A and B as well as

class 4 OMP), maintained in solution by detergent (Lowell G H. Proteosomes for Improved

Nasal, Oral, or Injectable Vaccines. In: Levine MM, Woodrow G C, Kaper J B, Cobon GS,

eds, New Generation Vaccines. New York: Marcel Dekker, Inc. 997; 193-206). Proteosomes

can be formulated with a variety of antigens such as purified or recombinant proteins derived

from viral sources, including the immunogens according to the present invention. The gradual

removal of detergent allows the formation of particulate hydrophobic complexes of

approximately 00-200 nm in diameter (Lowell G H . Proteosomes for Improved Nasal, Oral,

o r Injectable Vaccines. In: Levine MM, Woodrow G C, Kaper J B, Cobon GS, eds, New

Generation Vaccines. New York: Marcel Dekker, Inc. 997; 193-206).

Combinations of different adjuvants can also be used in the pharmaceutical compositions

described herein. For example, as already noted, QS21 can be formulated together with 3D-

MPL. The ratio of QS21 :3D-MPL will typically be in the order of : 0 to 10 : 1; such as 1:5

to 5:1 , and often substantially 1: 1 . Typically, the ratio is in the range of 2.5:1 to 1: 1 3D-

MPL:QS21 (such as AS01 (GlaxoSmithKline). Another combination adjuvant formulation

includes 3D-MPL and an aluminum salt, such as aluminum hydroxide (such as AS04

(GlaxoSmithKline). When formulated in combination, this combination can enhance an

antigen-specific Th1 immune response. The adjuvant formulation may comprise a mineral

salt, such as a calcium or aluminum (alum) salt, for example calcium phosphate, aluminum

phosphate or aluminum hydroxide. Moreover, the adjuvant may include an oil and water

emulsion, e.g., an oil-in-water emulsion (such as MF59 (Novartis) or AS03 (GlaxoSmithKline).

One example of an oil-in-water emulsion comprises a metabolisable oil, such as squalene, a



tocol such as a tocopherol, e.g., alpha-tocopherol, and a surfactant, such as sorbitan trioleate

(Span 85) or polyoxyethylene sorbitan monooleate (Tween 80), in an aqueous carrier.

The pharmaceutical composition typically contains a therapeutically effective amount of the

immunogen according to the present invention as described herein, the virus-like particle

according to the present invention as described herein, the protein nanoparticle according to

the present invention as described herein, the nucleic acid molecule according to the present

invention as described herein, the vector according to the present invention as described

herein, or the host cell according to the present invention as described herein, respectively.

As used herein, a "therapeutically effective amount" refers to the amount of an agent, such as

the immunogen according to the present invention as described herein, the virus-like particle

according to the present invention as described herein, the protein nanoparticle according to

the present invention as described herein, the nucleic acid molecule according to the present

invention as described herein, the vector according to the present invention as described

herein, or the host cell according to the present invention as described herein, respectively,

that is sufficient to prevent, treat (including prophylaxis), reduce and/or ameliorate the

symptoms and/or underlying causes of any of a disorder or disease, for example to prevent,

inhibit, and/or treat RSV infection. A therapeutically effective amount may be sufficient to

reduce or eliminate a symptom of a disease, such as RSV infection. For instance, this can be

the amount necessary to inhibit viral replication or to measurably alter outward symptoms of

the viral infection. In general, this amount will be sufficient to measurably inhibit virus (for

example, RSV) replication or infectivity. When administered to a subject, a dosage will

generally be used that will achieve target tissue concentrations that has been shown to

achieve in vitro inhibition of viral replication. It is understood that to obtain a protective

immune response against a pathogen can require multiple administrations of the

immunogenic composition. Thus, a therapeutically effective amount encompasses a

fractional dose that contributes in combination with previous or subsequent administrations

to attaining a protective immune response.

Preparation of the pharmaceutical compositions is generally described in Pharmaceutical

Biotechnology, Vol.61 Vaccine Design-the subunit and adjuvant approach, edited by Powell



and Newman, Plenum Press, 995. New Trends and Developments in Vaccines, edited by

Voller et al., University Park Press, Baltimore, Maryland, U.S.A. 1978. Encapsulation within

liposomes is described, for example, by Fullerton, U.S. Pat. No. 4,235,877. Conjugation of

proteins to macromolecules is disclosed, for example, by Likhite, U.S. Pat. No. 4,372,945

and by Armor et al., U.S. Pat. No. 4,474,757. Typically, the amount of antigen in each dose

of the pharmaceutical composition is selected as an amount which induces an immune

response without significant, adverse side effects.

The amount of the immunogen according to the present invention as described herein, the

virus-like particle according to the present invention as described herein, the protein

nanoparticle according to the present invention as described herein, the nucleic acid

molecule according to the present invention as described herein, the vector according to the

present invention as described herein, or the host cell according to the present invention as

described herein, respectively, can thus vary depending upon the specific immunogen

employed, the route and protocol of administration, and the target population, for example.

Preferably, each bovine dose will comprise 1 ng - 10 g of protein (such as the immunogen,

in particular the recombinant RSV F protein or the fragment thereof), preferably from about

0.1 pg to about 5 g; more preferably from about 1 pg to about 000 pg; even more preferably

from about 0 g to about 00 g; still more preferably from about 25 g to about 75 pg; and

most preferably each bovine dose comprises about 50 pg of protein (such as the immunogen,

in particular the recombinant RSV F protein or the fragment thereof).

The amount utilized in a pharmaceutical composition is selected based on the subject

population (e.g., calf or adult cattle). An optimal amount for a particular composition can be

ascertained by standard studies involving observation of antibody titers and other responses

in subjects. It i s understood that a therapeutically effective amount of an antigen in a

pharmaceutical composition can include an amount that is ineffective at eliciting an immune

response by administration of a single dose, but that is effective upon administration of

multiple dosages, for example in a prime-boost administration protocol.



As used herein, a "prime-boost protocol" (or "prime-boost vaccination") refers to an

immunotherapy including administration of a first immunogenic composition (the primer

vaccine) followed by administration of a second immunogenic composition (the booster

vaccine) to a subject to induce an immune response. The primer vaccine and/or the booster

vaccine may optionally include a vector (such as a viral vector, RNA, or DNA vector)

expressing the antigen to which the immune response is directed. The booster vaccine is

typically administered to the subject after the primer vaccine; the skilled artisan will

understand a suitable time interval between administration of the primer vaccine and the

booster vaccine, and examples of such timeframes are disclosed herein. Preferably, the primer

vaccine, the booster vaccine, or both primer vaccine and the booster vaccine additionally

include an adjuvant. In one non-limiting example, the primer vaccine is a DNA-based

vaccine (or other vaccine based on gene delivery), and the booster vaccine is a protein or

protein nanoparticle based vaccine.

Accordingly, administration of the immunogen according to the present invention as

described herein, the virus-like particle according to the present invention as described

herein, the protein nanoparticle according to the present invention as described herein, the

nucleic acid molecule according to the present invention as described herein, the vector

according to the present invention as described herein, the host cell according to the present

invention as described herein, or the pharmaceutical composition according to the present

invention as described herein, respectively, in a prime-boost protocol (prime-boost

vaccination) is preferred.

In several examples, pharmaceutical compositions for eliciting an immune response against

RSV in cattle include a therapeutically effective amount of the immunogen according to the

present invention as described herein, the virus-like particle according to the present

invention as described herein, the protein nanoparticle according to the present invention as

described herein, the nucleic acid molecule according to the present invention as described

herein, the vector according to the present invention as described herein, or the host cell

according to the present invention as described herein, for administration to calves (e .g.,

calves between birth and 1 year, such as between 0 and 6 months, at the age of initial dose)

or adult cattle. It will be appreciated that the choice of adjuvant can be different in these



different applications, and the optimal adjuvant and concentration for each situation can be

determined empirically by those of skill in the art.

Preferably, the pharmaceutical compositions are vaccines that reduce or prevent infection

with RSV, in particular with bRSV. It is also preferred that the pharmaceutical compositions

are vaccines that reduce or prevent a pathological response following infection with RSV.

Optionally, the pharmaceutical compositions are formulated with at least one additional

antigen of a pathogenic organism other than RSV. For example, the pathogenic organism can

be a pathogen of the respiratory tract (such as a virus or bacterium that causes a respiratory

infection). The pharmaceutical composition may contain an antigen derived from a

pathogenic virus other than RSV, such as a virus that causes an infection of the respiratory

tract, such as influenza or parainfluenza. Alternatively or additionally, the additional antigens

is selected to facilitate administration or reduce the number of inoculations required to protect

a subject against a plurality of infectious organisms. For example, the antigen can be derived

from any one or more of influenza, hepatitis B, diphtheria, tetanus, pertussis, Hemophilus

influenza, poliovirus, Streptococcus or Pneumococcus, among others. Preferably, the

pharmaceutical composition comprises a RSV F prefusion-specific antibody that specifically

binds the immunogen according to the present invention as described herein. Exemplary

antibodies are the RSV F prefusion-specific antibodies as described herein.

Methods and uses

In a further aspect the present invention provides the immunogen according to the present

invention as described herein, the virus-like particle according to the present invention as

described herein, the protein nanoparticle according to the present invention as described

herein, the nucleic acid molecule according to the present invention as described herein, the

vector according to the present invention as described herein, the host cell according to the

present invention as described herein, or the pharmaceutical composition according to the

present invention as described herein for use in generating an immune response to RSV F in

a subject, in particular in cattle. Preferably, the immune response comprises a Th1 immune

response as described herein.



Accordingly, the present invention also provides a method for generating an immune

response to RSV F in a subject, comprising administering to the subject an effective amount

of the immunogen according to the present invention as described herein; the virus-like

particle according to the present invention as described herein; the protein nanoparticle

according to the present invention as described herein; the nucleic acid molecule according

to the present invention as described herein; the vector according to the present invention as

described herein; or the pharmaceutical composition according to the present invention as

described herein; to generate the immune response. Preferably, the immune response

comprises a Th1 immune response as described herein.

Thus, a therapeutically effective amount of an immunogenic composition including one or

more of the immunogen according to the present invention as described herein, the virus-like

particle according to the present invention as described herein, the protein nanoparticle

according to the present invention as described herein, the nucleic acid molecule according

to the present invention as described herein, the vector according to the present invention as

described herein, and the host cell according to the present invention as described herein,

can be administered to a subject in order to generate an immune response to RSV, in

particular to bRSV.

The present invention also provides the immunogen according to the present invention as

described herein, the virus-like particle according to the present invention as described

herein, the protein nanoparticle according to the present invention as described herein, the

nucleic acid molecule according to the present invention as described herein, the vector

according to the present invention as described herein, the host cell according to the present

invention as described herein, or the pharmaceutical composition according to the present

invention as described herein for use in prevention and/or treatment of RSV infection in a

subject, in particular in cattle. Preferably, the RSV infection to be prevented and/or treated is

bRSV infection.

Accordingly, the present invention provides a method for treating or preventing a RSV

infection in a subject, comprising administering to the subject a therapeutically effective



amount of the immunogen according to the present invention as described herein, the v irus

like particle according to the present invention as described herein, the protein nanoparticle

according to the present invention as described herein, the nucleic acid molecule according

to the present invention as described herein, the vector according to the present invention as

described herein, the host cell according to the present invention as described herein, or the

pharmaceutical composition according to the present invention as described herein; thereby

treating o r preventing RSV infection in the subject.

Preferably, a subject is selected for treatment that has, or is at risk for developing, an RSV

infection, for example, because of exposure or the possibility of exposure to RSV. Following

administration of a therapeutically effective amount of the disclosed pharmaceutical

compositions, the subject can be monitored for RSV infection, symptoms associated with RSV

infection, o r both. Accordingly, in the use and method described herein, the subject is

preferably at risk of or has an RSV infection.

Preferably, in the use and method described herein, the subject is a bovine subject, such as

cattle (cow). In the context of the subject, the term "bovine" refers to the subfamily Bovinae,

which includes domestic cattle, bison, African buffalo, the water buffalo, the yak, and the

four-homed and spiral-horned antelopes. Accordingly, the subject is preferably of the

subfamily Bovinae, more preferably cattle, in particular domestic cattle.

Preferably the subject is a calf, i.e. an animal of the subfamily Bovinae, which is no more

than one year old. More preferably, the subject is a calf of (domestic) cattle.

In more general, typical subjects include humans, as well as non-human primates and other

animals, such as cattle. To identify subjects for prophylaxis or treatment as described herein,

screening methods may be employed to determine risk factors associated with a targeted o r

suspected disease or condition, o r to determine the status of an existing disease or condition

in a subject. These screening methods include, for example, conventional work-ups to

determine environmental, familial, occupational, and other such risk factors that may be

associated with the targeted o r suspected disease or condition, as well as diagnostic methods,

such as various ELISA and other immunoassay methods, which are available and well known



in the art to detect and/or characterize RSV infection. These and other routine methods allow

the veterinarian or the clinician to select subjects in need of therapy or prevention as disclosed

herein.

An pharmaceutical composition can be administered as an independent prophylaxis or

treatment program, or as a follow-up, adjunct or coordinate treatment regimen to other

treatments. The pharmaceutical composition can be used in coordinate vaccination protocols

or combinatorial formulations. For example, combinatorial pharmaceutical compositions and

coordinate immunization protocols may employ separate immunogens or formulations, each

directed toward eliciting an immune response to an RSV immunogen, such as an immune

response to RSV F protein. Separate pharmaceutical compositions that elicit the immune

response to the RSV immunogen can be combined in a polyvalent pharmaceutical

composition administered to a subject in a single immunization step, or they can be

administered separately (in monovalent pharmaceutical compositions) in a coordinate

immunization protocol.

The administration of the pharmaceutical compositions can be for prophylactic and/or

therapeutic purpose. When provided prophylactically, the pharmaceutical composition is

typically provided in advance of any symptom, for example in advance of infection. The

prophylactic administration of the pharmaceutical compositions usually serves to prevent or

ameliorate any (subsequent) infection. When provided therapeutically, the pharmaceutical

composition is provided at or after the onset of a symptom of disease or infection, for example

after development of a symptom of RSV infection, or after diagnosis of RSV infection. The

pharmaceutical composition can thus be provided prior to the anticipated exposure to RSV

so as to attenuate the anticipated severity, duration or extent of an infection and/or associated

disease symptoms, after exposure or suspected exposure to the virus, or after the actual

initiation of an infection.

Administration typically induces a sufficient immune response to treat or prevent the

pathogenic infection, for example, to inhibit the infection and/or reduce the signs and/or

symptoms of the infection. Amounts effective for this use will depend upon the severity of the

disease, the general state of the subject's health, and the robustness of the subject's immune



system. As described in detail above, a therapeutically effective amount is that which provides

for example subjective relief of a symptom(s) or an objectively identifiable improvement as

noted by the clinician or other qualified observer. For example, effective amounts are

amounts that are effective to elicit a desired immune response or alleviate one or more

symptoms of a targeted disease. Furthermore, an effective amount or effective dose of the may

simply inhibit or enhance one or more selected biological activities correlated with a disease

or condition, as set forth herein, for either therapeutic or diagnostic purposes.

For prophylactic and therapeutic purposes, the immunogen according to the present

invention as described herein, the virus-like particle according to the present invention as

described herein, the protein nanoparticle according to the present invention as described

herein, the nucleic acid molecule according to the present invention as described herein, the

vector according to the present invention as described herein, the host cell according to the

present invention as described herein, or the pharmaceutical composition according to the

present invention as described herein can be administered to the subject in a single bolus

delivery, via continuous delivery (for example, continuous transdermal, mucosal or

intravenous delivery) over an extended time period, or in a repeated administration protocol

(for example, by an hourly, daily or weekly, repeated administration protocol). Preferably, the

immunogen according to the present invention as described herein, the virus-like particle

according to the present invention as described herein, the protein nanoparticle according to

the present invention as described herein, the nucleic acid molecule according to the present

invention as described herein, the vector according to the present invention as described

herein, the host cell according to the present invention as described herein, or the

pharmaceutical composition according to the present invention as described herein is

administered repeatly, i.e. at least twice. One example of repeated administration is prime-

boost administration as described herein.

The therapeutically effective dosage of the pharmaceutical composition can thus be provided

as repeated doses within a prolonged prophylaxis or treatment regimen that will yield

clinically significant results to alleviate one or more symptoms or detectable conditions

associated with a targeted disease or condition, such as RSV infection, in particular bRSV

infection. Determination of effective dosages in this context is typically guided by



administration protocols that significantly reduce the occurrence or severity of targeted

disease symptoms or conditions in the subject.

A suitable immunization regimen may for example include at least three separate inoculations

with one or more pharmaceutical compositions, with a second inoculation being

administered more than about two, about three to eight, or about four, weeks following the

first inoculation. Generally, the third inoculation can be administered several months after

the second inoculation, and in specific embodiments, more than about five months after the

first inoculation, more than about six months to about two years after the first inoculation, or

about eight months to about one year after the first inoculation. Periodic inoculations beyond

the third are also desirable to enhance the subject's "immune memory." The adequacy of the

vaccination parameters chosen, e.g., formulation, dose, regimen and the like, can be

determined by taking aliquots of serum from the subject and assaying antibody titers during

the course of the immunization program. If such monitoring indicates that vaccination is sub-

optimal, the subject can be boosted with an additional dose of pharmaceutical composition,

and the vaccination parameters can be modified in a fashion expected to potentiate the

immune response. It is contemplated that there can be several boosts, and that each boost

can include the same or a different RSV preF immunogen.

For prime-boost protocols as described herein, the prime can be administered as a single dose

or multiple doses, for example two doses, three doses, four doses, five doses, six doses or

more can be administered to a subject over days, weeks or months. The boost can be

administered as a single dose or multiple doses, for example two to six doses, or more can be

administered to a subject over a day, a week or months. Multiple boosts can also be given,

such one to five, or more. Different dosages can be used in a series of sequential inoculations.

For example a relatively large dose in a primary inoculation and then a boost with relatively

smaller doses. The immune response against the selected antigenic surface can be generated

by one or more inoculations of a subject.

Immunization protocols using a DNA plasmid prime and ferritin nanoparticle boost are

known to the person of ordinary skill in the art (see, e.g., Wei et al., Science, 329(5995):

060-4, 201 0, which is incorporated by reference herein in its entirety).



Accordingly, it is preferred that the administration comprises a prime-boost administration of

the immunogen, the virus-like particle, the protein nanoparticle, the nucleic acid molecule,

the vector, the host cell, o r the pharmaceutical composition, respectively.

The actual dosage of the pharmaceutical composition will vary according to factors such as

the disease indication and particular status of the subject (for example, the subject's age, size,

fitness, extent of symptoms, susceptibility factors, and the like), time and route of

administration, other drugs or treatments being administered concurrently, as well as the

specific pharmacology of the pharmaceutical composition for eliciting the desired activity or

biological response in the subject. Dosage regimens can be adjusted to provide an optimum

prophylactic or therapeutic response. As described above, an effective amount is also one in

which any toxic or detrimental side effects of the disclosed antigen and/or other biologically

active agent is outweighed in clinical terms by therapeutically beneficial effects.

Preferably, the immunogen according to the present invention as described herein, the virus

like particle according to the present invention as described herein, the protein nanoparticle

according to the present invention as described herein, the nucleic acid molecule according

to the present invention as described herein, the vector according to the present invention as

described herein, the host cell according to the present invention as described herein, or the

pharmaceutical composition according to the present invention as described herein is

administered intravenously or intramuscularly.

A preferred range for a therapeutically effective amount of the disclosed PreF antigens

(immunogens) within the methods and pharmaceutical compositions of the disclosure is

about 0.0001 mg/kg body weight to about 10 mg/kg body weight, such as about 0.01 mg/kg,

about 0.02 mg/kg, about 0.03 mg/kg, about 0.04 mg/kg, about 0.05 mg/kg, about 0.06 mg/kg,

about 0.07 mg/kg, about 0.08 mg/kg, about 0.09 mg/kg, about 0.1 mg/kg, about 0.2 mg/kg,

about 0.3 mg/kg, about 0.4 mg/kg, about 0.5 mg/kg, about 0.6 mg/kg, about 0.7 mg/kg, about

0.8 mg/kg, about 0.9 mg/kg, about 1 mg/kg, about .5 mg/kg, about 2 mg/kg, about 2.5 mg/kg,

about 3 mg/kg, about 4 mg/kg, about 5 mg/kg, or about 0 mg/kg, for example 0.01 mg/kg to



about 1 mg/kg body weight, about 0.05 mg/kg to about 5 mg kg body weight, about 0.2 mg/kg

to about 2 mg/kg body weight, or about .0 mg/kg to about 0 mg/kg body weight.

More preferably, a single dose comprises 1 ng - 10 g of the immunogen, preferably 00 ng -

5 g of the immunogen, more preferably 1 - 000 g of the immunogen, even more preferably

0 - 00 g of the immunogen, and most preferably 50 pg of the immunogen.

The dosage and number of doses will depend on the setting, for example, in an adult or

anyone primed by prior RSV infection or immunization, a single dose may be a sufficient

booster. In naive calves, for example, at least two doses may be given, such as at least three

doses.

An annual boost may be given once per year, for example, along with other annual

vaccination.

Methods for preparing administrate compositions will be known or apparent to those skilled

in the art and are described in more detail in such publications as Remingtons Pharmaceutical

Sciences, 9th Ed., Mack Publishing Company, Easton, Pennsylvania, 1995.

Dosage can be varied by the attending veterinarian or clinician to maintain a desired

concentration at a target site (for example, systemic circulation). Higher or lower

concentrations can be selected based on the mode of delivery, for example, trans-epidermal,

rectal, oral, pulmonary, or intranasal delivery versus intravenous or subcutaneous delivery.

Dosage can also be adjusted based on the release rate of the administered formulation, for

example, of an intrapulmonary spray versus powder, sustained release oral versus injected

particulate or transdermal delivery formulations, and so forth. To achieve the same serum

concentration level, for example, slow-release particles with a release rate of 5 nanomolar

(under standard conditions) would be administered at about twice the dosage of particles with

a release rate of 0 nanomolar.

Upon administration of the immunogen according to the present invention as described

herein, the virus-like particle according to the present invention as described herein, the



protein nanoparticle according to the present invention as described herein, the nucleic acid

molecule according to the present invention as described herein, the vector according to the

present invention as described herein, the host cell according to the present invention as

described herein, or the pharmaceutical composition according to the present invention as

described herein, the immune system of the subject typically responds by producing

antibodies specific for the prefusion conformation of the RSV F protein. Such a response

signifies that an effective dose of the pharmaceutical composition was delivered.

It may be advantageous to administer the pharmaceutical compositions disclosed herein with

other agents such as proteins, peptides, antibodies, and other antiviral agents, such as anti-

RSV agents. Accordingly, it is preferred that the immunogen, the virus-like particle, the protein

nanoparticle, the nucleic acid molecule, the vector, the host cell, or the pharmaceutical

composition is administered in combination with an anti-RSV agent.

Non-limiting examples of anti-RSV agents include the monoclonal antibody palivizumab

(SYNAGIS®; Medimmune, Inc.) and the small molecule anti-viral drug ribavirin

(manufactured by many sources, e.g., Warrick Pharmaceuticals, Inc.). Pharmaceutical

compositions can be administered concurrently with other anti-RSV agents. The

pharmaceutical compositions can also be administered sequentially with other anti-RSV

therapeutic agents, such as before or after the other agent. One of ordinary skill in the art

would know that sequential administration can mean immediately following or after an

appropriate period of time, such as hours, days, or weeks later.

Furthermore, a therapeutically effective amount of a pharmaceutical composition including

a nucleic acid encoding a disclosed PreF antigen can be administered to a subject in order to

generate an immune response.

Moreover, a therapeutically effective amount of a nucleic acid encoding a disclosed

immunogen can be administered to a subject to treat or prevent or inhibit RSV infection. One

approach to administration of nucleic acids can be direct immunization with plasmid DNA,

such as with a mammalian expression plasmid. As described above, the nucleotide sequence

encoding a disclosed antigen can be placed under the control of a promoter to increase



expression of the molecule. Another approach would use RNA (such as Nonviral delivery of

self-amplifying RNA vaccines, see e.g., Gea et al., Proc Natl Acad Sci USA, 09:14604-9,

2012. Immunization by nucleic acid constructs i s well known in the art and taught, for

example, in U.S. Patent No. 5,643,578 (which describes methods of immunizing vertebrates

by introducing DNA encoding a desired antigen to elicit a cell-mediated or a humoral

response), and U.S. Patent No. 5,593,972 and U.S. Patent No. 5,81 7,637 (which describe

operably linking a nucleic acid sequence encoding an antigen to regulatory sequences

enabling expression). U.S. Patent No. 5,880,1 03 describes several methods of delivery of

nucleic acids encoding immunogenic peptides or other antigens to an organism. The methods

include liposomal delivery of the nucleic acids (or of the synthetic peptides themselves), and

immune-stimulating constructs, or ISCOMS™, negatively charged cage-like structures of 30-

40 nm in size formed spontaneously on mixing cholesterol and Quil ATM (saponin).

Protective immunity has been generated in a variety of experimental models of infection,

including toxoplasmosis and Epstein-Barr virus-induced tumors, using ISCOMS™ as the

delivery vehicle for antigens (Mowat and Donachie, Immunol. Today 2:383, 1991). Doses

of antigen as low as 1 encapsulated in ISCOMS™ have been found to produce Class I

mediated CTL responses (Takahashi et al., Nature 344:873, 990).

In another approach to using nucleic acids for immunization, a disclosed antigen can also be

expressed by attenuated viral hosts or vectors or bacterial vectors. Recombinant vaccinia

virus, adenovirus, adeno-associated virus (AAV), herpes virus, retrovirus, cytomegalovirus or

other viral vectors can be used to express the peptide or protein, thereby eliciting a CTL

response. For example, vaccinia vectors and methods useful in immunization protocols are

described in U.S. Patent No. 4,722,848. BCG (Bacillus Calmette Guerin) provides another

vector for expression of the peptides (see Stover, Nature 351 :456-460, 991 ) .

For example, a nucleic acid encoding a disclosed PreF antigen is introduced directly into

cells. For example, the nucleic acid can be loaded onto gold microspheres by standard

methods and introduced into the skin by a device such as Bio-Rad' s HELIOS™ Gene Gun.

The nucleic acids can be "naked," consisting of plasmids under control of a strong promoter.

Typically, the DNA is injected into muscle, although it can also be injected directly into other

sites, including tissues in proximity to metastases. Dosages for injection are usually around



0.5 g/kg to about 50 mg/kg, and typically are about 0.005 mg/kg to about 5 mg/kg (see, e.g.,

U.S. Patent No. 5,589,466).

In addition to the preventive and therapeutic methods and uses provided above, any of the

immunogen according to the present invention as described herein, the virus-like particle

according to the present invention as described herein, the protein nanoparticle according to

the present invention as described herein, the nucleic acid molecule according to the present

invention as described herein, the vector according to the present invention as described

herein, the host cell according to the present invention as described herein, or the

pharmaceutical composition according to the present invention as described herein, can be

utilized to produce antigen specific immunodiagnostic reagents, for example, for sero-

surveillance. Immunodiagnostic reagents can be designed from any of the antigens described

herein. For example, in the case of the disclosed antigens, the presence of serum antibodies

to RSV is monitored using the isolated antigens disclosed herein, such as to detect an RSV

infection and/or the presence of antibodies that specifically bind to the prefusion

conformation of RSV F protein.

Accordingly, the present invention also provides a method for detecting or isolating an RSV

F binding antibody in a subject, comprising:

(a) providing the immunogen according to the present invention as described

herein; the virus-like particle according to the present invention as described

herein; the protein nanoparticle according to the present invention as

described herein; the nucleic acid molecule according to the present invention

as described herein; the vector according to the present invention as described

herein; the host cell according to the present invention as described herein; or

the pharmaceutical composition according to the present invention as

described herein;

(b) contacting a biological sample from the subject with the recombinant RSV F

protein or with the fragment thereof under conditions sufficient to form an

immune complex between the recombinant RSV F protein or the fragment

thereof and the RSV F binding antibody; and



(c) detecting the immune complex, thereby detecting or isolating the RSV F

binding antibody in the subject.

Preferably, such a method is an in-vitro method for detecting an RSV F binding antibody in

an isolated biological sample of a subject.

Generally, the method includes contacting a sample from a subject, such as, but not limited

to a blood, serum, plasma, urine or sputum sample from the subject with one or more of the

RSV F protein antigen stabilized in a prefusion conformation disclosed herein and detecting

binding of antibodies in the sample to the disclosed immunogens. The binding can be

detected by any means known to one of skill in the art, including the use of labeled secondary

antibodies that specifically bind the antibodies from the sample. Labels include radiolabels,

enzymatic labels, and fluorescent labels. In addition, the detection of the prefusion RSV F

binding antibody also allows the response of the subject to immunization with the disclosed

antigen to be monitored.

Preferably, the titer of the prefusion RSV F antibody binding antibodies can be determined.

The binding can be detected by any means known to one of skill in the art, including the use

of labeled secondary antibodies that specifically bind the antibodies from the sample. Labels

include radiolabels, enzymatic labels, and fluorescent labels. In other embodiments, a

disclosed immunogen is used to isolate antibodies present in a subject or biological sample

obtained from a subject.

Kit

In a further aspect the present invention also provides a kit comprising

(i) the immunogen according to the present invention as described herein;

(ii) the virus-like particle according to the present invention as described herein;

(iii) the protein nanoparticle according to the present invention as described

herein;



(iv) the nucleic acid molecule according to the present invention as described

herein;

(v) the vector according to the present invention as described herein;

(vi) the host cell according to the present invention as described herein; and/or

(vii) the pharmaceutical composition according to the present invention as

described herein;

and instructions for using the kit.

For example, the kit may be used for treating or preventing an RSV infection in a subject,

for detecting the presence of RSV F protein prefusion specific antibodies in the sera of

subject.

Preferably, the kit includes a container and/or a label or package insert on or associated with

the container. Suitable containers include, for example, bottles, vials, syringes, etc. The

containers may be formed from a variety of materials such as glass or plastic. The container

typically holds a composition including one or more of the immunogen according to the

present invention as described herein, the virus-like particle according to the present

invention as described herein, the protein nanoparticle according to the present invention as

described herein, the nucleic acid molecule according to the present invention as described

herein, the vector according to the present invention as described herein, the host cell

according to the present invention as described herein, or the pharmaceutical composition

according to the present invention as described herein.

The container may optionally have a sterile access port (for example the container may be an

intravenous solution bag or a vial having a stopper pierceable by a hypodermic injection

needle). The label or package insert indicates that the composition is used for treating the

particular condition, in particular RSV infection, such as bRSV infection. The label or package

insert typically will further include instructions for use of the immunogen according to the

present invention as described herein, the virus-like particle according to the present

invention as described herein, the protein nanoparticle according to the present invention as

described herein, the nucleic acid molecule according to the present invention as described

herein, the vector according to the present invention as described herein, the host cell



according to the present invention as described herein, or the pharmaceutical composition

according to the present invention as described herein, for example, in a method of treating

or preventing an RSV infection, such as a bRSV infection. The package insert may include

instructions customarily included in commercial packages of therapeutic products that

contain information about the indications, usage, dosage, administration, contraindications

and/or warnings concerning the use of such therapeutic products. The instructional materials

may be written, in an electronic form (such as a computer diskette or compact disk) or may

be visual (such as video files). The kits may also include additional components to facilitate

the particular application for which the kit is designed. The kits may additionally include

buffers and other reagents routinely used for the practice of a particular method. Such kits

and appropriate contents are well known to those of skill in the art.



BRIEF DESCRIPTION O F THE FIGURES

In the following a brief description of the appended figures will be given. The figures are

intended to illustrate the present invention in more detail. However, they are not intended to

limit the subject matter of the invention in any way.

Figure 1 shows for Example 1 a ClustalOmega sequence alignment of hRSVF strain A2

with RSV F from nine bovine strains (corresponding to SEQ ID NOs: 1 - 9) as

indicated. Each row covers 60 positions. Residue positions completely

conserved are designated by a "*", homologous residues by a ":" and variable

residues by a space.

Figure 2 shows for Example strain names and accession numbers for human and

bovine RSV F proteins.

Figure 3 shows for Example 1 the translation of pre-F hRSV F stabilization to bRSV F. a,

Structural model of a pre-F hRSV F trimer stabilized by DS-Cav1 mutations

(PDB ID 4MMU). One monomer is depicted by a blue ribbon model with the

four DS-Cav1 mutations shown by red stick models outlined by red squares.

The other two monomers are depicted by gray surface representations b,

Sequence variation between hRSV strain A2 and eight different bRSV strains is

mapped (orange surface representation) onto a blue ribbon model of one

monomer of a DS-Cav1 pre-F RSV F trimer colored as in (a) c, The locations

of the DS-Cav1 mutations (red), the sc linkage (green) and interprotomer

disulfide stabilization mutations (green) introduced into bovine RSV F protein

are indicated by boxed stick models for one RSV F monomer. In (b) and (c),

the other two monomers of the trimer are shown as gray surface

representations, d, Phylogenetic tree for human and bovine RSV F proteins.

Names shown indicate the virus strain or isolate. GenBank accession numbers

for all strains used in this study are shown in Figure 2 .



shows for Example the expression screen for bDS-Cavl RSV F in seven

different strains.

shows for Example 1 the antigenic screening of bRSV F single chain

immunogens.

shows for Example 1 the antigenic screening of bRSVF single chain

immunogens with interprotomer disulfides.

shows for Example 1 the yields of bRSV single chain immunogens in liter-scale

production.

shows the antigenic and physical characterization of bRSV F glycoprotein

immunogens.

shows protein purification and electron microscopy ana lysis a, Representative

SDS PAGE gel analysis for engineered bRSV F glycoproteins. DS2-v1 (391 -2

sc9 DS-Cavl Q98C-Q361 C), 391 -2 DS-Cavl and 391 -2 post-F. Proteins are

observed to collapse to smaller molecular weight bands in the presence of a

reducing agent, confirming disulfide bond formation b, Gel filtration

chromatograms of bRSV F glycoprotein variants. Variants stabilized in pre-F

conformation had longer retention times than variants with post-F

conformation c, Negative stain electron microscopy of pre-fusion and post-

fusion forms of bovine RSV F. Images shown here are 2D class averages of

variants with measured dimensions. Dh, diameter of head; Lh, length of head;

Ls, length of stalk.

shows for Example 4 crystallographic data collection and refinement statistics.

Figure 1 shows the crystal structures of pre-F-stabilized bRSV F immunogens. a, Crystal

structure of bRSV F ATue51 908 DS-Cav1 depicted by a C -wo rm

representation color-coded by atomic mobility factors, with thick, red worm



for flexible regions and thin, blue worm for more rigid regions. Atomic level

details are shown in insets o n the right with stick representations and 2Fo-Fc

electron density (blue) for regions that were mutated to stabilize the pre-F

conformation. The upper left inset shows a ribbon superposition of the

antigenic site 0 region of ATue51 908 DS-Cav1 (lime) with the structure of

h SV F DS-Cav1 (gray; PDB D 4MMU). b, Crystal structure of the DS2

immunogen bRSV F 391-2 DS-Cav1 sc9 Q98C-Q361 C, depicted as in (a).

Figure 2 shows serum neutralizing antibody titers elicited by engineered bRSV F pre-F

trimers. Pre-F-stabilized bRSV F glycoproteins elicited geometric mean EC

neutralization titers between 43-344 fold higher than post-F in mice and calves

respectively. Schematic immunization procedures for bRSV F variants in

seronegative mice (a) and calves (b). Neutralization titer from each animal is

shown as an individual dot, and geometric means are indicated by black

horizontal lines. Immunization groups are shape-coded. Lod, limit of detection

(titer = 00) is indicated with a horizontal dashed line. Vertical dotted lines

separate immunogen strains in (a) and weeks post prime in (b). Serum antibody

binding ELISA data is summarized in Fig. 14 . values were determined by

two-tailed Mann-Whitney tests. * indicates P< 0.05, * * indicates < 0.01, ***

indicates P< 0.001 and **** indicates P< 0.0001 . There are 0 mice per group

for the mouse immunizations. For calf immunizations, the DS2-v1 (391-2 sc9

DS-Cav1 Q98C-Q361 C) and post-F (391 -2 post-F) groups each contained 5

animals and the placebo group contained 4 animals.

Figure 3 shows bRSV neutralization EC50titers measured from week 5 mouse sera.

Figure 14 shows immunogenicity of engineered bovine RSV F pre-F trimers. ELISA

binding titers of week five sera from mice (a) and longitudinal sera samples

from calves (b) immunized with bRSV F variants titers from each animal are

represented by shape-coded symbols. Solid symbols indicate sera recognition

of immobilized 391-2 sc9 DS-Cav1 Q98C-Q361C RSV F trimers and open

symbols indicate recognition of immobilized 391 -2 post-F RSV F trimers.



Vertical dotted lines separate immunogen strains in (a) and weeks post prime

in (b). 6dpi, 6 days post inoculation for calf challenge study in (b). Geometric

mean titers are indicated by black horizontal lines. Calf immunization groups:

DS2-v1 (39 Ί -2 sc9 DS-Cav1 Q98C-Q361 C), 391 -2 post-F and placebo (PBS).

shows biographical data for immunized calves.

shows bRSV neutralization EC50 titers measured from calf sera.

shows blocking of neutralizing antibody binding. ELISA plates coated with

391 -2 sc9 DS-Cav1 Q98C-Q361C pre-F bRSV F trimer were incubated with

serial dilutions of week 6 calf sera followed by biotinylated mAbs. The serum

dilution that blocked mAb binding by 80% (defined as BD80) was determined.

Higher BD80 values indicate the presence of sera that specifically blocks the

respective mAbs. Vertical dotted lines separate the six different biotinylated

mAbs (indicated above) used for pre-F trimer detection. Blocking of mAb

binding titer of serum from each animal are represented by shape-coded

symbols. Calf immunization groups: DS2-v1 (391 -2 sc9 DS-Cav1 Q98C-

Q361 C), 391 -2 post-F and placebo (PBS).

shows the effect of vaccination on bRSV replication in the respiratory tract of

calves and o n pulmonary patho logy a, Peak titers of bRSV in nasal secretions.

Each dot represents the virus titer from nasopharyngeal swabs obtained at day

6 post challenge. Groups of 5 calves were vaccinated with DS2-v1 (391-2 DS-

Cavl sc9 Q98C-Q361 C) and Post-F (391 -2 post-F), and 4 calves were

vaccinated with PBS (Placebo in adjuvant). Geometric mean peak titers are

indicated by black horizontal lines b, Effect of F protein vaccination on

numbers of cells in BAL, 6 days after challenge with bRSV. c, Analysis of

percentage of lung with macroscopic lung lesions from photographs of lungs

d, bRSV titers in samples of tracheal epithelium (TrSc), lung wash cells (LWC),

and homogenates of samples taken from the right apical (RA), right cardiac

(RC) and left cardiac (LC) lobes of the lung, 6 days post- infection. Each bar



represents the bRSV titer of a lung sample. Each group of five bars is from an

individual calf. Titers are expressed as logio pfu/ml or g. The limit of detection

(lod) is logio 0 .7 pfu/ml (a and d). Virus titers for each individual testing poi nt

are l isted in Figure 5. lvalues were determi ned by two-tai led Mann-Whitney

tests ns indicates not significant {P > 0.05), * indicates P < 0.05, ** indicates

< 0.01 , *** indicates P < 0.001 and **** indicates < 0.0001

Figure 19 shows viral titers as a measure of bRSV replication in nasopharyngeal

secretion.

Figure 20 shows viral titers as a measure of bRSV repl ication in the respiratory tract of

calves.

shows the effect of vacci nation on bRSV repl ication in the respiratory tract of

calves and cli nical signs of disease a, Cli nical sore at day 6 post RSV

chal lenge. Each dot represents the score from each an imal obtai ned at day 6

post chal lenge. DS2-v1 (39 1-2 sc9 DS-Cav1 Q98C-Q3 6 1C), Post-F (391 -2

post-F), PBS (Placebo). Geometric mean scores are indicated by black

horizontal l ines b, Effect of F protein vaccination on proportion of neutrophi ls

in BAL, 6 days after chal lenge with bRSV. P <0.01 05 for calves vacci nated

with pre-F compared to controls. P values were determined by two-tai led

Mann-Whitney tests. * indicates P < 0.05, ** indicates P < 0.01 , *** indicates

P < 0.001 and **** indicates P < 0.0001 .

shows the cl inical scores and signs of immunized calves.

shows the defi nition of c lin ica l scores.

shows the effect of bRSV F vacci nation on pulmonary pathology.

Figure 25 shows the histology of lung sections from vacci nated calves. Haematoxyl in

and eosi n stai ned lung sections (left panel 4x objective, middle panel l Ox



objective and right panel 20x objective) from calves vaccinated with 50 g of

adjuvanted pre-F (a), post-F (b) and PBS (c), 6 days after challenge with bRSV.

White scale bars represent 000 (left panel), 400 pm(middle panel) 200

m (right panel).



EXAMPLES

In the following, particular examples illustrating various embodiments and aspects of the

invention are presented. However, the present invention shall not to be limited in scope by

the specific embodiments described herein. The following preparations and examples are

given to enable those skilled in the art to more clearly understand and to practice the present

invention. The present invention, however, is not limited in scope by the exemplified

embodiments, which are intended as illustrations of single aspects of the invention only, and

methods which are functionally equivalent are within the scope of the invention. Indeed,

various modifications of the invention in addition to those described herein will become

readily apparent to those skilled in the art from the foregoing description, accompanying

figures and the examples below. All such modifications fall within the scope of the appended

claims.

EXPERIMENTAL: Material and Methods

Protein expression, purification

RSV F variants were expressed by transient transfection of Expi293F cells using 293Fectin

(Invitrogen). Cell culture supernatants were harvested five days post transfection and

centrifuged at 10,000 g to remove cell debris. The supernatants were sterile-filtered, and RSV

F variants were purified by nickel (Roche) and Strep-Tactin (iba) affinity chromatography

followed by size-exclusion chromatography (SEC). The foldon domain was removed only

when proteins were prepared for animal immunization. The C-terminal tags were removed

from the variants by digestion with 2 U/ml restriction-grade thrombin (Novagen) overnight at

4°C. The bRSV F glycoprotein with purification tags removed were then purified by a second

round of size-exclusion chromatography in PBS.

Expression and purification of antibodies and antigen-binding fragments (Fabs).

Antibodies were expressed by transient co-transfection of Expi293F cells (Thermo Fisher

Scientific, MA) with both heavy- and light-chain plasmids using 293fectin (Thermo Fisher

Scientific, MA). Cell supernatants were harvested after 4-5 days and passed over Protein A



agarose (GE Healthcare, PA). Bound antibodies were washed with PBS and eluted with IgG

elution buffer (Pierce, IL) into 1/ 0th volume of 1 M Tris-HCI pH 8.0. Fabs were generated by

digesting the IgG with Lys-C or HRV3C protease, and the cleaved Fc region was removed by

passing the mixture over Protein A agarose. Final purification of Fabs was performed by SEC.

Antigenic screening of bRSV F immunogens

Initial assessment of all constructs were performed using a 96-well microplate format for high

throughput expression followed by an ELISA-based antigenic evaluation as described

previouslyl 7. Briefly, 24 h prior to transfection HEK 293T cells (Thermo Fisher Scientific, MA)

were seeded in each well of a 96-well microplate at a density of 2.5x1 05 cells/ml in

expression medium (high glucose DMEM supplemented with 0% ultra-low IgG fetal bovine

serum and 1x-non-essentiaI amino acids), and incubated at 37°C, 5% C02 for 20 h. Plasmid

DNA and TrueFect-Max (United BioSystems, MD) were mixed and added to the growing

cells, and the 96-well plate incubated at 37°C, 5% C02. One day post transfection, enriched

medium (high glucose DMEM plus 25% ultra-low IgG fetal bovine serum, 2x nonessential

amino acids, x glutamine) was added to each well, and the 96-well plate was returned to

the incubator for continuous culture. Five days post transfection supernatants with the

expressed bRSV F variants were harvested and tested by ELISA for binding to D25, MPE8 and

motavizumab antibodies using Ni2+-NTA microplates.

RSV F antigenic characterization

A forteBio Octet Red384 instrument was used to measure binding kinetics of RSV F variants

to antibodies that target the pre-F or post-F form (D25, AMI 4, MPE8 and Mota). All assays

were performed with agitation set to 1,000 rpm in phosphate-buffered saline (PBS)

supplemented with 1% bovine serum albumin (BSA) to minimize nonspecific interactions.

The final volume for all solutions was 50 µ Ι/well. Assays were performed at 30°C in tilted

black 384-well plates (Geiger Bio-One). Ni-NTA sensor tips were used to capture relevant

RSV F variants. Typical capture levels for each loading step were between 1.4 and 1.5 nm,

and variability within a row of eight tips did not exceed 0.1 nm for each of these steps. The

nm unit is a measure of the change in the interference pattern of white light reflected from

the surface of the biosensor tip compared to an internal reference. This was measured in rea l

time and correlated with a change in the thickness of bound molecules on the biosensor tip



surface. This can also be defined as a change in response units measured in nm. Biosensor

tips were equilibrated for 120 s in PBS + 1% BSA prior to loading bRSV F variants. Biosensor

tips were then equilibrated for 20 s in PBS + 1% BSA prior to measuring association with

antigen binding fragments (Fabs) in solution (0.007 µΜ to 0.5 µΜ) for 300 s; Fabs were then

allowed to dissociate for 300-1 200 s depending on the observed dissociation rate. Parallel

correction to subtract systematic baseline drift was carried out by subtracting the

measurements recorded for a loaded sensor incubated in PBS + 1% BSA. Data analysis and

curve fitting were carried out using Octet software, version 9.0. Experimental data were fitted

with the binding equations describing a 1: 1 interaction. Global analysis of the data sets

assuming reversible binding (full dissociation) were carried out using nonlinear least-squares

fitting allowing a single set of binding parameters to be obtained simultaneously for all of the

concentrations used in each experiment.

Physical stability of RSV F variants

To assess the physical stability of the pre-fusion conformation of designed bRSV F

glycoproteins under various stress conditions, the proteins were treated with a variety of

pharmaceutically relevant stresses such as extreme pH, high temperature, low and high

osmolarity, and repeated freeze/thaw cycles while at a concentration of 50 g ml. The

physical stability of treated bRSV F variants was evaluated by the preservation of antigenic

site 0 after treatment as assessed by binding of the site 0-specific antibody D25. In pH

treatments, the bRSV F glycoprotein solution was adjusted to pH 3.5 and pH 10 with

appropriate buffers and incubated at room temperature for 60 minutes and subsequently

neutralized to pH 7.5. Temperature treatments were carried out by incubating the bRSV F

glycoprotein solutions at 50°C and 70°C for 60 minutes in a PCR cycler with heated lid. In

osmolarity treatments, bRSV F glycoprotein solutions originally containing 150 mM NaCI

were either diluted with 2.5 mM Tris buffer (pH 7.5) to an osmolarity of 10 mM NaCI or

adjusted with 4.5 M MgCl2 to a final concentration of 3.0 M MgCl2. Protein solutions were

incubated for 60 minutes at room temperature and then returned to 150 mM salt by adding

5.0 M NaCI or dilution with 2.5 mM Tris buffer, respectively, and concentrated to 50 g/m .

The freeze/thaw treatment was carried out by repeatedly freezing bRSV F glycoprotein

solutions in liquid nitrogen and thawing at 37°C ten times in the presence of 0% glycerol.

All bRSV F glycoproteins were diluted to 40 g/m with PBS + 1% BSA, and their ability to



bind D25 Fab was measured with an Octet instrument usi ng the protocol described above.

The degree of physical stabi l ity is reported as the ratio of steady state D25-bi ndi ng level before

and after stress treatment.

Negative stain electron microscopy

Samples were d i luted to approxi mately 0.01 mg/ml, adsorbed to fresh ly glow-discharged

carbon-coated grids, rinsed with several drops of buffer contai ning 0 mM H EPES, pH 7.0,

and 50 mM K , and stai ned with 0.75% uranyl formate. Images were recorded on an FEI

T20 microscope with a 2 k x 2k Eagle CCD camera at a pixel size of 2 .2 Λ. Reference-free 2D

classification and averagi ng were performed with EMAN2 (Tang, G et al. EMAN2 : An

extensible image processi ng suite for electron microscopy. Journal of structural biology 157,

38-46 (2007)) and SPI DER.

Crystall ization and X-ray data collection of pre-F-stabi lized bRSV F proteins

Crystal l ization conditions were screened by vapor diffusion usi ng a Mosquito crystal lization

robot (TTP labtech) that generated sitting drops at 20°C by mixi ng 0.2 Ι of bRSV immunogens

with 0.2 µ Ι of reservoir solution. Optimized crystals for data col lection were grown by

manual ly setti ng up hanging drops combi ning 0.5 Ι protei n with 0.5 Ι of reservoir solution.

ATue5 908 DS-Cav1 crystals were grown in 2% (w/v) PEG 3350, and 0 .1M sodium acetate

pH 5 .5, and 39 1-2 sc9 DS-Cav1 Q98C Q 36 C crystals were grown in 0.9 M K/Na tartrate,

0 .1 M Li2S04, and 0 .1 M CH ES pH 9.5 . Prior to data col lection, ATue5 1908 DS-Cav1

crystals were transferred to 15% (v/v) 2 R,3 R-butanediol, 18% (w/v) PEG 3350, and 0.1M

sodium acetate pH 5 .5 and 39 1-2 sc9 DS-Cav1 Q98C Q 36 C crystals were transferred to

5% (v/v) 2 R,3 R-butanediol, 1.3 M K/Na tartrate, 0 . 6 M Li2S04, and 0 .1 M CHES pH 9.5

fol lowed by flash freezi ng in liqu id nitrogen. X-ray diffraction data were col lected at a

wavelength of 1.00 Λ at the SER-CAT beaml ine ID-22 (Advanced Photon Source, Argonne

National Laboratory).

Structure determination, refi nement and analysis of pre-F-stabi lized bRSV F

Diffraction data were integrated and scaled with the H KL2000 suite, and a molecular

replacement solutions for both structures were obtained by PHASER usi ng the pre-F RSV F

structure (PDB D : 4MMS) as a search model . Manual model bui ldi ng was carried out usi ng



COOT, with secondary structure elements built first. Refinement of individual coordinates,

TLS parameters, and individual B-factors was performed in PHENIX. Final data collection and

refinement statistics are presented in Figure 0 . All structural images were created using

PyMol (The PyMol Molecular Graphics System, version 1.1; Schrodinger, LLC).

Mouse immunizations

All mouse experiments were reviewed and approved by the Animal Care and Use Committee

of the Vaccine Research Center, NIAID, NIH, under animal protocol 3-454, and all animals

were housed and cared for in accordance with local, state, federal, and institute policies in

an American Association for Accreditation of Laboratory Animal Care (AAALAC)-accredited

facility at the NIH. Mice were randomized into groups of ten and these groups were not

blinded to the investigators. As in previous experiments, hybrid female mice that were the

first filial offspring of a cross between BALB/cJ females (C) and C57BL/6J males (B6) (The

Jackson Laboratory) known as CB6F1/J at ages 6 weeks to 12 weeks were intramuscularly

injected with RSV F immunogens at week 0 and week 3 . The frozen RSV Fvariant immunogen

proteins were thawed on ice and mixed with 5-fold w/w poly l:C (Invivogen) adjuvant (i.e.

0 i g RSV F, 50 g Poly l:C per animal per immunization), with injections taking place within

1 h of immunogemacljuvant preparation. No adverse effect from immunization was observed.

Blood was collected at least three days before immunization, and at week 2, week 5 and

week 7 post initial immunization.

bRSV neutralization assays

bRSV microneutralization assay was performed using BT cells (ATCC CRL 390) and 500-

1000 TCID50 (50% tissue culture infectious doses) of bRSV, strain 375 (ATCC VR1339).

Briefly, immune sera were serially diluted in quadruplicates prior to mixing with 500-1 000

TCID50 of bRSV for 1 hour at 37°C in a humidified 5% C02 atmosphere prior to addition to

monolayers of BT cells seeded the day before at 8,000 cells/well. Cells were then incubated

for 7 days, fixed with 70% methanol, stained with 1% crystal violet and examined at the

microscope for syncytia formation and cytophatic effect (CPE). Neutralizing titer was defined

as the reciprocal of the highest sera dilution at which the infectivity of bRSV was completely

neutralized in 50% of the wells. Infectivity was identified by the presence of CPE and syncytia

on day 7, and the titer was calculated by the Reed-Muench method.



ELISA binding Assays

A standard ELISA was used to determine binding of immune sera to bRSV pre- and post-bRSV

F proteins. Briefly, ELISA plates were coated with antigens at 5 g/m , blocked with 1% BSA

in PBS, incubated with serial dilutions of sera and washed. Bound mAbs were detected by

incubation with AP-conjugated Goat Anti-Mouse adsorbed against human IgG (Southern

Biotech) or goat anti-bovine IgG (Southern Biotech). Plates were then washed, substrate (4-

Nitrophenyl phosphate disodium salt hexahydrate, Sigma) was added and plates were read

at 405 nm. The relative titer of sera binding to respective coated antigens were determined

by measuring the concentration of each serum required to achieve 50% binding relative to

the maximum (ED50). The ED50 values were calculated by interpolation of binding curves

fitted with a four-parameter nonlinear regression with a variable slope.

Calf immunization

The calf experiment was performed under the regulations of the Home Office Scientific

Procedures Act ( 986) of the United Kingdom. The study had been reviewed and approved

by the Animal and Plant Health Agency (APHA) Ethical Review Committee. Calve groups

were not blinded to the investigators. Male calves were obtained from local farms and were

removed from their mothers at birth to ensure that they did not receive any colostrum and

transported to APHA at ~ 1 day of age. Calves were bled on arrival at APHA and were fed 250

m l of colostrum, 48 hrs after birth, in order produce calves with little or no maternally derived

bRSV-specific serum antibodies. Sera obtained before and after colostrum intake was

analyzed for bRSV-specific and prefusion bRSV F protein-specific antibodies by ELISA. A l

but two calves were free from bRSV-specific serum antibodies. Calves were allocated to three

groups of 5 to give groups matched for calf age, and the two animals with maternally derived

bRSV-specific antibodies were allocated to the control group. Calves were 3 to 6 weeks old

at the time of vaccination. The frozen bRSV F proteins, pre-F (DS2) and post-F (391 -2 post-F)

were thawed on ice and mixed with MontanideTM ISA71 VG (Seppic, France) in a water in

o i emulsion in a ratio of 70:30 adjuvant to aqueous phase. Calves were inoculated

intramuscularly with 50 g protein in a volume of 2 m l on two occasions 4 weeks apart. As

controls, calves were inoculated with 2 ml PBS in ISA71 VG. Vaccinations took place within

3 h of immunogemadjuvant preparation. Calves developed a transient fever 24 h after



vaccination and no or only mild diffuse swelling at the injection sites. Calves were bled at

defined time points for analysis of bRSV-specific serum antibody responses.

Calf challenge virus

Virulent bRSV used to challenge calves consisted of bronchoalveolar lavage (BAL) prepared

from a gnotobiotic calf inoculated 6 days previously with the Snook strain of bRSV, which

had been passaged on four previous occasions in gnotobiotic or specific pathogen free calves.

The BAL was free from other viruses, mycoplasmas, and bacteria as assessed by inoculation

of tissue culture cells, mycoplasmal or bacterial media. Virus titers were determined by

plaque assay on fetal calf kidney cells.

Calf challenge

Four weeks after the last vaccination, calves were challenged by intranasal and intratracheal

administration of Ί 0 pfu of bRSV, Snook strain, in BAL. Following bRSV challenge,

nasopharyngeal swabs were obtained daily to monitor bRSV excretion, and calves were

examined daily for clinical signs of disease. The severity of disease was given a score as

shown in Figure 22. The clinical scores are defined in Figure 23. Calves were euthanized 6

days after challenge to determine the extent of gross pneumonic consolidation and the extent

of virus infection in the lower respiratory tract as described previously. Titers of virus in the

trachea were determined by scraping the epithelium from a piece of trachea approximately 3

cm long into 2 m l of Hanks balanced salt solution (Sigma) containing 1% bovine serum

albumin (BSA) (Sigma). The apical and cardiac lung lobes were clamped and the lungs

lavaged with ~ 1 liter of PBS to obtain bronchalveolar lavage (BAL). Cytospin preparations of

BAL cells were fixed and stained with Diff Quik (Thermo Fisher Scientific) and differential

cell counts made using oil immersion microscopy. Samples of lung taken from three different

apical lung lobes were homogenized to give a 20% w/v suspension. Lung tissue for histology

was also taken from 3 different apical lobes and fixed in 10% neutral buffered formalin,

paraffin wax embedded and sections were stained with haematoxylin and eosin.
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Statistical analysis

Statistical analyses were performed using two-tailed Mann-Whitney tests with GraphPad

Prism 6.0 software (La Jolla, CA). Differences were considered statistically significant at P <

0.05.

Example : Design and initial characterization of bRSV F immunogens

The RSV F glyoprotein is conserved between bRSV and hRSV, with sequence identities of

-80% (Figures 1and 2, and Figure 3 b,d) and multiple F-directed antibodies able to neutralize

both hRSV and bRSV. Based on the success of the prior engineering of pre-F hRSV F trimer

(McLellan, J.S et al. Structure-based design of a fusion glycoprotein vaccine for respiratory

syncytial virus. Science 342, 592-598 (20 3)), bRSV F was modified to create thermostable

pre-F trimers. A disulfide between residues 155 and 290 (DS) along with cavity-filling

mutations S 90F and V207L (Cav1 ) and a C-terminal T4 foldon trimerization domain (foldon)

were incorporated into bRSV F from seven different strains to make bovine versions of DS-

Cav1 (bDS-Cavl s) (Figure 3 a, b and Figure 4), which included cleavable C-terminal His and

Strep tags for purification.

Upon expression in Expi293F cells only three of the seven bDS-Cavl s (strains 391 -2,

ATue51 908, and RB94 respectively) expressed at greater than 0.5 mg/L of culture (Figure 4).

Amino acid sequences of those three bDS-Cavl s are shown in the following:

bRSV 391 -2 DSCavl :

MAATAMRMIISIIFISTYMTHITLCQNITEEFYQSTCSAVSRGYLSALRTGWYTSVVTIELSKIQKN
VCKSTDSKVKLIKQELERYNNAVIELQSLMQNEPASFSRAKRGIPELIHYTRNSTKRFYGLMGKK
RKRRFLGFLLGIGSAIASGVAVCKVLHLEGEVNKIKNALLSTNKAVVSLSNGVSVLTFKVLDLKN
YIDKELLPKLNNHDCRISNIETVIEFQQKNNRLLEIAREFSVNAGITTPLSTYMLTNSELLSLINDMP
ITNDQKKLMSSNVQIVRQQSYSIMCVVKEEVIAYVVQLPIYGVIDTPCWKLHTSPLCTTDNKEG
SNICLTRTDRGWYCDNAGSVSFFPQAETCKVQSNRVFCDTMNSLTLPTDVNLCNTDIFNTKY
DCKIMTSKTDISSSVITSIGAIVSCYGKTKCTASNKNRGIIKTFSNGCDYVSNKGVDTVSVGNTLY
YVNKLEGKALYIKGEPIINYYDPLVFPSDEFDASIAQVNAKINQSLAFIRRSDELLSAIGGYIPEAPR
DGQAYVRKDGEWVLLSTFLGGLVPRGSHHHHHHSAWSHPQFEK
[SEQ ID NO: 36]



bRSV ATue51 908 DSCavl :

MDSKGSSQKGSRLLLLLVVSNLLLPQGVVGQNITEEFYQSTCSAVSRGYLSALRTGWYTSVVTIE
LSKIQKNVCKSTDSKVKLIKQELERYNNAVVELQSLMQNEPASFSRAKRGIPEL!HYTRNSTKKFY
GLMGKKRKRRFLGFLLGIGSAVASGVAVCKVLHLEGEVNKIKNALLSTNKAVVSLSNGVSVLTF
KVLDLKNYIDKELLPQLNNHDCRISNIETVIEFQQKNNRLLEiAREFSVNAGITTPLSTYMLTNSEL
LSLINDMPITNDQKKLMSSNVQIVRQQSYSIMCVVKEEV!AYVVQLPIYGVIDTPCWKLHTSPL
CTTDNKEGSNICLTRTDRGWYCDNAGSVSFFPQTETCKVQSNRVFCDTMNSLTLPTDVNLCN
TDIFNTKYDCKIMTSKTDISSSVITSIGAIVSCYGKTKCTASNKNRGIIKTFSNGCDYVSNKGVDT
VSVGNTLYYVNKLEGKALYIKGEPIINYYDPLVFPSDEFDASIAQVNAKINQSLAFIRRSDELLSAI
GGYIPEAPRDGQAYVRKDGEWVLLSTFLGGLVPRGSHHHHHHSAWSHPQFEK
[SEQ D NO: 37]

bRSV RB94 DSCavl :

MPMGSLQPLATLYLLGMLVASVLAAQNITEEFYQSTCSAVSRGYLSALRTGWYTSWTIELSKIQ
KNVCNSTDSNVKLIKQELERYNNAWELQSLMQNEPASSSRAKRGIPELIHYKRNSTKKFYGLM
GKKRKRRFLGFLLGIGSAIASGVAVCKVLHLEGEVNKIKNALLSTNKAWSLSNGVSVLTFKVLD
LKNYIDKELLPKLNNHDCQISNIATViEFQQKNNRLLElAREFSVNAGITTPLSTYMLTNSELLSLI
NDMPITNDQKKLMSSNVQIVRQQSYSIMCVVKEEVMAYVVQLPIYGVIDTPCWKLHTSPLCT
TDNKEGSNICLTRTDRGWYCDNAGSVSFFPQAETCKVQSNRVFCDTMNSLTLPTDVNLCNT
DIFNAKYDCKIMTSKTDISSSVITSIGAIVSCYGKTKCTASNKNRGIIKTFSNGCDYVSNRGVDTV
SVGNTLYYVNKLEGKALYIKGEPIINYYDPLVFPSDEFDASIAQVNAKINQSLAFIRRSDELLSAIG
GYIPEAPRDGQAYVRKDGEWVLLSTFLGGLVPRGSHHHHHHSAWSHPQFEK
[SEQ ID NO: 38]

All three of these bDS-Cavl s were recognized by pre-F-specific mAbs D25 (McLellan, J.S et

al. Structure of RSV fusion glycoprotein trimer bound to a prefusion-specific neutralizing

antibody. Science3A0, 3- 1 7 (20 3)) and MPE8 (Corti, D e al. Cross-neutralization of

four paramyxoviruses by a human monoclonal antibody. ?ft/re 50 , 439-443 (201 3)) as well

as by mAb motavizumab (Mota; McLellan, J.S et al. Structural basis of respiratory syncytial

virus neutralization by motavizumab. Nat Struct MoI ΒΊοΙλ 7, 248-250 (2010)) (Figure 4).

To enhance immunogenicity, next bDS-Cavl thermostability was sought to be optimized. To

minimize the number of designs evaluated, two RSV strains (391-2 and RB94) were selected

to optimize initially, with the intent to introduce the best mutations from the final set into the

third strain, ATue51 908. Previous investigations (Georgiev, I.S et al. Single-Chain Soluble

BG505.SOSIP gp1 40 Trimers as Structural and Antigenic Mimics of Mature Closed H V-

Env. Journal of virology 89, 531 8-5329 (201 5); Sharma, S.K et al. Cleavage-Independent

HIV-1 Env Trimers Engineered as Soluble Native Spike Mimetics for Vaccine Design. Cell Rep



, 539-550 (20 5); Krarup, A et al. A highly stable prefusion RSV F vaccine derived from

structural analysis of the fusion mechanism. Nat Commun 6, 8143 (201 5); Chen, ]., et al.

Structure of the hemagglutinin precursor cleavage site, a determinant of influenza

pathogenicity and the origin of the labile conformation. Cell 95, 409-41 7 ( 998)) of type I

fusion machines have indicated that removal of the cleavage site to create sc variants can

improve pre-F stability. Therefore, with a focus on that aforementioned type of stabilizations

and on the introduction of interprotomer disulfide bonds (DS2), 92 variants of bDS-Cav1 were

designed, all of which employed a sc topology and 32 of which contained an interprotomer

disulfide ("DS2" variants). Additionally, many of the 92 designs incorporated internal cavity-

filling mutations, core residues from hRSV F for increased stability, and additional sites of N-

linked glycosylation to mask irrelevant epitopes.

All 92 bDS-Cav1 designs were evaluated for expression and antigenic recognition by mAbs

D25, MPE8 and Mota in a 96 well-microplate transient transfection format (McLellan, J.S et

al. Structure-based design of a fusion glycoprotein vaccine for respiratory syncytial virus.

Science 342, 592-598 (201 3)). Each design was scored by summing ELISA readings for the

pre-F-specific mAbs D25 and MPE8 (Figures 5 and 6). The top three-scoring DS2 designs

(391 -2 DS-Cav1 sc9 Q98C-Q361 C [SEQ ID NO: 32], RB94 DS-Cav1 sc9 A 49C Y458C [SEQ

ID NO: 39], and RB94 sc9 DS-Cav1 N 83GC-N428C [SEQ D NO: 40]) and the top two-

scoring 391 -2 and RB94 sc designs without interprotomer disulfides (sc9-1 0_bRSV(RB94) DS-

Cavl d_hp2 p2_ig1 [SEQ ID NO: 4 1] and 391 -2-site 0 hRSV bovsurf DS-Cavl -BZGJ9

Long [SEQ ID NO: 42]) were selected for additional evaluation (Figures 5 and 6). To expand

the dimensions of our search for optimal immunogens, interprotomer disulfides (Q98C-

Q 36 C, A 49C-Y458C and N 83GC-N428C) and sc formats (sc9 and sc9-1 0) from the top

five designs were mixed and matched and the ATue51 908 strain was added to generate

additional designs for a total of nine constructs, which were expressed in 1 liter Expi293F

cultures (Figure 7). Amino acid sequences of those nine constructs are shown in the following:

bRSV 391 -2 sc9-1 0 DS-Cav1 Q98C-Q361 C:

MAATAMRMIISIIFISTYMTHITLCQNITEEFYQSTCSAVSRGYLSALRTGWYTSVVTIELSKIQKN
VCKSTDSKVKLIKQELERYNNAVIELQSLMCNEPASgsGSAIASGVAVCKVLHLEGEVNKIKNALL
STNKAVVSLSNGVSVLTFKVLDLKNYIDKELLPKLNNHDCRISNIETVIEFQQKNNRLLEIAREFSV
NAGITTPLSTYMLTNSELLSLINDMPITNDQKKLMSSNVQIVRQQSYSIMCVVKEEVIAYVVQLP



IYGVI DTPCWKLHTSPLCTTDN KEGSNICLTRTDRGWYCDNACSVSFFPQAETCKVCSNRVFC
DTMNSLTLPTDVN LCNTDI FNTKYDCKIMTSKTDISSSVITSIGAIVSCYGKTKCTASNKNRGI IKT
FSNGCDYVSNKGVDTVSVGNTLYYVNKLEGKALY!KGEPIINYYDPLVFPSDEFDASIAQVNAKI
NQSLAFI RRSDELLSaiggyipeaprdgqayvrkdgewvl lstflgglvprgshhhhhhsawshpqfek
[SEQ D NO: 31]

bRSV 391 -2 sc9 DS-Cavl Q98C-Q3 6 C:

MAATAMRMI ISI IFISTYMTH ITLCQNITEEFYQSTCSAVSRGYLSALRTGWYTSVVTIELSKIQKN
VCKSTDSKVKLI KQELERYN NAVI ELQSLMCNEPASFSgsGSAIASGVAVCKVLHLEGEVNKI KNA
LLSTN KAVVSLSNGVSVLTFKVLDLKNYI DKELLPKLN N H DCRISNI ETVI EFQQKN N RLLEIAREF

SVNAGITTPLSTYMLTNSELLSLIN DMPITN DQKKLMSSNVQIVRQQSYSIMCVVKEEVIAYVVQ
LPIYGVI DTPCWKLHTSPLCTTDNKEGSNICLTRTDRGWYCDNAGSVSFFPQAETCKVCSN RV
FCDTMNSLTLPTDVN LCNTDI FNTKYDCKIMTSKTDISSSVITSIGAIVSCYGKTKCTASN KNRGII
KTFSNGCDYVSNKGVDTVSVGNTLYYVN KLEGKALYI KGEPI INYYDPLVFPSDEFDAS1AQVN
A INQSLAFI RRSDELLSaiggyipeaprdgqayvrkdgewvl lstflgglvprgshhhhhhsawshpqfek
[SEQ D NO: 32]

bRSV 39 1-2 sc9 DS-Cav1 A 49C-Y458C:

MAATAMRMIISI IFISTYMTH ITLCQN ITEEFYQSTCSAVSRGYLSALRTGWYTSVVTI ELSK!QKN
VCKSTDSKVKLI KQELERYN NAVI ELQSLMQN EPASFSGSGSAIcSGVAVCKVLH LEGEVNKI KN
ALLSTN KAVVSLSNGVSVLTFKVLDLKNYI DKELLPKLNNH DCRISN IETVI EFQQKNNRLLEIARE
FSVNAGITTPLSTYMLTNSELLSLI N DMPITN DQKKLMSSNVQIVRQQSYSIMCVVKEEVIAYVV
QLPIYGVI DTPCWKLHTSPLCTTDN KEGSN ICLTRTDRGWYCDNAGSVSFFPQAETCKVQSN R
VFCDTMNSLTLPTDVNLCNTDI FNTKYDCKIMTSKTDISSSVITSIGAIVSCYGKTKCTASNKN R
GII KTFSNGCDYVSNKGVDTVSVGNTLYcVNKLEGKALYI KGEP! INYYDPLVFPSDEFDASIAQ
V NA INQSLAFI RRSDELLsaiggyipeaprdgqayvrkdgewvl lstflgglvprgshhhhhhsawshpqfek
[SEQ D NO: 43]

bRSV ATue5 908 sc9-1 0 DS-Cav1 A 49C-Y458C:

MDSKGSSQKGSRLLLLLVVSN LLLPQGVVGQNITEEFYQSTCSAVSRGYLSALRTGWYTSVVTIE
LSKIQKNVCKSTDSKVKLIKQELERYN NAVVELQSLMQNEPASgsGSAVcSGVAVCKVLHLEGE
V N IKNALLSTNKAVVSLSNGVSVLTFKVLDLKNYIDKELLPQLN N H DCRISN IETVI EFQQKNN
RLLEIAREFSVNAGITTPLSTYMLTNSELLSLI NDMPITN DQKKLMSSNVQIVRQQSYSIMCVVKE
EVIAYVVQLPIYGVIDTPCWKLHTSPLCTTDNKEGSNICLTRTDRGWYCDNAGSVSFFPQTETC
KVQSNRVFCDTMNSLTLPTDVNLCNTDI FNTKYDCKIMTSKTDISSSVITSIGAIVSCYGKTKCT
ASN N RGI IKTFSNGCDYVSN KGVDTVSVGNTLYcVNKLEGKALYI G EPIINYYDPLVFPSDEF
DASIAQVNAKI NQSLAFIRRSDELLSAIGGYI PEAPRDGQAYVRKDGEWVLLSTFLGGLVPRGS
H H H H HHSAWSH PQFEK
[SEQ ID NO: 33]



bRSV ATue5 908 sc9-1 0 DS-Cav1 N 83GC-N428C:

MDSKGSSQKGSRLLLLLVVSN LLLPQGVVGQNITEEFYQSTCSAVSRGYLSALRTGWYTSVVTIE
LS IQ NVC STDS V LIKQELERYNNAVVELQSLMQNEPASgsGSAVASGVAVCKVLHLEGE
V N KIKNALLSTNKAVVSLSgcGVSVLTFKVLDLKNYI DKELLPQLN NH DCRISN IETVIEFQQKNN
RLLEIAREFSVNAGITTPLSTYMLTNSELLSLIN DMPITNDQKKLMSSNVQIVRQQSYSIMCWKE
EVIAYVVQLPIYGVI DTPCWKLHTSPLCTTDNKEGSN ICLTRTDRGWYCDNAGSVSFFPQTETC
KVQSN RVFCDTMNSLTLPTDVN LCNTDI FNTKYDCKIMTSKTDISSSVITSIGAIVSCYGKTKCT
ASN c RG KTFSNGCDYVSNKGVDTVSVGNTLYYVN KLEGKALYI G EPIINYYDPLVFPSDEF
DASIAQVNAKI NQSLAFIRRSDELLsaiggyipeaprdgqayvrkdgewvl lstflgglvprgshhhhhhsawshpqf
ek
[SEQ D NO: 44]

bRSV RB94 sc9 DS-Cav1 A 49C-Y458C:

MDSKGSSQKGSRLLLLLVVSN LLLPQGVVGQNITEEFYQSTCSAVSRGYLSALRTGWYTSVVTI E
LSKIQKNVCNSTDSNVKLI KQELERYNNAVVELQSLMQNEPASSSgsGSAIcSGVAVCKVLH LEG

EV N IKNALLSTNKAVVSLSNGVSVLTFKVLDLKNYI D ELLP LN NH DCQISNIATVI EFQQKN
NRLLEIAREFSVNAGITTPLSTYMLTNSELLSLIN DMPITNDQKKLMSSNVQIVRQQSYSIMCVVK
EEVMAYWQLPIYGVI DTPCWKLHTSPLCTTDNKEGSN ICLTRTDRGWYCDNAGSVSFFPQAE
TCKVQSN RVFCDTMNSLTLPTDVN LCNTDI FNAKYDCKIMTSKTDISSSVITSIGAIVSCYGKTK
CTASNKN RGII KTFSNGCDYVSNRGVDTVSVGNTLYcVN KLEGKALYI KGEPIINYYDPLVFPSD
EFDASIAQVNAKI NQSLAFI RRSDELLSAi GGYI PEAPRDGQAYVRKDGEWVLLSTFLGGLVPRG
SHHH H H HSAWSH PQFEK
[SEQ D NO: 39]

bRSV RB94 sc9 DS-Cavl N 83GC-N428C:

MDSKGSSQKGSRLLLLLVVSN LLLPQGVVGQNITEEFYQSTCSAVSRGYLSALRTGWYTSVVTI E
LSKIQKNVCNSTDSNVKLI KQELERYNNAVVELQSLMQN EPASSSgsGSAIASGVAVCKVLHLE

GEVN KIKNALLSTN KAVVSLSgcGVSVLTFKVLDLKNYI DKELLPKLN NH DCQISNIATVIEFQQK
N N RLLEIAREFSVNAGITTPLSTYMLTNSELLSLINDMPITNDQKKLMSSNVQIVRQQSYSIMCV
VKEEVMAYVVQLPIYGVIDTPCWKLHTSPLCTTDNKEGSN ICLTRTDRGWYCDNAGSVSFFPQ
AETCKVQSNRVFCDTMNSLTLPTDVNLCNTDI FNAKYDCKIMTSKTDISSSVITSIGAIVSCYGK
TKCTASN KcRGIIKTFSNGCDYVSNRGVDTVSVGNTLYYVNKLEGKALYI KGEPIINYYDPLVFP
SDEFDASIAQVNAKI NQSLAFI RRSDELLSAIGGYIPEAPRDGQAYVRKDGEWVLLSTFLGGLVP
RGSH H HH H HSAWSH PQFEK
[SEQ ID NO: 40]

sc9-1 0_bRSV(RB94) DS-Cav1 _fd_hp2_fp2_ig1 :

MELLI LKANAITTI LTAVTFCFASGQN ITEEFYQSTCSAVSRGYLSALRTGWYTSVITIELSKIQKNV
CNSTDSNVKLI KQELERYNNAVVELQSLMQSTPATGSGSAIASGVAVCKVLH LEGEV N I NA L
LSTNKAWSLSNGVSVLTFKVLDLKNYIDKELLPI LNN H DCQISNIATVI EFQQKNNRLLEIAREFS
VNAGVTTPVSTYMLTNSELLSLI N DMPITNDQKKLMSSNVQIVRQQSYSIMCI IKEEVLAYVVQL
PIYGVI DTPCWKLHTSPLCTTDN KEGSN ICLTRTDRGWYCDNAGSVSFFPQAETCKVQSN RVF



CDTMNSLTLPTDVNLCNTDIFNAKYDCKIMTSKTDVSSSVITSLGAIVSCYGKTKCTASNKNRGI
1KTFSNGCDYVSNRGVDTVSVGNTLYYVNKQEGKSLY1KGEPIINYYDPLVFPSDEFDASIAQV
NAKINQSLAFIRRSDELLSAIGGYIPEAPRDGQAYVRKDGEWVLLSTFLGGLVPRGSHHHHHH
SAWSHPQFEK
[SEQ D NO: 4 1]

39 -2-site 0 hRSV bovsurf DS-Cav1 -BZGJ9 Long:

MDSKGSSQKGSRLLLLLVVSNLLLPQGVVGqniteefyqstcsavsrgylsalrtgwytsvitielsKIQKNVCKS
TDSKVKLIKQELERYNNAVIelqllmqstpatnngsgsaiasgVAVCKvlhlegevnkiknallstnkavvslsngvsV
LTFkvldlknyidkELLPKLNNHDCRISNIEtviefqqknnrlleitrefsvnagvttpvstymltnsellslindmpitndqk
klmssnvqivrqqsySIMCIIkeevlayvvqlpiygvidtpcwklhtsplcttdnkegsnicltrtdrgwycdnagsvsffpqaet
ckvqsnrvfcdtmnsrtlptdvnlcntdifntkydckimtsktdvsssvitslgaivscygktkctasnknrgiiktfsngcdyvsnkg
vdtvsvgntlyyvnkqegkslyvkgepiinfydplvfpsdefdasisqvnekinqslafirrsdeLLhnvnagksttGGYIPEAP
RDGQAYVRKDGEWVLLSTFLGGLVPRGSHHHHHHSAWSHPQFEK
[SEQ D NO: 42]

The sc designs sc9 and sc9-1 0 differed only in two residues, with a G S linker replacing F2F

cleavage and fusion residues 06- 4 or 04-144, respectively. Of these nine designs, the

two sc-only variants, namely bRSV 391 -2 sc9 DS-Cav1 Q98C-Q361C (SEQ D NO: 32) and

bRSV 391 -2 sc9-1 0 DS-Cav1 Q98C-Q361 C (SEQ D NO: 3 ) gave 7-9 fold higher expression

yields as compared to the other variants (Figure 7). However, size exclusion chromatography

revealed that their respective sizes were compatible with aggregation. Therefore, three of the

remaining five DS2 designs were chosen (each with sc topology and added interprotomer

disulfides) with the highest yield (Figure 7) for immunogenic, antigenic, physical, and

structural characterizations.

Additionally, as benchmarks, the DS-Cavl variant of each of the three strains and also the

post-F form of each of the three strains (the latter created by removing the RSV F fusion loop

residues 37-146), as previously described (McLellan, J.S., Yang, Y., Graham, B.S. & Kwong,

P.D. Structure of respiratory syncytial virus fusion glycoprotein in the postfusion conformation

reveals preservation of neutralizing epitopes. Journal of virology 85, 7788-7796 (20 1)), were

used. Altogether the sc-DS2, DS-Cavl and post-F immunogens of each of the three strains

totals nine final immunogen constructs (cf. Figure 8). Namely, the following nine immunogen

constructs were used: bRSV 391 -2 DSCavl (SEQ ID NO: 36), bRSV ATue51 908 DSCavl (SEQ

ID NO: 37), bRSV 391 -2 DSCavl (SEQ D NO: 38), bRSV 391 -2 sc9-10 DS-Cavl Q98C-



Q 36 C (SEQ ID NO: 31), bRSV 391-2 sc9 DS-Cav1 Q98C-Q361 C (SEQ ID NO: 32), bRSV

ATue5 908 sc9-1 0 DS-Cav1 A 149C-Y458C (SEQ D NO: 33), bRSV 391 -2 postF (SEQ ID

NO: 45), bRSV ATue5 08 postF (SEQ D NO: 46), and bRSV 391-2 postF (SEQ D NO: 47).

bRSV 391-2 postF:

MAATAMRMI ISI IFISTYMTH ITLCQN ITEEFYQSTCSAVSRGYLSALRTGWYTSVVTIELSKIQKN
VCKSTDSKVKLI KQELERYNNAVI ELQSLMQNEPASFSRAKRGIPELI HYTRNSTKRFYGLMGKK
RKRRAIASGVAVSKVLH LEGEVNKI KNALLSTNKAVVSLSNGVSVLTSKVLDLKNYI D ELLP V
N NHDCRISNI ETVIEFQQKN N RLLEIAREFSVNAGITTPLSTYMLTNSELLSLINDMPITNDQKKL
MSSNVQIVRQQSYSIMSVVKEEVIAYVVQLPIYGVIDTPCWKLHTSPLCTTDNKEGSN ICLTRTD
RGWYCDNAGSVSFFPQAETCKVQSN RVFCDTMNSLTLPTDVNLCNTDI FNT YDC IMTS T
DISSSVITSI GAIVSCYGKTKCTASNKNRGII KTFSNGCDYVSNKGVDTVSVGNTLYYVNKLEGK
ALYI G EPI INYYDPLVFPSDEFDASIAQVNAKI NQSLAFI RRSDELLGLEVLFQGPH H H HHHH H
SAWSH PQ FE
[SEQ ID NO: 45]

bRSV ATue5 908 postF:

MDSKGSSQKGSRLLLLLVVSN LLLPQGVVGQNITEEFYQSTCSAVSRGYLSALRTGWYTSVVTIE
LSKIQKNVCKSTDSKVKLIKQELERYN NAVVELQSLMQNEPASFSRAKRGIPELI HYTRNSTKKFY
GLMGKKRKRRAVASGVAVSKVLHLEGEVNKI KNALLSTNKAVVSLSNGVSVLTSKVLDLKNYID
KELLPQVN NHDCRISNIETVI EFQQKNN RLLEIAREFSVNAGITTPLSTYMLTNSELLSLINDMPIT
N DQKKLMSSNVQIVRQQSYSIMSVVKEEVIAYVVQLPIYGVIDTPCWKLHTSPLCTTDNKEGS
N ICLTRTDRGWYCDNAGSVSFFPQTETCKVQSNRVFCDTMNSLTLPTDVN LCNTDIFNTKYD
CKIMTSKTDISSSVITSIGAIVSCYGKTKCTASN KN RGIIKTFSNGCDYVSNKGVDTVSVGNTLYY
VNKLEGKALYI KGEPIINYYDPLVFPSDEFDASIAQVNAKINQSLAFI RRSDELLGLEVLFQGPH H
H H H H H HSAWSH PQFEK
[SEQ ID NO: 46]

bRSV RB94 postF:

MDSKGSSQKGSRLLLLLVVSN LLLPQGVVGQNITEEFYQSTCSAVSRGYLSALRTGWYTSVVTI E
LSKIQKNVCNSTDSNVKLI KQELERYNNAVVELQSLMQNEPASSSRAKRGI PELIHYKRNSTKKF
YGLMGKKRKRRAIASGVAVSKVLH LEGEVNKI KNALLSTNKAVVSLSNGVSVLTSKVLDLKNYI
DKELLPKVN N H DCQISNIATVI EFQQKNNRLLEIAREFSVNAGITTPLSTYMLTNSELLSLINDMPI
TN DQKKLMSSNVQIVRQQSYSIMSVVKEEVMAYVVQLPIYGVI DTPCWKLHTSPLCTTDNKE
GSNICLTRTDRGWYCDNAGSVSFFPQAETCKVQSNRVFCDTMNSLTLPTDVN LCNTDIFNAK
YDCKIMTSKTDISSSVITSIGAIVSCYGKTKCTASN KNRGI IKTFSNGCDYVSN RGVDTVSVGNTL
YYVN KLEGKALYI KGEPI INYYDPLVFPSDEFDASIAQVNAKI NQSLAFI RRSDELLGLEVLFQGP
H H H H H H H HSAWSH PQFEK
[SEQ ID NO: 47]



All nine of these constructs gave expression yields of 2-5 mg/L except for ATue51 908 sc9-1 0

DS-Cav1 A149C-Y458C (0.24 mg/L) and RB94 DS-Cav1 (0.76 mg/L) (Figure 8), and the post-

F forms consistently gave the highest expression (3-5 mg/L). After purification on nickel and

Strep-Tactin affinity columns, and subsequent cleavage of C-terminal affinity tags, all nine

immunogens behaved well when analyzed by size-exclusion chromatography, eluting with

peaks consistent with trimer formation (Figure 9 a, b), with post-F forms eluting at slightly

larger sizes than pre-F forms due to their elongated shape (McLellan, J.S., et al. Structure of

RSV fusion glycoprotein trimer bound to a prefusion-specific neutralizing antibody. Science

340, 13- 17 (201 3); McLellan, J.S., Yang, Y., Graham, B.S. & Kwong, P.D. Structure of

respiratory syncytial virus fusion glycoprotein in the postfusion conformation reveals

preservation of neutralizing epitopes. Journal of virology , 7788-7796 (201 )).

Example 2 : Antigenic characteristics of bRSV F immunogens

The antigenicity of each purified immunogen was evaluated with biolayer interferometry to

assess recognition by the antigenic site 0-directed mAb D25 (McLellan, J.S et al. Structure

of RSV fusion glycoprotein trimer bound to a prefusion-specific neutralizing antibody.

Science 340, 3- 1 7 (201 3)), antigenic site Il-directed mAb Mota (McLellan, J.S et al.

Structural basis of respiratory syncytial virus neutralization by motavizumab. Nat Struct ol

Biol 7, 248-250 (201 0)) and quaternary-specific mAbs AM 4 (Gilman, M.S.A et al.

Characterization of a Prefusion-Specific Antibody That Recognizes a Quaternary, Cleavage-

Dependent Epitope on the RSV Fusion Glycoprotein. PLoS pathogens , e 005035 (201 5))

and MPE8 (Corti, D et al. Cross-neutralization of four paramyxoviruses by a human

monoclonal antibody. Nature , 439-443 (20 3)) (Figure 8). The three pre-F-specific mAbs,

D25, MPE8 and AM1 4 recognized all six immunogens containing pre-F stabilizing mutations,

confirming stabilization of their pre-F conformations. Moreover, recognition by the

quaternary-specific mAbs MPE8 and AM1 4 substantiated the formation of native-like trimers.

In contrast, these mAbs did not recognize any of the post-F immunogens. As expected, Mota

recognized all nine immunogens since its site I I epitope is not affected by pre- and post-F

conformational changes. Notably, all mAbs except for D25, recognized the pre-F

immunogens with nanomolar affinity (0.2 - 2.8 nM) even though these mAbs were elicited



by hRSV F. D25 recognized the pre-F immu nogens with affi nities rangi ng from 0.4 - 420 nM,

suggesti ng that antigenic site 0 may be adversely effected by some of the stabil izi ng

mutations. Interesti ngly, the three DS-Cav1 -only immunogens which also had the least

number of mutations had the highest affi nity for D25 .

Example 3: Physical characteristics of bRSV F immunogens

Next, the stabi l ity of purified immunogens was assessed by subjecting them to high

temperature, pH extremes, osmolarity extremes and cycles of freeze-thaw and quantifying

their subsequent recognition by D25 (Figure 8). All nine immunogens were observed to

general ly tolerate pH and osmolarity extremes and freeze-thaw cycles. The three DS-Cavl -

only immunogens, 391 -2 DS-Cav1 , Atue5 908 DS-Cav1 and RB94 DS-Cav1 , were most

susceptible to physical extremes and lost 25-60% of their D25 reactivity upon exposure to

high (3M) osmolarity. Curiously, the majority of immunogens actual ly increased reactivity to

D25 after exposure to high pH . Although none of the DS-Cavl -only immunogens were able

to survive exposure to high temperature (70°C), al l three of the DS2 immunogens tolerated

high temperature. Not surprisi ngly, al l three post-F immunogens were heat resistant.

Example 4: Structural characteristics of bRSV F immunogens

To further confi rm the pre- and post-F conformations of the engi neered bRSV F immunogens,

they were exam ined by negative stai n electron microscopy (EM), fol lowed by reference-free

2D class averagi ng of the images (Figure 9c). Each of the pre-F immunogens displayed bulb

l ike trimer structures with a short stem-l ike structure at one end, whereas the post-F

immunogens displayed longer and more slender structures each of which were consistent

with known crystal structures of pre- and post-F hRSV F (McLel lan, J.S et al. Structure-based

design of a fusion glycoprotei n vacci ne for respi ratory syncytial virus. Science 342, 592-598

(20 Ί 3); McLel lan, J.S et al. Structure of RSV fusion glycoprotei n trimer bound to a prefusion-

specific neutral izi ng antibody. Science 340, 13-1 117 (201 3); McLel lan, J.S., Yang, Y.,

Graham, B.S. & Kwong, P.D . Structure of respiratory syncytial virus fusion glycoprotein in the



postfusion conformation reveals preservation of neutralizing epitopes. Journal of virology 85,

7788-7796 (201 ); Swanson, K.A., et al. Structural basis for immunization with postfusion

respiratory syncytial virus fusion F glycoprotein (RSV F) to elicit high neutralizing antibody

titers. Proceedings of the National Academy of Sciences of the United States of America 08,

96 9-9624 (20 )).

The crystal structures of two pre-F-stabilized bRSV F immunogens, ATue51 908 DS-Cav1 (SEQ

ID NO: 37) and 391 -2 DS-Cav1 sc9 Q98C-Q361 C (SEQ ID NO: 32) were determined to 2.65

and 3.6 Λ resolution, respectively (Figure 10). ATue51 908 DS-Cav1 crystallized in a

monoclinic lattice not previously observed with hRSV F immunogens. The overall structure

of ATue51 908 DS-Cav1 was similar to that of hRSV DS-Cav1 (McLellan, J.S et al. Structure-

based design of a fusion glycoprotein vaccine for respiratory syncytial virus. Science 342,

592-598 (20 3)) with a root mean square deviation (rmsd) of 1.OA for 437 Ca atoms excluding

residues 209-21 in a membrane distal loop adjacent to antigenic site 0 (Figure a). In this

crystal form, the appended C-terminal folclon trimerization domain was visible in the electron

density map, although its three-fold axis was misaligned by 1 7 degrees relative to the t hree

fold axis of bRSV pre-F due to crystal packing (Fig. a). The introduced D S and S 90F

mutations showed strong electron density, while V207L showed weaker but detectable

electron density (Fig. 1 a). The DS2 immunogen 391 -2 DS-Cav1 sc9 Q98C-Q361C (SEQ ID

NO: 32) crystallized in the cubic lattice commonly observed with hRSV F pre-F immunogens

and like ATue51 908 DS-Cav1 , its structure was similar to hRSV DS-Cav1 with an rsmd of . 1

A for 435 Ca atoms. Although side chains for the DS-Cav1 mutations were not clearly

apparent in the electron density, partly due to the 3.6 -A resolution of structure, the DS2

interprotomer Q98C-Q361 C disulfide and nearby sc linker showed traceable electron density

(Fig. b). Comparison of the two bRSV pre-F-stabilized structures at the backbone level

revealed high structural similarity with an rmsd of 0.9 A between 434 equivalent Ca atoms

excluding the F Fi linker region. The greatest structural differences between the hRSV and

bRSV pre-F immunogens were observed in residues 206-21 5 at the apical loop between a4

and a5 near antigenic site 0 (Figs. a, b, left panels), which is also the region of highest

sequence divergence (50% identity) between the two species (Figure 1). These structural and

sequence difference may explain the lower binding affinity of D25 to bRSV pre-F (Figure 8)



relative to hRSV pre-F (McLellan, J.S et al. Structure-based design of a fusion glycoprotein

vaccine for respiratory syncytial virus. Science 342, 592-598 (201 3)).

Example 5: Immunogenic characterization of bRSV F immunogens in mice

To evaluate immunogenicity, each of the nine bRSV F immunogens were used to immunize

a group of 10 CB6F1/J mice. Each immunogen dose comprised 0 g of protein adjuvanted

with 50 g of polyinosinic:polycytidylic acid (PolykC). Mice were primed and boosted

intramuscularly at weeks 0 and 3 respectively. Analysis of week five sera revealed geometric

mean reciprocal IC50 neutralization titers of 6,880-1 ,453 for pre-F immunogen-immunized

mice, which were 33- to 55-fold higher (P< 0.0001) than the titers (geometric mean 00-

2 10) observed for the post-F immunogen-immunized mice (Fig. 12a and Figure 13).

Neutralization titers elicited from pre-F-immunized mice were 82-1 0 fold greater than the

calibrated protective titer of 00 (McLellan, J.S. et al. Structure-based design of a fusion

glycoprotein vaccine for respiratory syncytial virus. Science 342, 592-598 (201 3)). 391-2 DS-

Cav1 sc9 Q98C-Q361 C (SEQ ID NO: 32) elicited the highest titers (geometric mean 11,453).

Thus the 000-fold difference in D25 mAb binding affinities observed between various pre-F

immunogens (Figure 8) did not appear to impact the neutralization titers of elicited sera. To

gauge the overall immunogenicity of each immunogen, the sera binding response to pre-F

and post-F immunogens was assessed using an ELISA (Fig. 4a). The binding titers of pre-F

elicited sera to the six pre-F immunogens were statistically comparable to each other with

geometric mean endpoint binding titers ranging from 4,687 to 100,323. Intriguingly, sera

from 391 -2 sc9 Q98C-Q361 C(SEQ ID NO: 32)-immunized mice displayed the lowest titers

for pre-F immunogen even though it had the highest titers of neutralizing antibodies. As

expected, sera elicited by pre-F immunogens displayed lower binding titers to post-F

immunogens.



Example 6: Immunogenic characterization of bRSV F immunogens in calves

To investigate the effectiveness of pre-F-stabilized RSV F vaccines in bRSV-seronegative

calves, the highly stable DS2 immunogen (391-2 DS-Cavl sc9 Q98C-Q361 C; SEQ ID NO:

32), which in mice elicited the highest neutralization titers (geometric mean reciprocal IC 50

,453), was selected. As controls post-F 391 -2 were chose and phosphate buffered saline

(PBS) was used to immunize a placebo group. Groups of five 3-6 week old male calves (Figure

5) were immunized twice at weeks 0 and 4, and sera were collected two weeks after each

immunization. Each injection consisted of 50 g protein in 0.6 m l PBS adjuvanted with 1.4

m l of ISA 7 G . The reciprocal ICso neutralization titers from the DS2-immunized calves were

observed to increase exponentially at weeks 2, 4 and 6 relative to week 0, resulting in a final

geometric mean titer of 56,055 two weeks after the boost (Fig. 12b and Fig. 6). By week 8,

however, four weeks after the boost, titers had dropped to a geometric mean of 21,849. In

contrast, by week 8, post-F immunogen elicited minimal titers (geometric mean 72) within

the same range as two of the saline control-immunized calves ( 1 and 00 respectively),

which appeared to have maternally-derived serum antibodies at the start of the study. Results

from ELISA analysis of sera from DS2-immunized calves mirrored the neutralization titers with

titers steadily increasing and then slightly decreasing from weeks 6 to 8 (Fig. 14b). A s

expected, sera from 391 -2 post-F-immunized calves followed a similar trend, reaching

geometric mean titers approximately 3.0 and 3.8-fold lower than pre-F by weeks 6 and 8

respectively. It is also clear from the neutralization data (Fig. 12b) that post-F elicited

significantly lower levels of neutralizing antibodies. Not surprisingly, sera elicited by 391 -2

pre-F immunogen displayed lower binding titers to 391 -2 post-F immunogen and 391-2 post-

F-elicited sera recognized both pre- and post-F with comparable titers. Results from a

competition ELISA showed that the sera from DS2-immunized calves competed with the

broadly neutralizing mAbs AM14, D25, RSD5, MPE8 and palivizumab (pali), suggesting that

antigenic sites 0 , I I and V were all targeted (Figure 7). Although the mAb mota showed

considerably less competition than the other antigenic site I I mAb, pali, it's high 34.6 pM

affinity (Wu, H et al. Development of motavizumab, an ultra-potent antibody for the

prevention of respiratory syncytial virus infection in the upper and lower respiratory tract.

Journal of molecular biology 368, 652-665 (2007)) for RSV F likely limited sera competition.

As expected, sera from 391 -2 post-F-immunized calves competed to a much lower extent



with the pre-F-specific mAbs AMI 4, RSD5, MPE8, and did not compete at all with D25.

Interestingly, two mAbs compatible with post-F RSV F, mota and pali also competed to a

much lower extent with post-F-elicited sera. This suggests that a minority of the post-F-elicited

sera was directed against site II.

Example 7: bRSV challenge of immunized calves

Next, all calves were challenged by intranasal and intratracheal routes with the heterologous

Snook strain of bRSV, four weeks after the boost. Calves were monitored daily for clinical

signs of disease and for viral titers in the nasopharynx for six days after challenge. At day six

after challenge, calves were euthanized and bronchoalveolar lavage (BAL) and lung biopsies

from three regions of the lung were obtained to determine viral titers, neutrophil infiltration,

and the extent of microscopic and macroscopic lesions. Remarkably, calves vaccinated with

DS2 (391-2 DS-Cav1 sc9 Q98C-Q361 C; SEQ D NO: 32) had no detectable bRSV viral titers

in nasopharyngeal secretions (Fig. 8a and Fig. 9). No detectable bRSV titers were observed

from a postmortem lung wash, samples of tracheal epithelium, right apical, right cardiac or

left cardiac regions of the lung (Fig. 2d and Fig. 20). In contrast, geometric mean viral titers

of up to 1.78 and 1.67 ( og pfu/ml) were observed in the daily nasal secretions from the

post-F and PBS vaccinated calves respectively. Likewise, virus was isolated post mortem from

BAL cells of all of the post-F-immunized and PBS-immunized calves with the greatest extent

of lung virus replication in the PBS-immunized control animals (Fig. 18d). Thus, all DS2-

immunized calves were protected from bRSV viral replication in both the upper and lower

respiratory tracts. Furthermore, four out of five of the DS2-immunized calves were also

protected from clinical signs of disease, lung inflammation and macroscopic lung lesions (Fig.

18b-c, Fig. 2 1 and Fig. 22-24). Clinical scores, based mainly on differences in respiratory rate

and body temperature, were minimal for most the pre-F- and post-F-immunized calves. Scores

trended higher for the PBS-immunized controls, but were not significantly different from the

other two groups (Fig. 22-23). However, both respiratory rate (RR) and body temperature

increased in al PBS-immunized calves, 6 days after bRSV challenge, whereas the RR

increased in only 2 post-F-immunized and one pre-F-immunized calves at this time (Fig. 2 a).

Although the one calf in the pre-F-immunized group that had developed a raised RR and body



temperature a so exhibited signs of lung inflammation, the geometric mean number of cells

observed in the BAL, the percentage of polymorph nuclear neutrophils (PMNs) in BAL, and

the percentage of macroscopic lung lesions were all statistically lower than in the placebo

group (Fig. Ί 8b-c and Fig. 22-24). The post-F-immunized calves displayed intermediate levels

of lung inflammation. Although the extent of macroscopic lung lesions in the post-F-

immunized calves was less that in the placebo group, the percentage of PMNs in BAL was

similar to that seen in BAL from calves in the placebo group. Microscopic lung lesions in the

placebo group, six days post challenge, were typical of bRSV bronchiolitis and alveolitis and

were characterized by epithelial hypertrophy of small bronchioles, bronchiolar exudate

containing desquamated epithelial cells, neutrophils and macrophages, and thickening of

alveolar walls due to infiltration by mononuclear cells and granulocytes (Fig. 25c).

Bronchiolitis and alveolitis were also seen in in three of the post-F-immunized calves (Fig.

25b). In addition, a peribronchiolar lymphoreticular hyperplasia was seen in all lung sections

from these animals. In contrast, bronchiolitis and alveolitis were absent from all but one of

the DS2-immunized calves, and the histopathology was essentially restricted to a

peribronchiolar lymphoreticular hyperplasia (Fig. 25a).



TABLE O F SEQUENCES AND SEQ ID NUMBERS (SEQUENCE LISTING):



SEQ ID NO: 4 matta mrm iisiifistyvth i 1cqniteefyqstcsa vsrgy1sa 1rt bRSV RB94 F- 1 FO

gwytsvvtielskiqknvcnstdsnvkl ikqelerynnavvelqsl (GenBank Acc. No:
mqnepasssrakrgipel ihykrnstkkfyglmgkkrkrrflgfl lg

igsaiasgvavskvlhlegevnkiknal lstnkavvslsngvsvlts BAA00798. 1)

kvldlknyidkellpkvnnhdckisn iatviefqqknnrl leiaref
svnagittp!stymltnsellsli ndmpitndqkklmssnvqivrq
qsysimsvvkeevmayvvqlpiygvidtpcwklhtsplcttdnk
egsnicltrtdrgwycdnagsvsffpqaetckvqsnrvfcdtmns
Itlptdvnlcntclifnakydckimtsktdisssvitsigaivscygkt
kctasnknrgi iktfsngcdyvsnrgvdtvsvgntlyyvnklegka
lyi kgepi inyydplvfpsdefdasiaqvnakinqslafi rrsdel l
hsvclvgksttnvvitti iivivvvi linliavgl lfysktrstpi mlgkd
qlsginn lsfsk

SEQ D NO: 5 matttmrmi isi ilistyvphitlcqniteefyqstcsavsrgylsalrt bRSV A5 908 FO

gwytsvvtielskiqknvcngtdskvklikqelerynnavaelqsl
(GenBank Acc. No:

mqneptsssrakrgipesihytrnstkkfyglmgkkrkrrflgfl lgi

gsaiasgvavskvl hlegevnkiknal lstnkavvslsngvsvltsk A A4 804 .1)
vldlknyidkel lpkvnnhdcrisniatviefqqknnrl leiarefsv
nagittplstymltnsellsi indmpitndqkklmsvcqivrqqsys
imsv1reviayvvq 1p1ygvidtpc w k lhtsp 1cttd nkegsnic
rtdrgwycdnagsvsffpqaetckvqsnrvfcdtmnsltlptdvnl
cntdifnskydckimtsktdisssvitsigaivscygktkctasnknr
g iiktfsngcdyvsnkgvdtvsvgntlyyvnklegkalyi kgepi in
yynplvfpsdefdasiaqvnaki nqslafirrsdel lhsvdvgkstt
nvvitti iivivvvi lmlitvgl lfycktrstpimlgkdqlssi nnlsfsk

SEQ ID NO: 6 mrmi isi ilistyvphitlcqniteefyqstcsavsrgylsalrtgwyts bRSV A3 75 FO

vvtielskiqknvcngtdskvkl ikqelerynnavvelqslmqne (GenBank Acc. No:
ptsssi akrgipesihytrnstkkfyglmgkkrkrrflgfl lgigsaias ACL8003 7.1)
gvavskvlhlegevnkikna! lstnkavvslsngvsvltskvldlkn
yidkkl lpkvnnhdcrisnietviefqqknnrl leiarefsvnagitt
plstymltnsel lsl indmpitndqkklmssnvqivrqqsysi ms
vvkeeviayvvq p iygv idtpcw kvhtsp 1cttd nkegsnic1tr
tdrgwycdnagsvsffpqaetckvqsnrvfcdtmnsltlptdvnl
cntclifntkydckimtsktdisssvitsigaivscygktkctasnknr
g iiktfsngcdyvsnkgvdtvsvgntlyyvnklegkalyi kgepii n
yynplvfgtyefdasiaqvnak





SEQ ID NO: 13 GSGGNGIGLGG Linker

SEQ ID NO: 14 GSGGSGGSGG Linker

SEQ D NO: 5 GSGNVLGG Linker

SEQ ID NO: 6 GGSG Linker

SEQ ID NO: 7 GGSGGS Linker

SEQ ID NO: 8 GGSGGSG Linker

SEQ ID NO: 9 GGSGSGG Linker

SEQ ID NO: 20 GGSGGGGSGGSG Linker

SEQ ID NO: 2 1 GGSGG Linker

SEQ D NO: 22 GGSGSGSG Linker

SEQ ID NO: 23 GSGGGSG Linker

SEQ ID NO: 24 GGPGG Linker

SEQ ID NO: 25 GGGSGGGSGGGSGGG Linker

SEQ ID NO: 26 GGGSGGGSGGG Linker

SEQ ID NO: 27 GYIPEAPRDGQAYVRKDGEWVLLSTF Trimerization domain

SEQ ID NO: 28 SAIGGYIPEAPRDGQAYVRKDGEWVLLSTF Trimerization domain

SEQ ID NO: 29 SAIGGYIPEAPRDGQAYVRKDGEWVLLSTFLGG Trimerization domain

LVPRGSH

SEQ ID NO: 30 LVPRGS Thrombin site
SEQ ID NO: 3 1 MAATAMRMIISIIFISTYMTHITLCQNITEEFYQST 391 -2sc9-1 0DS-

CSAVSRGYLSALRTGWYTSVVTIELSKIQKNVCKS Cav1 Q98C Q361 C
TDSKVKLIKQELERYNNAVIELQSLMCNEPASgsG
SAIASGVAVCKVLHLEGEVNKIKNALLSTNKAVV
SLSNGVSVLTFKVLDLKNYIDKELLPKLNNHDCRI
SNIETVIEFQQKNNRLLEIAREFSVNAGITTPLSTY
MLTNSELLSLINDMPITNDQKKLMSSNVQIVRQ
QSYSIMCVVKEEVIAYVVQLPIYGVIDTPCWKLH
TSPLCTTDNKEGSNICLTRTDRGWYCDNAGSVS
FFPQAETCKVCSNRVFCDTMNSLTLPTDVNLCN
TDIFNTKYDCKIMTSKTDISSSVITSIGAIVSCYGKT
KCTASNKN RG 1KTFSNGCDYVSN KGVDTVSVG
NTLYYVNKLEGKALYIKGEPIINYYDPLVFPSDEF
DASIAQVNAKINQSLAFIRRSDELLSaiggyipeaprcl
gqayvrkdgewvllstflgglvprgshhhhhhsawshpqfek



SEQ ID NO: 32 MAATAMRMIISIIFISTYMTHITLCQNITEEFYQST 391 -2sc9DS-
CSAVSRGYLSALRTGWYTSVVTIELSKIQKNVCKS Cav Q98C Q361C
TDSKVKLIKQELERYNNAVIELQSLMCNEPASFSgs
GSAIASGVAVCKVLHLEGEVNK1KNALLSTNKAV
VSLSNGVSVLTFKVLDLKNYIDKELLPKLNNHDC
RISNIETVIEFQQKNNRLLEIAREFSVNAGITTPLST
YMLTNSELLSLINDMPITNDQKKLMSSNVQIVRQ
QSYSIMCVVKEEVIAYVVQLPIYGVIDTPCWKLH
TSPLCTTDNKEGSNICLTRTDRGWYCDNAGSVS
FFPQAETCKVCSNRVFCDTMNSLTLPTDVNLCN
TDIFNTKYDCKIMTSKTDISSSVITSIGAIVSCYGKT
KCTASNKNRGIIKTFSNGCDYVSNKGVDTVSVG
NTLYYVNKLEGKALYIKGEPIINYYDPLVFPSDEF
DASIAQVNAKINQSLAFIRRSDELLSaiggyipeaprd
gqayvrkdgewvllstflgglvprgshhhhhhsawshpqfek

SEQ ID NO: 33 MDSKGSSQKGSRLLLLLVVSNLLLPQGVVGQNI ATue5l 908sc9-10DS-
TEEFYQSTCSAVSRGYLSALRTGWYTSVVTIELSK! Cav1 A 49C-Y458C
QKNVCKSTDSKVKLIKQELERYNNAVVELQSLM
QNEPASgsGSAVcSGVAVCKVLHLEGEVNKIKNA
LLSTNKAVVSLSNGVSVLTFKVLDLKNYIDKELLP
QLNNHDCRISNIETVIEFQQKNNRLLEIAREFSVN
AGITTPLSTYMLTNSELLSLINDMPITNDQKKLMS
SNVQIVRQQSYSIMCVVKEEVIAYVVQLPIYGVI
DTPCWKLHTSPLCTTDNKEGSNICLTRTDRGWY
CDNAGSVSFFPQTETCKVQSNRVFCDTMNSLTL
PTDVNLCNTDIFNTKYDCKIMTSKTDISSSVITSIG
AIVSCYGKTKCTASNKNRGIIKTFSNGCDYVSNK
GVDTVSVGNTLYcVNKLEGKALYIKGEPlINYYD
PLVFPSDEFDASIAQVNAKINQSLAFIRRSDELLSA
IGGYIPEAPRDGQAYVRKDGEWVLLSTFLGGLV
PRGSHHHHHHSAWSHPQFEK

SEQ ID NO: 34 HHHHHH His tag

SEQ D NO: 35 WSHPQFEK Strep tag



SEQ ID NO: 3 6 MAATAMRMIISI IFISTYMTH ITLCQN1TEEFYQST bRSV 391 -2 DSCavl

CSAVSRGYLSALRTGWYTSWTIELSKIQKNVCKS
TDSKVKLI KQELERYNNAVIELQSLMQNEPASFSR
A RG IPELIHYTRNSTKRFYGLMGKKRKRRFLGFL
LGIGSAIASGVAVCKVLH LEGEVN K IKNALLSTN
AVVSLSNGVSVLTFKVLDLKNYI DKELLPKLN N H
DCRISN IETVI EFQQKN NRLLEIAREFSVNAGITTP
LSTYMLTNSELLSLIN DMPITN DQKKLMSSNVQI
VRQQSYSIMCVVKEEVIAYVVQLPIYGVIDTPCW
KLHTSPLCTTDN KEGSNICLTRTDRGWYCDNAG
SVSFFPQAETCKVQSN RVFCDTMNSLTLPTDVN
LCNTDI FNTKYDCKIMTSKTDISSSVITSI GAIVSCY
GKTKCTASN KNRGII KTFSNGCDYVSN KGVDTV
SVGNTLYYVN KLEGKALYIKGEPI INYYDPLVFPS
DEFDASIAQVNAKI NQSLAFIRRSDELLSAIGGYIP
EAPRDGQAYVRKDGEWVLLSTFLGGLVPRGSH
H H H H HSAWSH PO FE

SEQ D NO: 3 7 MDSKGSSQKGSRLLLLLWSN LLLPQGVVGQNI bRSV ATue5 908
TEEFYQSTCSAVSRGYLSALRTGWYTSVVTIELSKI DSCavl
QKNVCKSTDSKVKLI KQELERYNNAVVELQSLM
QNEPASFSRAKRGI PELI HYTRNSTKKFYGLMGKK
RKRRFLGFLLGIGSAVASGVAVCKVLHLEGEVN K
IKNALLSTNKAVVSLSNGVSVLTFKVLDLKNYI D K
ELLPQLNN HDCRISNI ETVI EFQQKN NRLLEIAREF
SVNAGITTPLSTYMLTNSELLSLIN DMPITN DQ K
LMSSNVQIVRQQSYSIMCVVKEEVIAYVVQLPIY
GVI DTPCWKLHTSPLCTTDNKEGSNICLTRTDRG
WYCDNAGSVSFFPQTETCKVQSN RVFCDTMNS
LTLPTDVNLCNTDI FNTKYDCKIMTSKTDISSSVIT
SIGAIVSCYGKTKCTASNKN RGI IKTFSNGCDYVS
N KGVDTVSVGNTLYYVNKLEGKALYI G EPIINY
YDPLVFPSDEFDASIAQVNAKI NQSLAFI RRSDEL
LSAI GGYI PEAPRDGQAYVRKDGEWVLLSTFLG
GLVPRGSHH H HHHSAWSH PQFEK



SEQ ID NO: 38 MPMGSLQPLATLYLLGMLVASVLAAQNITEEFY bRSV RB94DSCav1
QSTCSAVSRGYLSALRTGWYTSVVTI ELS IQ NV
CNSTDSNVKLI KQELERYNNAVVELQSLMQNEP
ASSSRAKRGI PELIHYKRNSTKKFYGLMGKKRKRR
FLGFLLGIGSAIASGVAVCKVLH LEGEVN KIKNAL
LSTN KAVVSLSNGVSVLTFKVLDLKNYI DKELLPK
LN N H DCQISN IATVIEFQQKN NRLLEIAREFSVN
AGITTPLSTYMLTNSELLSL1N DMPITN DQKKLMS
SNVQIVRQQSYSIMCVVKEEVMAYVVQLPIYGVi
DTPCWKLHTSPLCTTDN KEGSN ICLTRTDRGWY
CDNAGSVSFFPQAETCKVQSNRVFCDTMNSLTL
PTDVNLCNTD1 FNAKYDCKIMTSKTDISSSVITS1G
AIVSCYGKTKCTASNKNRGI IKTFSNGCDYVSN R
GVDTVSVGNTLYYVN KLEGKALYI KGEPIINYYD
PLVFPSDEFDASIAQVNAK1 NQSLAFIRRSDELLSA
IGGYIPEAPRDGQAYVRKDGEWVLLSTFLGGLV
PRGSH H HH H HSAWSH POFEK

SEQ D NO: 39 MDSKGSSQKGSRLLLLLVVSN LLLPQGVVGQNI RB94 DS-Cav1 sc9
TEEFYQSTCSAVSRGYLSALRTGWYTSVVTIELSKI A 149C Y458C
QKNVCNSTDSNVKLI KQELERYNNAVVELQSLM
QNEPASSSgsGSAIcSGVAVCKVLH LEGEVN KI N
ALLSTN KAVVSLSNGVSVLTFKVLDLKNYI D ELL
P LN N H DCQISNIATVI EFQQKNN RLLEIAREFSV
NAGITTPLSTYMLTNSELLSLI N DM PITN DQ L
MSSNVQIVRQQSYSIMCVVKEEVMAYVVQLPIY
GVI DTPCWKLHTSPLCTTDN KEGSNICLTRTDRG
WYCDNAGSVSFFPQAETCKVQSN RVFCDTMNS
LTLPTDVNLCNTDI FNAKYDCKIMTSKTDISSSVIT
SIGAIVSCYGKTKCTASNKN RGI IKTFSNGCDYVS
N RGVDTVSVGNTLYcVN KLEGKALYI G EPIINY
YDPLVFPSDEFDASIAQVNAKINQSLAFI RRSDEL
LSAIGGYIPEAPRDGQAYVRKDGEWVLLSTFLG
GLVPRGSHHH HHHSAWSH PQFEK



SEQ D NO: 40 MDSKGSSQKGSRLLLLLVVSNLLLPQGVVGQNI RB94 sc9 DS-Cav1
TEEFYQSTCSAVSRGYLSALRTGWYTSVVTIELSKI N 83GC N428C
QKNVCNSTDSNVKLIKQELERYNNAVVELQSLM
QNEPASSSgsGSAIASGVAVCKVLHLEGEVNKIKN
ALLSTNKAVVSLSgcGVSVLTFKVLDLKNYIDKELL
PKLNNHDCQISNIATVIEFQQKNNRLLEIAREFSV
NAGITTPLSTYMLTNSELLSLINDMPITNDQKKL
MSSNVQIVRQQSYSIMCVVKEEVMAYVVQLPIY
GVIDTPCWKLHTSPLCTTDNKEGSNICLTRTDRG
WYCDNAGSVSFFPQAETCKVQSNRVFCDTMNS
LTLPTDVNLCNTDIFNAKYDCKIMTSKTDISSSVIT
SIGAIVSCYGKTKCTASNKcRGIIKTFSNGCDYVS
NRGVDTVSVGNTLYYVNKLEGKALYIKGEPIINY
YDPLVFPSDEFDASIAQVNAKINQSLAFIRRSDEL
LSA!GGYIPEAPRDGQAYVRKDGEWVLLSTFLG
GLVPRGSHHHHHHSAWSHPQFEK

SEQ D NO: 4 1 MELLILKANAITTILTAVTFCFASGQNITEEFYQST sc9-10_bRSV(RB94)
CSAVSRGYLSALRTGWYTSVITIELSKIQKNVCNS DS-
TDSNVKLIKQELERYNNAVVELQSLMQSTPATGS Cav1 _fd_hp2_fp2_ig1
GSAIASGVAVCKVLHLEGEVNKIKNALLSTNKAV
VSLSNGVSVLTFKVLDLKNYIDKELLPILNNHDC
QISNIATVIEFQQKNNRLLEIAREFSVNAGVTTPV
STYMLTNSELLSLINDMPITNDQKKLMSSNVQIV
RQQSYSIMCIIKEEVLAYVVQLPIYGVIDTPCWKL
HTSPLCTTDNKEGSNICLTRTDRGWYCDNAGS
V SFFPQAETCKVQS N RVFCDTM NSLTLPTDVN L
CNTDIFNAKYDCKIMTSKTDVSSSVITSLGAIVSC
YGKTKCTASNKNRGIIKTFSNGCDYVSNRGVDT
VSVGNTLYYVNKQEGKSLYIKGEPIINYYDPLVFP
SDEFDASIAQVNAKINQSLAFIRRSDELLSAIGGYI
PEAPRDGQAYVRKDGEWVLLSTFLGGLVPRGS
HHHHHHSAWSHPQFEK

SEQ ID NO: 42 MDSKGSSQKGSRLLLLLVVSNLLLPQGVVGqnite 391 -2-site 0 hRSV
efyqstcsavsrgylsalrtgwytsvitielsKIQKNVCKSTDSK bovsurf DS-Cav1 -
VKLlKQELERYNNAVIelqllmqstpatnngsgsaiasgVA BZG Long
VCKvlhlegevnkiknallstnkavvslsngvsVLTFkvldlkny
idkELLPKLNNHDCRISNIEtviefqqknnrlleitrefsvna
gvttpvstym!tnsellslindmpitndqkklmssnvqivrqqsyS
IMCIIkeevlayvvqlpiygvidtpcwklhtsplcttdnkegsnic
Itrtdrgwycdnagsvsffpqaetckvqsnrvfcdtmnsrtlptdv
nlcntdifntkydckimtsktclvsssvitslgaivscygktkctasnk
nrgiiktfsngcdyvsnkgvdtvsvgntlyyvnkqegkslyvkgep
iinfydplvfpsdefdasisqvnekinqslafirrsdeLLhnvnagk
sttGGYIPEAPRDGQAYVRKDGEWVLLSTFLGGL
VPRGSHHHHHHSAWSHPOFEK





SEQ D NO: 45 MAATAMRMIISI IFISTYMTHITLCQN ITEEFYQST bRSV 39 1-2 postF
CSAVSRGYLSALRTGWYTSVVTI ELSKIQKNVCKS
TDS V LIKQELERYNNAVI ELQSLMQNEPASFSR
AKRGI PELIHYTRNSTKRFYGLMGKKRKRRAIASG
VAVSKVLH LEGEVNKI KNALLSTNKAVVSLSNGV
SVLTSKVLDLKNYIDKELLPKVN N H DCRISNI ETVI
EFQQKNNRLLEIAREFSVNAGITTPLSTYMLTNSE
LLSLI N DMPITNDQKKLMSSNVQ1VRQQSYSIMS
VVKEEVIAYVVQLPIYGVI DTPCWKLHTSPLCTTD
N KEGSNICLTRTDRGWYCDNAGSVSFFPQAETC
KVQSNRVFCDTMNSLTLPTDVN LCNTDI FNTKY
DCKIMTSKTDISSSVITSIGAIVSCYGKTKCTASNK
N RG1I KTFSNGCDYVSN KGVDTVSVG NTL YYVN
KLEGKALY1KGEPII NYYDPLVFPSDEFDASIAQVN
AKI NQSLAFI RRSDELLGLEVLFQGPH H H H H H H
HSAWSH PQFEK

SEQ ID NO: 46 MDSKGSSQKGSRLLLLLVVSNLLLPQGVVGQNI bRSV ATue5 908
TEEFYQSTCSAVSRGYLSALRTGWYTSVVTIELSKI postF
QKNVCKSTDSKVKLI KQELERYN NAVVELQSLM
Q N EPASFSRAKRGIPELI HYTRNSTKKFYGLMGKK
RKRRAVASGVAVSKVLH LEGEVNKI KNALLSTNK
AVVSLSNGVSVLTSKVLDLKNYI DKELLPQVN N H
DCRISN1ETVI EFQQKNNRLLEIAREFSVNAGITTP
LSTYMLTNSELLSLI NDMPITNDQKKLMSSNVQI
VRQQSYSIMSVVKEEVIAYVVQLPIYGVI DTPCW
KLHTSPLCTTDNKEGSNICLTRTDRGWYCDNAG
SVSFFPQTETCKVQSN RVFCDTMNSLTLPTDVN L
CNTDI FNTKYDCKIMTSKTDISSSVITSIGAIVSCY
GKTKCTASNKN RGI IKTFSNGCDYVSN KGVDTV
SVGNTLYYVNKLEGKALYI KGEPI INYYDPLVFPS
DEFDASIAQVNAKI NQSLAFI RRSDELLGLEVLFQ
GPH H H H H H H HSAWSHPQFEK



SEQ D NO: 4 7 MDSKGSSQKGSRLLLLLWSNLLLPQGWGQNI bRSV RB94 postF
TEEFYQSTCSAVSRGYLSALRTGWYTSVVTIELSKI
QKNVCNSTDSNVKLI KQELERYNNAVVELQSLM
QNEPASSSRAKRGI PELI HYKRN ST FYG LM G
KRKRRAIASGVAVSKVLHLEGEVNKI KNALLSTN K
AVVSLSNGVSVLTSKVLDLKNYI DKELLPKVNNH
DCQISNIATVIEFQQKN NRLLEIAREFSVNAGITTP
LSTYMLTNSELLSLINDMPITN DQKKLMSSNVQI
VRQQSYSIMSVVKEEVMAYVVQLPIYGVI DTPC
WKLHTSPLCTTDNKEGSN ICLTRTDRGWYCDN
AGSVSFFPQAETCKVQSN RVFCDTMNSLTLPTD
V N LCNTDIFNAKYDCKIMTSKTDISSSVITSIGAIV
SCYGKTKCTASN KNRGIIKTFSNGCDYVSNRGV
DTVSVGNTLYYVN LEG A LYIKGEPIINYYDPLV
FPSDEFDASIAQVNAKINQSLAFI RRSDELLGLEVL
FQGPH H H H H H HHSAWSH PQ FE

SEQ D NO: 48 M LS D IIKLLNEQVNKEMNSSNLYMSMSSWCYT ferriti n polypeptide
HSLDGAGLFLFDHAAEEYEHAKKLIVFLNENNVP
VQLTSISAPEH KFEGLTQI FQKAYEH EQH ISESINN
IVDHAI KGKDHATFNFLQWYVAEQH EEEVLFKD
ILDKI ELIGNENHGLYLADQYVKGIAKSRKS

SEQ ID NO: 49 MEFLKRSFAPLTEKQWQEI DNRAREI FKTQLYGR encapsu lin
KFVDVEGPYGWEYAAH PLGEVEVLSDENEVVK polypeptide
WGLRKSLPLI ELRATFTLDLWELDN LERGKPNVD
LSSLEETVRKVAEFEDEVIFRGCEKSGVKGLLSFEER

IECGSTPKDLLEAIVRALSI FSKDGIEGPYTLVINT
DRWI NFLKEEAGHYPLEKRVEECLRGGKI ITTPRIE
DALVVSERGGDFKLI LGQDLSIGYEDREKDAVRL
FITETFTFQVVNPEALI LLKF

SEQ ID NO: 50 EVQLVESGGGLVKPGGSLRLSCAASGFTFSSYSM MPE8 Heavy Chai n
NWVRQAPGKGLEWVSSISASSSYSDYADSAKGR Variable region
FTISRDNAKTSLFLQMNSLRAEDTAIYFCARARAT
GYSSITPYFD1WGOGTLVTVSS

SEQ D NO: 5 QSVVTQTPSVSGAPGQRVTISCTGSSSNIGAGY MPE8 Light Chai n
DVHWYQQLPGTAPKLLIYDN NNRPSGVPDRFS Variable region
ASKSGTSASLAITGLQAEDEADYYCQSYDRNLSG
VFGTGTKVTVL

SEQ D NO: 52 DIQMTQSPSSLSASVGDRVTITCQASQDIKKYLN AM 4 Light Chai n
WYHQKPGKVPELLMH DASNLETGVPSRFSGRG Variable region
SGTDFTLTISSLQPEDIGTYYCQQYDNLPPLTFG
GGTKVEI KR

SEQ D NO: 53 EVQLVESGGGVVQPGRSLRLSCAASGFSFSHYA AM 4 Heavy Chain
MHWVRQAPGKGLEWVAVISYDGENTYYADSV Variable region
KGRFSISRDNSKNTVSLQMNSLRPEDTALYYCAR
DRIVDDYYYYGMDVWGOGATVTVSS



SEQ D NO: 54 DIQMTQSPSSLSAAVGDRVTITCQASQDIVNYL D25 Light Chain
NWYQQKPGKAPKLLIYVASNLETGVPSRFSGSG Variable region
SGTDFSLTISSLQPEDVATYYCQQYDNLPLTFGG
GTKVEIK

SEQ ID NO: 55 QVQLVQSGAEVKKPGSSVMVSCQASGGPLRNY D25 Heavy Chain
11NWLRQAPGQG PEWMGGI 1PVLGTVHYAPKF Variable region
QGRVTITADESTDTAYIHLISLRSEDTAMYYCATE
TALVVSTTYLPHYFDNWGOGTLVTVSS

SEQ ID NO: 56 atggctgctactgctatgcggatgattatctcaattatttttatttcaacct 391 2sc9- 0DS-Cav1
acatgactcacattaccctgtgtcagaacattaccgaggaattctac Q98C-Q361 C_nuc
cagagcacttgctccgccgtgtctagaggatacctgtctgctctgag
gaccggctggtatacaagcgtggtcactattgagctgtccaagatcc
agaaaaacgtgtgtaagagtaccgattcaaaggtcaaactgatcaa
acaggagctggaaaggtataacaatgccgtgattgagctgcagag
cctgatgtgcaatgaacctgctagcgggtctggaagtgccatcgctt
ccggagtggccgtctgcaaggtgctgcacctggagggcgaagtca
acaagatcaagaatgccctgctgtctacaaacaaagctgtggtctc
actgagcaatggcgtgagtgtcctgacttttaaggtgctggacctgaa
aaactacatcgataaggagctgctgccaaaactgaacaatcatga
ctgtcggatcagcaatattgagacagtgattgaattccagcagaaga
acaatcgactgctggagatcgcaagagaattttcagtgaacgccgg
cattaccacacccctgagcacctacatgctgacaaattctgagctg
ctgagtctgattaacgacatgcctatcaccaatgatcagaagaaact
gatgagctccaacgtgcagatcgtcagacagcagtcctattctattat
gtgcgtggtcaaggaggaagtgatcgcctacgtggtccagctgcct
atctacggcgtgatcgataccccatgctggaagctgcacacaagtc
ccctgtgtactaccgacaacaaagagggctcaaatatctgcctgac
aaggactgaccgcggctggtactgtgataacgcagggagtgtgtca
ttctttccacaggccgaaacttgcaaggtgtgctccaacagggtcttc
tgtgataccatgaattctctgaccctgcccacagacgtgaacctgtg
caacactgatatctttaataccaagtacgactgtaagattatgactag
caagaccgacatctctagttcagtgatcacctccattggagctatcgt
ctcttgctacggcaagacaaaatgtactgcatctaacaagaatcgc
gggatcatcaagacattctctaacggatgtgattatgtcagtaataag
ggggtcgacacagtgagcgtcggaaacactctgtactatgtgaata
agctggagggcaaagccctgtacatcaaaggggaacctatcatta
actactatgatccactggtgttccccagtgacgagtttgatgcatcaa
ttgcccaggtgaacgctaagatcaatcagtccctggccttcatccgg
agatcagacgagctgctgagcgcaattggcgggtacatccccgaa
gctcctcgcgatggccaggcatatgtgcgaaaagacggggagtgg
gtcctgctgagcaccttcctgggaggactggtgcctcgaggatccc
accatcaccatcaccatagcgcttggtcccatccacagtttgaaaa

g



SEQ ID NO: 57 atggctgctactgctatgcggatgattatctcaattatttttatttcaacct| 391 -2sc9DS-Cav1
acatgactcacattaccctgtgtcagaacattaccgaggaattctac Q98C-Q361C_nuc
cagagcacttgctccgccgtgtctagaggatacctgtctgctctgag
gaccggctggtatacaagcgtggtcactattgagctgtccaagatcc
agaaaaacgtgtgtaagagtaccgattcaaaggtcaaactgatcaa
acaggagctggaaaggtataacaatgccgtgattgagctgcagag
cctgatgtgcaatgaacctgctagcttctccgggtctggaagtgccat|
cgcttccggagtggccgtctgcaaggtgctgcacctggagggcga
agtcaacaagatcaagaatgccctgctgtctacaaacaaagctgtg
gtctcactgagcaatggcgtgagtgtcctgacttttaaggtgctggac
ctgaaaaactacatcgataaggagctgctgccaaaactgaacaat
catgactgtcggatcagcaatattgagacagtgattgaattccagca
gaagaacaatcgactgctggagatcgcaagagaattttcagtgaac
jgccggcattaccacacccctgagcacctacatgctgacaaattctg
agctgctgagtctgattaacgacatgcctatcaccaatgatcagaag
aaactgatgagctccaacgtgcagatcgtcagacagcagtcctatt
ctattatgtgcgtggtcaaggaggaagtgatcgcctacgtggtccag
ctgcctatctacggcgtgatcgataccccatgctggaagctgcaca
caagtcccctgtgtactaccgacaacaaagagggctcaaatatctg
icctgacaaggactgaccgcggctggtactgtgataacgcagggag
itgtgtcattctttccacaggccgaaacttgcaaggtgtgctccaacag
ggtcttctgtgataccatgaattctctgaccctgcccacagacgtgaa
lcctgtgcaacactgatatctttaataccaagtacgactgtaagattat

actagcaagaccgacatctctagttcagtgatcacctccattggag
ctatcgtctcttgctacggcaagacaaaatgtactgcatctaacaag
aatcgcgggatcatcaagacattctctaacggatgtgattatgtcagt
aataagggggtcgacacagtgagcgtcggaaacactctgtactatg
tgaataagctggagggcaaagccctgtacatcaaaggggaaccta
tcattaactactatgatccactggtgttccccagtgacgagtttgatgc
atcaattgcccaggtgaacgctaagatcaatcagtccctggccttca
tccggagatcagacgagctgctgagcgcaattggcgggtacatcc
ccgaagctcctcgcgatggccaggcatatgtgcgaaaagacggg
gagtgggtcctgctgagcaccttcctgggaggactggtgcctcgag
gatcccaccatcaccatcaccatagcgcttggtcccatccacagttt
gaaaagtga



SEQ ID NO: 58 atggattccaaggggagctcccagaaaggatctaggctgctgctgc ATue5l 908sc9-10DS-
tgctggtggtctccaacctgctgctgccacagggagtggtcggaca Cavl A149C
gaatatcacagaggaattctaccagagcacttgctccgcagtgtctc Y458C nuc
ggggatacctgtctgccctgagaactggctggtatacctctgtggtca
caattgagctgagtaagatccagaagaacgtgtgcaaaagtaccg
actcaaaggtcaaactgatcaagcaggagctggaacggtataaca
atgccgtggtcgagctgcagagcctgatgcagaacgaacctgcttc
tggcagcggatctgccgtgtgtagtggagtggccgtctgcaaagtgc
|tgcatctggagggcgaagtcaacaagatcaagaatgcactgctgtc
tactaacaaggccgtggtctcactgagcaatggcgtgagtgtcctga
cctttaaggtgctggacctgaaaaactacatcgataaggagctgctg
cctcagctgaacaatcacgattgtaggatctccaatattgagacagt
gattgaattccagcagaagaacaatcgcctgctggagatcgctcga
gagttcagcgtgaacgcaggcattaccacaccactgtcaacatac
atgctgactaattcagagctgctgagcctgattaacgacatgcccat
caccaatgatcagaagaaactgatgtctagtaacgtgcagatcgtc
cgccagcagtcctattctattatgtgcgtggtcaaggaggaagtgatc|
jgcatacgtggtccagctgcctatctacggcgtgatcgataccccatg
ctggaaactgcatacatctcccctgtgcactaccgacaacaagga
aggaagtaatatttgcctgacaagaactgacaggggctggtactgtg
ataacgctggcagcgtgagcttcttccctcagaccgaaacatgcaa
ggtgcagagcaaccgggtcttctgtgatacaatgaattccctgactctj
gccaaccgacgtgaacctgtgcaacaccgatatctttaatacaaag
tacgactgtaagatcatgacaagcaagactgacatctcaagctccg
tgatcacaagtattggagctatcgtgtcatgctacggcaagaccaaa
tgtacagcatctaacaaaaacagagggatcattaagactttctcaaa
cggatgtgattatgtgagcaacaagggggtcgacactgtgagcgtc
ggaaacaccctgtactgtgtgaataagctggagggcaaagccctgt
acatcaagggggaacccatcattaactactatgatccactggtgttc
cccagcgacgagtttgatgcatccattgcccaggtgaacgccaaa
atcaatcagtccctggcttttattaggcgctccgacgagctgctgtct
ccattggcgggtacatccccgaagcccctagggatggccaggct

tatgtgcgcaaggacggggagtgggtcctgctgtcaaccttcctggg
aggactggtgccaagaggctcccaccatcaccatcaccatagcg
cctggtcccaccctcagtttgaaaag



SEQ D NO: 59 atggattctaagggttccagccagaaaggttccaggctgctgctgct RB94 DS-Cav1
gctggtggtgagcaatctgctgctgcctcagggagtggtgggacag [A 49C-Y458C n
!aacatcaccgaggagttctaccagtcaacctgcagcgccgtgagc
!cggggctacctgagcgcactgagaaccggatggtatacatccgtg
gtcactattgagctgtctaagatccagaaaaacgtgtgtaattctaca
gatagtaacgtcaagctgatcaaacaggagctggaaaggtataac
aatgctgtggtcgagctgcagtccctgatgcagaacgaacctgcca
gcagcagcggcagcggcagcgccatctgttctggggtggcagtct
gcaaggtgctgcatctggagggagaagtcaacaagatcaaaaatg
cactgctgagtactaacaaagccgtggtcagtctgtcaaatggggtg
agcgtcctgacctttaaggtgctggacctgaaaaactacatcgataa
ggagctgctgcccaaactgaacaatcacgactgtcagatcagcaa
tattgccactgtgattgagttccagcagaagaacaatcgcctgctgg
jagatcgcccgggagttcagcgtgaacgcaggcattaccacacca
ctgtccacctacatgctgacaaatagtgagctgctgtcactgattaacj
gacatgcccatcaccaatgatcagaagaaactgatgagttcaaac
gtgcagatcgtcaggcagcagagctattccattatgtgcgtggtcaa
ggaggaagtgatggcctacgtggtccagctgcctatctacggcgtg
atcgatacaccatgctggaagctgcatacttcacccctgtgtactac
cgacaacaaagaggggagcaatatctgcctgacaagaactgaca
[ggggatggtactgtgataacgctggctctgtgagtttctttcctcaggc
agaaacctgcaaggtgcagtctaaccgcgtcttctgtgatacaatga
atagtctgaccctgccaacagacgtgaacctgtgcaatacagatat
ctttaatgccaagtacgactgtaagattatgacttccaagaccgacat
cagctcctctgtgatcacttctattggggccatcgtcagttgctacgg
aaagacaaaatgtactgctagcaacaagaatcggggcatcatcaa
gacattcagtaacgggtgtgattatgtgtcaaatagaggcgtggaca
ctgtgagcgtcgggaacaccctgtactgtgtgaataagctggaggg
aaaagctctgtacatcaagggcgaacctatcattaactactatgatc
cactggtgttcccctcagacgagtttgatgcaagcattgcccaggtg
aacgccaaaatcaatcagtctctggcttttattaggcgcagcgacga
gctgctgtccgcaattggcgggtacatccccgaagcccctagggat
!ggacaggcttatgtgcgcaaggacggcgagtgggtcctgctgtcca
!ccttcctgggaggcctggtgcccagaggctctcaccatcaccatca
lccattcagcctggagccaccctcagtttgaaaaa



SEQ D NO: 60 jatggattctaagggttccagccagaaaggttccaggctgctgctgct RB94 sc9 DS-Cavl
gctggtggtgagcaatctgctgctgcctcagggagtggtgggacag N 183GC-N428C nuc
aacatcaccgaggagttctaccagtcaacctgcagcgccgtgagc
cggggctacctgagcgcactgagaaccggatggtatacatccgtg
gtcactattgagctgtctaagatccagaaaaacgtgtgtaattctaca
gatagtaacgtcaagctgatcaaacaggagctggaaaggtataac
aatgctgtggtcgagctgcagtccctgatgcagaacgaacctgcca
gcagcagcggcagcggcagcgccatcgcttctggggtggcagtct
gcaaggtgctgcatctggagggagaagtcaacaagatcaaaaatg
cactgctgagtactaacaaagccgtggtcagtctgtcaggttgtggg
gtgagcgtcctgacctttaaggtgctggacctgaaaaactacatcga
taaggagctgctgcccaaactgaacaatcacgactgtcagatcag
caatattgccactgtgattgagttccagcagaagaacaatcgcctgc
|tggagatcgcccgggagttcagcgtgaacgcaggcattaccacac
cactgtccacctacatgctgacaaatagtgagctgctgtcactgatta
acgacatgcccatcaccaatgatcagaagaaactgatgagttcaa
acgtgcagatcgtcaggcagcagagctattccattatgtgcgtggtc
!aaggaggaagtgatggcctacgtggtccagctgcctatctacggcg
[tgatcgatacaccatgctggaagctgcatacttcacccctgtgtacta
ccgacaacaaagaggggagcaatatctgcctgacaagaactgac
laggggatggtactgtgataacgctggctctgtgagtttctttcctcagg

|cagaaacctgcaaggtgcagtctaaccgcgtcttctgtgatacaatg
aatagtctgaccctgccaacagacgtgaacctgtgcaatacagata
|tctttaatgccaagtacgactgtaagattatgacttccaagaccgaca
tcagctcctctgtgatcacttctattggggccatcgtcagttgctacgg
aaagacaaaatgtactgctagcaacaagtgtcggggcatcatcaa
gacattcagtaacgggtgtgattatgtgtcaaatagaggcgtggaca
ctgtgagcgtcgggaacaccctgtactatgtgaataagctggaggg
aaaagctctgtacatcaagggcgaacctatcattaactactatgatc
cactggtgttcccctcagacgagtttgatgcaagcattgcccaggtg
aacgccaaaatcaatcagtctctggcttttattaggcgcagcgacga
gctgctgtccgcaattggcgggtacatccccgaagcccctagggat
ggacaggcttatgtgcgcaaggacggcgagtgggtcctgctgtcca
ccttcctgggaggcctggtgcccagaggctctcaccatcaccatca
ccattcagcctggagccaccctcagtttgaaaaa
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SEQ D NO: 6 1 atggctgctactgctatgcggatgattatctcaattatttttatttcaacct bRSV 391 -2 sc9 DS-
acatgactcacattaccctgtgtcagaacattaccgaggaattctac Cav1 A149C-
cagagcacttgctccgccgtgtctagaggatacctgtctgctctgag Y458C nuc
gaccggctggtatacaagcgtggtcactattgagctgtccaagatcc
agaaaaacgtgtgtaagagtaccgattcaaaggtcaaactgatcaa
acaggagctggaaaggtataacaatgccgtgattgagctgcagag
cctgatgcagaatgaacctgctagcttctccgggtctggaagtgcca
tctgttccggagtggccgtctgcaaggtgctgcacctggagggcga
agtcaacaagatcaagaatgccctgctgtctacaaacaaagctgtg
gtctcactgagcaatggcgtgagtgtcctgacttttaaggtgctggac
ctgaaaaactacatcgataaggagctgctgccaaaactgaacaat
jcatgactgtcggatcagcaatattgagacagtgattgaattccagca

aagaacaatcgactgctggagatcgcaagagaattttcagtgaac
ccggcattaccacacccctgagcacctacatgctgacaaattctg

agctgctgagtctgattaacgacatgcctatcaccaatgatcagaag
aaactgatgagctccaacgtgcagatcgtcagacagcagtcctatt
ctattatgtgcgtggtcaaggaggaagtgatcgcctacgtggtccag
ctgcctatctacggcgtgatcgataccccatgctggaagctgcaca
caagtcccctgtgtactaccgacaacaaagagggctcaaatatctg
cctgacaaggactgaccgcggctggtactgtgataacgcagggag
tgtgtcattctttccacaggccgaaacttgcaaggtgcagtccaaca
gggtcttctgtgataccatgaattctctgaccctgcccacagacgtga
acctgtgcaacactgatatctttaataccaagtacgactgtaagatta
tgactagcaagaccgacatctctagttcagtgatcacctccattgga
gctatcgtctcttgctacggcaagacaaaatgtactgcatctaacaa
gaatcgcgggatcatcaagacattctctaacggatgtgattatgtcag
taataagggggtcgacacagtgagcgtcggaaacactctgtactgt
gtgaataagctggagggcaaagccctgtacatcaaaggggaacct
atcattaactactatgatccactggtgttccccagtgacgagtttgatg
catcaattgcccaggtgaacgctaagatcaatcagtccctggccttc
;atccggagatcagacgagctgctgagcgcaattggcgggtacatc
cccgaagctcctcgcgatggccaggcatatgtgcgaaaagacgg
ggagtgggtcctgctgagcaccttcctgggaggactggtgcctcga
ggatcccaccatcaccatcaccatagcgcttggtcccatccacagt
ttgaaaag



SEQ ID NO: 62 atggattccaaggggagctcccagaaaggatctaggctgctgctgc bRSV ATue5 9081

tgctggtggtctccaacctgctgctgccacagggagtggtcggaca |sc9-1 0 DS-Cav1
gaatatcacagaggaattctaccagagcacttgctccgcagtgtctc N 183CC-N428C nuc
ggggatacctgtctgccctgagaactggctggtatacctctgtggtca
caattgagctgagtaagatccagaagaacgtgtgcaaaagtaccg
actcaaaggtcaaactgatcaagcaggagctggaacggtataaca
atgccgtggtcgagctgcagagcctgatgcagaacgaacctgcttc
tggcagcggatctgccgtggctagtggagtggccgtctgcaaagtg
ctgcatctggagggcgaagtcaacaagatcaagaatgcactgctgt
ctactaacaaggccgtggtctcactgagcggctgcggcgtgagtgt
cctgacctttaaggtgctggacctgaaaaactacatcgataaggag
ctgctgcctcagctgaacaatcacgattgtaggatctccaatattgag
acagtgattgaattccagcagaagaacaatcgcctgctggagatcg
ctcgagagttcagcgtgaacgcaggcattaccacaccactgtcaa
catacatgctgactaattcagagctgctgagcctgattaacgacatg
cccatcaccaatgatcagaagaaactgatgtctagtaacgtgcaga
tcgtccgccagcagtcctattctattatgtgcgtggtcaaggaggaag
tgatcgcatacgtggtccagctgcctatctacggcgtgatcgatacc
ccatgctggaaactgcatacatctcccctgtgcactaccgacaaca
aggaaggaagtaatatttgcctgacaagaactgacaggggctggta
ctgtgataacgctggcagcgtgagcttcttccctcagaccgaaacat
gcaaggtgcagagcaaccgggtcttctgtgatacaatgaattccctg
actctgccaaccgacgtgaacctgtgcaacaccgatatctttaatac
aaagtacgactgtaagatcatgacaagcaagactgacatctcaag
ictccgtgatcacaagtattggagctatcgtgtcatgctacggcaaga
ccaaatgtacagcatctaacaaatgcagagggatcattaagactttc
jtcaaacggatgtgattatgtgagcaacaagggggtcgacactgtga
gcgtcggaaacaccctgtactatgtgaataagctggagggcaaag
ccctgtacatcaagggggaacccatcattaactactatgatccactg
gtgttccccagcgacgagtttgatgcatccattgcccaggtgaacgc
caaaatcaatcagtccctggcttttattaggcgctccgacgagctgct
igtctgccattggcgggtacatccccgaagcccctagggatggcca
ggcttatgtgcgcaaggacggggagtgggtcctgctgtcaaccttcc
tgggaggactggtgccaagaggctcccaccatcaccatcaccata
Igcgcctggtcccaccctcagtttgaaaag



SEQ D NO: 63 MAATAMRMI S FISTYMTH ITLCQN ITEEFYQST 391-2 sc9 DS-
CSAVSRGYLSALRTGWYTSVVTI ELSKIQKNVCKS Cav1 N88C N254C
TDSKVKLI KQELERYNcAV!ELQSLMQN EPASFSgs
GSAIASGVAVCKVLHLEGEVNKI KNALLSTNKAV
VSLSNGVSVLTFKVLDLKNY1 DKELLPKLNNH DC
RISNI ETVIEFQQKN NRLLEIAREFSVNAGITTPLST
YMLTcSELLSLIN DMPITNDQKKLMSSNVQIVRQ
QSYSIMCVVKEEVIAYVVQLPIYGVI DTPCWKLH
TSPLCTTDNKEGSNICLTRTDRGWYCDNAGSVS
FFPQAETCKVQSN RVFCDTMNSLTLPTDVN LCN
TDI FNTKYDCKIMTSKTDISSSVITSIGAIVSCYGKT
KCTASNKNRGII KTFSNGCDYVSNKGVDTVSVG
NTLYYVN KLEGKALYI KGEPI INYYDPLVFPSDEF
DASIAQVNAKI NQSLAFIRRSDELLSA!GGYI PEAP
RDGQAYVRKDGEWVLLSTFLGGLVPRGSH H H
H HHSAWSH PQFEK

SEQ ID NO: 64 MAATAMRMI ISIIFISTYMTH ITLCQNITEEFYQST 391-2 sc9 DS-
CSAVSRGYLSALRTGWYTSVVT!ELSKIQKNVCKS Cav1 sc9 E92C
TDSKVKLI KQELERYNNAVIcLQSLMQNEPASFSg N254C
sGSAIASGVAVCKVLHLEGEVNKI KNALLSTNKA
VVSLSNGVSVLTFKVLDLKNYI D ELLP LN N H D
CRISNIETVI EFQQKNN RLLEIAREFSVNAGITTPLS
TYMLTcSELLSLIN DMPITN DQKKLMSSNVQIVR
QQSYSIMCVVKEEVIAYVVQLPIYGVIDTPCWKL
HTSPLCTTDN KEGSNICLTRTDRGWYCDNAGS
VSFFPQAETCKVQSN RVFCDTM NSLTLPTDVNL
CNTDI FNTKYDCKIMTSKTDISSSVITSIGAIVSCY
GKTKCTASNKNRGII KTFSNGCDYVSN KGVDTV
SVGNTLYYVN KLEG ALYI GEPIINYYDPLVFPS
DEFDASIAQVNAK1 NQSLAFI RRSDELLSAIGGYIP
EAPRDGQAYVRKDGEWVLLSTFLGGLVPRGSH
H HHHHSAWSH PQFEK



SEQ D NO: 65 !MAATAMRMI ISI IFISTYMTH ITLCQN ITEEFYQST 391-2 sc9 DS-
CSAVSRGYLSALRTGWYTSVVTI ELSKIQKNVCKS Cav1 sc9 S238C
TDSKVKLlKQELERYN NAVIELQSLMQNEPASFSg Q279C
sGSAIASGVAVCKVLH LEGEVN KIKNALLSTNKA
VVSLSNGVSVLTFKVLDLKNYI DKELLPKLNNH D
CRISNI ETVI EFQQKN N RLLEIAREFcVNAGITTPLS
|TYMLTNSELLSLINDMPiTN DQKKLMSSNVclVR
QQSYSIMCVVKEEVIAYVVQLPIYGVI DTPCWKL
HTSPLCTTDNKEGSNICLTRTDRGWYCDNAGS
|VSFFPQAETCKVQSNRVFCDTMNSLTLPTDVNL
CNTDI FNTKYDCKIMTSKTDISSSVITSIGAIVSCY
G T CTASN KN RGII KTFSNGCDYVSN GV DTV
!SVGNTLYYVN KLEGKALYI KGEPI INYYDPLVFPS
DEFDASIAQVNAKI NQSLAFIRRSDELLSAIGGYI P
EAPRDGQAYVRKDGEWVLLSTFLGGLVPRGSH
H HH HHSAWSH PQ FE



CLAIMS

. An immunogen comprising a recombinant RSV F protein or a fragment thereof

specifically binding to an RSV F prefusion-specific antibody,

wherein the recombinant RSV F protein or the fragment thereof comprises an F 1

polypeptide and an F2 polypeptide of any RSV F protein characterized by the following

substitutions at amino acid positions corresponding to the following amino acid

positions in SEQ ID NO: 1 as a reference sequence:

(i) S 55C and S290C substitutions, which form a non-natural disulfide bond;

(ii) a substitution at one or both of positions S 90 and V207 by amino acids selected

from the group consisting of F, L, W, Y, H, and M; and

(iii) a pair of substitutions forming a non-natural disulfide bond selected from the

group consisting of the following substitution pairs: Q98C and Q361 C, A149C

and Y458C, N 83GC and N428C, N88C and N254C, E92C and N254C, and

S238C and Q279C;

and wherein the recombinant RSV F protein or the fragment thereof does not comprise

a pep27 polypeptide.

2 . The immunogen according to claim 1, wherein the F 1 polypeptide and the F2

polypeptide of the recombinant RSV F protein or of the fragment thereof share at least

80%, preferably at least 85%, more preferably at least 90%, even more preferably at

least 95% and most preferably at least 98% sequence identity with the F 1 polypeptide

and the F2 polypeptide, respectively, of a native bovine RSV F protein.

3 . The immunogen according to claim 2, wherein the native bovine RSV F protein

comprises an amino acid sequence according to any of SEQ D NOs: 1 - 9 .

4 . The immunogen according to claim 2 or 3, wherein the native bovine RSV F protein

consists of an amino acid sequence according to SEQ ID NO: .

5 . The immunogen according to any of claims 1 - 4, wherein the recombinant RSV F

protein or the fragment thereof comprises or consists of an F2 polypeptide and an F 1



polypeptide comprising amino acid sequences at least 80%, preferably at least 85%,

more preferably at least 90%, even more preferably at least 95% and most preferably

at least 98% identical to amino acids 2 6- 03 and 45-3 0, respectively, of SEQ ID NO:

1.

6 . The immunogen according to claim 5, wherein the recombinant RSV F protein or the

fragment thereof comprises or consists of an F2 polypeptide and an F 1 polypeptide

comprising amino acid sequences at least 80%, preferably at least 85%, more

preferably at least 90%, even more preferably at least 95% and most preferably at least

98% identical to amino acids 26-103 and 145-51 3, respectively, of SEQ ID NO: 1.

7. The immunogen according to claim 6, wherein the recombinant RSV F protein or the

fragment thereof comprises or consists of an F2 polypeptide and an F 1 polypeptide

comprising amino acid sequences at least 80%, preferably at least 85%, more

preferably at least 90%, even more preferably at least 95% and most preferably at least

98% identical to amino acids 26-103 and 145-529, respectively, of SEQ ID NO: 1.

8 . The immunogen according to claim 7, wherein the recombinant RSV F protein or the

fragment thereof comprises or consists of an F2 polypeptide and an F 1 polypeptide

comprising amino acid sequences at least 80%, preferably at least 85%, more

preferably at least 90%, even more preferably at least 95% and most preferably at least

98% identical to amino acids 26-1 03 and 145-551, respectively, of SEQ ID NO: 1.

9 . The immunogen according to any of claims 1 - 8, wherein (i) the F2 polypeptide

comprises or consists of 8-79 residues of bovine RSV F positions 26-1 05 and (ii) the F 1

polypeptides comprises or consists of 14-365 residues of bovine RSV F positions 45-

5 3; and wherein the bovine RSV F positions preferably correspond to the amino acid

sequence of a reference F0 polypeptide according to SEQ ID NO: .

0 . The immunogen according to any of claims 1 - 9, wherein the recombinant RSV F

protein, or the fragment thereof, comprises:



(i) an antigenic site 0 that specifically binds to the RSV F prefusion-specific

antibody, wherein the antigenic site 0 comprises residues 62-69 and 196-209

of a native bovine RSV F protein sequence set forth in any one of SEQ ID NOs:

1 - 9;

(ii) an epitope recognized by AM1 4 antibody, wherein the epitope recognized by

AMI 4 antibody comprises at least residues L 1 60, N 83, N426, R429, H51

and H5 5 of a native bovine RSV F protein sequence set forth in any one of

SEQ D NOs: - 9; and/or

(iii) an epitope recognized by MPE8 antibody, wherein the epitope recognized by

MPE8 antibody comprises at least residues T50, D3 0, L305, G307, and I309

of a native bovine RSV F protein sequence set forth in any one of SEQ ID NOs:

1 - 9 .

1. The immunogen according to any of claims 1 - 9, wherein the F2 and F 1 polypeptides

comprise RSV F positions 62-69 and 96-209, preferably of any of SEQ ID NOs 1 - 9,

more preferably of SEQ ID NO: .

12. The immunogen according to any of claims 1 - , comprising the cavity-filling amino

acid substitution comprising one of: S 1 90F; S 90L; S 1 90W; S 1 90Y; S 90H; S 1 90M;

S 90F and V207L; S 90F and V207F; S 90F and V207VV; S 90L and V207L; S 90L

and V207F; S 90L and V207W; S 90W and V207L; S 90W and V207F; S 90W and

V207W; S 90Y and V207L; S 90Y and V207F; S 90Y and V207W; S 90H and V207L;

S 90H and V207F; S 1 90H and V207W; S 90M and V207L; or S 90M and V207F;

S 1 90M and V207W.

3 . The immunogen according to claim 2, wherein the recombinant RSV F protein or the

fragment thereof comprises S 90F and/or V207L substitutions compared to the native

bovine RSV F protein.

4 . The immunogen according to any of claims 1 - 13, wherein the recombinant RSV F

protein or the fragment thereof comprises (i) Q98C and Q361 C substitutions, (ii) A 49C

and Y458C substitutions, and/or (iii) N 83GC and N428C substitutions.



5. The immunogen according to claim , wherein the recombinant RSV F protein or the

fragment thereof comprises (i) Q98C and Q 36 C substitutions, and/or (ii) A 9C and

Y458C substitutions.

. The immunogen according to any of claims 1 - 15, wherein the recombinant RSV F

protein or the fragment thereof is a single chain RSV F protein or a single chain RSV F

protein fragment.

7. The immunogen according to any of claims 1 - 16, wherein the RSV F prefusion-

specific antibody, to which the immunogen specifically binds to, is D25, MPE8 and/or

AM .

8. The immunogen according to any of claims 1 - 17, wherein the recombinant RSV F

protein or the fragment thereof does not comprise a fusion peptide or a fragment thereof.

9 . The immunogen according to claim 8, wherein the recombinant RSV F protein or the

fragment thereof does not comprise amino acids 06 - 44 or 04 - 44 of the native

bovine RSV F protein.

20. The immunogen according to claim 9, wherein the recombinant RSV F protein or the

fragment thereof does not comprise amino acids 106 - 144 or 104 - 144 of SEQ D

NO: 1.

2 1 . The immunogen according to any of claims 1 - 20, wherein the recombinant RSV F

protein or the fragment thereof comprises or consists of

an F2 polypeptide comprising or consisting of amino acids 26 - 03 of SEQ ID NO: 31;

and

an F 1 polypeptide comprising or consisting of amino acids 06 - 474 of SEQ ID NO:

3 1 .



22. The immunogen according to any of claims 1 - 20, wherein the recombinant RSV F

protein or the fragment thereof comprises or consists of

an F2 polypeptide comprising or consisting of amino acids 26 - 05 of SEQ ID NO: 32;

and

an F 1 polypeptide comprising or consisting of amino acids 08 - 476 of SEQ ID NO:

32.

23. The immunogen according to any of claims 1 - 20, wherein the recombinant RSV F

protein or the fragment thereof comprises or consists of

an F2 polypeptide comprising or consisting of amino acids 3 Ί - 108 of SEQ ID NO: 33;

and

an F 1 polypeptide comprising or consisting of amino acids - 479 of SEQ ID NO:

33.

24. The immunogen according to any of claims 1 - 20, wherein the recombinant RSV F

protein or the fragment thereof comprises or consists of

an F2 polypeptide comprising or consisting of amino acids 26 - 05 of SEQ ID NO: 63;

and

an F 1 polypeptide comprising or consisting of amino acids 08 - 476 of SEQ ID NO:

63.

25. The immunogen according to any of claims 1 - 20, wherein the recombinant RSV F

protein or the fragment thereof comprises or consists of

an F2 polypeptide comprising or consisting of amino acids 26 - 105 of SEQ ID NO: 64;

and

an F 1 polypeptide comprising or consisting of amino acids 08 - 476 of SEQ D NO:

64.

26. The immunogen according to any of claims 1 - 20, wherein the recombinant RSV F

protein or the fragment thereof comprises or consists of

an F2 polypeptide comprising or consisting of amino acids 26 - 05 of SEQ ID NO: 65;

and



an F 1 polypeptide comprising or consisting of amino acids 108 - 476 of SEQ ID NO:

65.

27. The immunogen according to any of claims 1 - 26, wherein the F2 polypeptide and the

F 1 polypeptide are linked by a heterologous peptide linker or are directly linked.

28. The immunogen according to claim 27, wherein the heterologous peptide linker

comprises the amino acid sequence set forth as one of SEQ ID NOs: 0 - 26, or is a G,

S, GG, GS, SG, GGG, or GSG linker.

29. The immunogen according to claim 28, wherein the F2 polypeptide and the F 1

polypeptide are linked by a GS-linker.

30. The immunogen according to any of claims 1 - 29, wherein position 03 or 05 of the

F2 polypeptide is linked to position 1 of the F 1 polypeptide by a Gly-Ser linker.

3 . The immunogen according to any of the previous claims, comprising a multimer of the

recombinant RSV F protein or of the fragment thereof.

32. The immunogen according to any of claims 1 - 3 1, wherein the recombinant RSV F

protein is linked to a trimerization domain.

33. The immunogen according to claim 32, wherein the C-terminus of the F 1 polypeptide

of the recombinant RSV F protein or of the fragment thereof is directly or indirectly

linked to the trimerization domain.

34. The immunogen according to claim 32 or 33, wherein the trimerization domain is a

foldon domain.

35. The immunogen according to any of claims 32 - 34, wherein the trimerization domain

comprises or consists of an amino acid sequence according to any of SEQ D NOs: 27

- 29.



36. The immunogen according to any of claims 32 - 35, wherein the immunogen

comprises a protease cleavage site between the F 1 polypeptide and the trimerization

domain.

37. The immunogen according to any of claims 32 - 36, wherein the immunogen

comprises a transmembrane domain between the F 1 polypeptide and the trimerization

domain.

38. The immunogen according to claim 37, wherein the immunogen comprises a

transmembrane domain and a protease cleavage site between the F 1 polypeptide and

the trimerization domain, in particular a transmembrane domain between the protease

cleavage site and the trimerization domain.

39. The immunogen according to any of claims 1 - 38, wherein the immunogen comprises

or consists of

an F2 polypeptide comprising or consisting of amino acids 26 - 03 of SEQ ID NO: 31;

an F 1 polypeptide comprising or consisting of amino acids 106 - 474 of SEQ ID NO:

3 ; and

a foldon domain comprising or consisting of amino acids 475 - 5 3 of SEQ ID NO: 31,

which is preferably directly linked to the C-terminus of the F 1 polypeptide.

40. The immunogen according to any of claims 1 - 38, wherein the recombinant RSV F

protein or the fragment thereof comprises or consists of

an F2 polypeptide comprising or consisting of amino acids 26 - 05 of SEQ ID NO: 32;

an F 1 polypeptide comprising or consisting of amino acids 08 - 476 of SEQ ID NO:

32; and

a foldon domain comprising or consisting of amino acids 477 - 5 5 of SEQ D NO: 32,

which is preferably directly linked to the C-terminus of the F 1 polypeptide.

4 1. The immunogen according to any of claims 1 - 38, wherein the recombinant RSV F

protein or the fragment thereof comprises or consists of



an F2 polypeptide comprising or consisting of amino acids 3 1 - 08 of SEQ ID NO: 33;

an F 1 polypeptide comprising or consisting of amino acids - 479 of SEQ ID NO:

33; and

a foldon domain comprising or consisting of amino acids 480 - 5 8 of SEQ ID NO: 33,

which is preferably directly linked to the C-terminus of the F 1 polypeptide.

42. The immunogen according to any of claims 1 - 38, wherein the recombinant RSV F

protein or the fragment thereof comprises or consists of

an F2 polypeptide comprising or consisting of amino acids 26 - 05 of SEQ ID NO: 63;

an F 1 polypeptide comprising or consisting of amino acids 108 - 476 of SEQ ID NO:

63; and

a foldon domain comprising or consisting of amino acids 477 - 5 5 of SEQ ID NO: 63,

which is preferably directly linked to the C-terminus of the F 1 polypeptide.

43. The immunogen according to any of claims 1 - 38, wherein the recombinant RSV F

protein or the fragment thereof comprises or consists of

an F2 polypeptide comprising or consisting of amino acids 26 - 05 of SEQ ID NO: 64;

an F 1 polypeptide comprising or consisting of amino acids 108 - 476 of SEQ ID NO:

64; and

a foldon domain comprising or consisting of amino acids 477 - 5 5 of SEQ ID NO: 64,

which is preferably directly linked to the C-terminus of the F 1 polypeptide.

44. The immunogen according to any of claims 1 - 38, wherein the recombinant RSV F

protein or the fragment thereof comprises or consists of

an F2 polypeptide comprising or consisting of amino acids 26 - 05 of SEQ ID NO: 65;

an F 1 polypeptide comprising or consisting of amino acids 08 - 476 of SEQ ID NO:

65; and

a foldon domain comprising or consisting of amino acids 477 - 5 5 of SEQ D NO: 65,

which is preferably directly linked to the C-terminus of the F 1 polypeptide.

45. The immunogen according to any of claims 1 - 39, wherein the immunogen comprises

or consists of amino acids 26 - 474 of SEQ D NO: 3 1 .



46. The immunogen according to claim 45, wherein the immunogen comprises or consists

of amino acids 26 - 5 3 of SEQ ID NO: 3 .

47. The immunogen according to claim 45, wherein the immunogen comprises or consists

of amino acids 1 - 474 of SEQ ID NO: 3 .

48. The immunogen according to claim 45, wherein the immunogen comprises or consists

of amino acids 1 - 5 3 of SEQ ID NO: 3 .

49. The immunogen according to any of claims 1 - 39 and 45 - 48, wherein the

immunogen comprises or consists of an amino acid sequence according to SEQ D NO:

3 1 .

50. The immunogen according to any of claims 1 - 38 and 40, wherein the immunogen

comprises or consists of amino acids 26 - 476 of SEQ ID NO: 32.

5 . The immunogen according to claim 50, wherein the immunogen comprises or consists

of amino acids 26 - 5 5 of SEQ ID NO: 32.

52. The immunogen according to claim 50, wherein the immunogen comprises or consists

of amino acids 1 - 476 of SEQ ID NO: 32.

53. The immunogen according to claim 50, wherein the immunogen comprises or consists

of amino acids 1 - 5 of SEQ ID NO: 32.

54. The immunogen according to any of claims 1 - 38, 40, and 50 - 53, wherein the

immunogen comprises or consists of an amino acid sequence according to SEQ ID NO:

32.

55. The immunogen according to any of claims 1 - 38 and 4 1, wherein the immunogen

comprises or consists of amino acids 3 1 - 479 of SEQ D NO: 33.



56. The immunogen according to claim 55, wherein the immunogen comprises or consists

of amino acids 3 1 - 5 18 of SEQ D NO: 33.

57. The immunogen according to claim 55, wherein the immunogen comprises or consists

of amino acids 1 - 479 of SEQ ID NO: 33.

58. The immunogen according to claim 55, wherein the immunogen comprises or consists

of amino acids 1 - 5 8 of SEQ ID NO: 33.

59. The immunogen according to any of claims 1 - 38, 41, and 55 - 58, wherein the

immunogen comprises or consists of an amino acid sequence according to SEQ D NO:

33.

60. The immunogen according to any of claims 1 - 38 and 42, wherein the immunogen

comprises or consists of amino acids 26 - 476 of SEQ ID NO: 63.

6 . The immunogen according to claim 60, wherein the immunogen comprises or consists

of amino acids 26 - 5 5 of SEQ ID NO: 63.

62. The immunogen according to claim 60, wherein the immunogen comprises or consists

of amino acids 1 - 476 of SEQ ID NO: 63.

63. The immunogen according to claim 60, wherein the immunogen comprises or consists

of amino acids 1 - 5 5 of SEQ ID NO: 63.

64. The immunogen according to any of claims 1 - 38, 42, and 60 - 63, wherein the

immunogen comprises or consists of an amino acid sequence according to SEQ ID NO:

63.

65. The immunogen according to any of claims 1 - 38 and 43, wherein the immunogen

comprises or consists of amino acids 26 - 476 of SEQ ID NO: 64.



66. The immunogen according to claim 65, wherein the immunogen comprises or consists

of amino acids 26 - 5 of SEQ ID NO: 64.

67. The immunogen according to claim 65, wherein the immunogen comprises or consists

of amino acids 1 - 476 of SEQ ID NO: 64.

68. The immunogen according to claim 65, wherein the immunogen comprises or consists

of amino acids - 5 5 of SEQ ID NO: 64.

69. The immunogen according to any of claims 1 - 38, 43, and 65 - 68, wherein the

immunogen comprises or consists of an amino acid sequence according to SEQ ID NO:

64.

70. The immunogen according to any of claims 1 - 38 and 44, wherein the immunogen

comprises or consists of amino acids 26 - 476 of SEQ ID NO: 65.

7 . The immunogen according to claim 70, wherein the immunogen comprises or consists

of amino acids 26 - 5 5 of SEQ ID NO: 65.

72. The immunogen according to claim 70, wherein the immunogen comprises or consists

of amino acids 1 - 476 of SEQ D NO: 65.

73. The immunogen according to claim 70, wherein the immunogen comprises or consists

of amino acids 1 - 5 15 of SEQ ID NO: 65.

74. The immunogen according to any of claims 1 - 38, 44, and 70 - 73, wherein the

immunogen comprises or consists of an amino acid sequence according to SEQ ID NO:

65.



75. The immunogen according to any of claims - 74, wherein the recombinant RSV F

protein or the fragment thereof forms a trimer in phosphate buffered saline at a

physiological pH.

76. The immunogen according to any of claims 1 - 75, wherein the immunogen comprises

a purification tag, in particular a His-tag and/or a Strep-tag.

77. A virus-like particle comprising the immunogen according to any of claims 1 - 76.

78. A protein nanoparticle comprising the immunogen according to any of claims 1 - 76.

79. The protein nanoparticle according to claim 78, wherein the protein nanoparticle is a

ferritin nanoparticle, an encapsulin nanoparticle, a Sulfur Oxygenase Reductase (SOR)

nanoparticle, a lumazine synthase nanoparticle or a pyruvate dehydrogenase

nanoparticle.

80. The immunogen, the virus-like particle, or the protein nanoparticle according to any of

claims 1 - 79, wherein the antibodies D25, MPE8 and/or AM1 4 specifically bind to the

immunogen, the virus-like particle, or the protein nanoparticle, preferably with a of

1 µΜ or less.

8 1 . A nucleic acid molecule comprising a polynucleotide encoding the immunogen, the

virus-like particle, or protein nanoparticle according to any one of claims 1 - 80.

82. The nucleic acid molecule according to claim 8 , wherein the polynucleotide encodes

a precursor protein of the immunogen or protein nanoparticle.

83. The nucleic acid molecule according to claim 82, wherein the precursor protein

comprises, from N- to C-terminus, a signal peptide, a F2 polypeptide, and a F 1

polypeptide.



84. The nucleic acid molecule according to claim 83, wherein the precursor protein

comprises, from N- to C-terminus, a signal peptide, a F2 polypeptide, a F 1 polypeptide,

and a trimerization domain.

85. The nucleic acid molecule according to any one of claims 8 1 - 84, wherein the nucleic

acid molecule is codon optimized for expression in a bovine cell.

86. The nucleic acid molecule according to any one of claims 8 1 - 85, operably linked to

a promoter.

87. A vector comprising the nucleic acid molecule according to any one of claims 8 1 - 86.

88. The vector according to claim 87, wherein the vector is a viral vector.

89. The vector according to claim 88, wherein the vector is a bovine parainfluenza virus

vector, a human parainfluenza virus vector, a Newcastle disease virus vector, a Sendai

virus vector, a measles virus vector, an attenuated RSV vector, a paramyxovirus vector,

an adenovirus vector, an alphavirus vector, a Venezuelan equine encephalitis vector,

a Semliki Forest virus vector, a Sindbis virus vector, an adeno-associated virus vector,

a poxvirus vector, a rhabdovirus vector, a vesicular stomatitis virus vector, a

picornovirus vector, or a herpes virus vector.

90. The nucleic acid molecule or the vector according to any one of claims 8 1 - 89,

comprising the nucleotide sequence as set forth in any of SEQ ID NOs: 56 - 62.

9 . An isolated host cel comprising the nucleic acid molecule or the vector according to

any one of claims 8 1 90.

92. An immunogenic composition comprising

(i) the immunogen according to any one of claims 1 - 76 and 80;

(i ) the virus-like particle according to claim 77 or 80;

(iii) the protein nanoparticle according to any one of claims 78 80;



(iv) the nucleic acid molecule according to any one of claims 8 1 - 86 and 90;

(v) the vector according to any one of claims 87 - 90; or

(vi) the host cell according to claim 91;

and a pharmaceutically acceptable carrier.

93. The immunogenic composition according to claim 92, further comprising an adjuvant.

94. The immunogenic composition according to claim 93, wherein the adjuvant is alum,

an oil-in water composition, MF59, ASOI, AS03, AS04, MPL, QS21, a CpG

oligonucleotide, a TLR7 agonist, a TLR4 agonist, a TLR3 agonist, or a combination of

two or more thereof.

95. The immunogenic composition according to claim 93 or 94, wherein the adjuvant

promotes a Th1 immune response.

96. The immunogenic composition according to any of claims 92 - 95, further comprising

a RSV F prefusion-specific antibody that specifically binds the immunogen.

97. The immunogen according to any one of claims 1 76 and 80; the virus-like particle

according to claim 77 or 80; the protein nanoparticle according to any one of claims

78 - 80; the nucleic acid molecule according to any one of claims 8 1 - 86 and 90; the

vector according to any one of claims 87 - 90; the host cell according to claim 9 ; or

the immunogenic composition according to any of claims 92 - 96; for use in generating

an immune response to RSV F in a subject, in particular in cattle.

98. The immunogen, the virus-like particle, the protein nanoparticle, the nucleic acid

molecule, the vector, the host cell, or the immunogenic composition for use according

to claim 97, wherein the immune response comprises a Th1 immune response.

99. A method for generating an immune response to RSV F in a subject, comprising

administering to the subject an effective amount of the immunogen according to any

one of claims 1 - 76 and 80; the virus-like particle according to claim 77 or 80; the



protein nanoparticle according to any one of claims 78 - 80; the nucleic acid molecule

according to any one of claims 8 1 - 86 and 90; the vector according to any one of

claims 87 - 90; the host cell according to claim 9 1; or the immunogenic composition

according to any of claims 92 - 96; to generate the immune response.

100. The method of claim 99, wherein the immune response comprises a Th1 immune

response.

0 . The immunogen according to any one of claims 1 - 76 and 80; the virus-like particle

according to claim 77 or 80; the protein nanoparticle according to any one of claims

78 - 80; the nucleic acid molecule according to any one of claims 8 1 - 86 and 90; the

vector according to any one of claims 87 - 90; the host cell according to claim 9 1; or

the immunogenic composition according to any of claims 92 -96; for use in prevention

and/or treatment of RSV infection in a subject, in particular in cattle.

102. The immunogen, the virus-like particle, the protein nanoparticle, the nucleic acid

molecule, the vector, the host cell, or the immunogenic composition for use according

to any of claims 97 - 98 and 101 , wherein the virus-like particle, the protein

nanoparticle, the nucleic acid molecule, the vector, the host cell, or the immunogenic

composition is administered intravenously or intramuscularly.

103. The immunogen, the virus-like particle, the protein nanoparticle, the nucleic acid

molecule, the vector, the host cell, or the immunogenic composition for use according

to any of claims 97 - 98 and 10 1 - 102, wherein the administration comprises a prime-

boost administration of the immunogen, the virus-like particle, the protein nanoparticle,

the nucleic acid molecule, the vector, the host cell, or the immunogenic composition.

104. The immunogen, the virus-like particle, the protein nanoparticle, the nucleic acid

molecule, the vector, the host cell, or the immunogenic composition for use according

to any of claims 97 98 and 0 1 - 103, wherein the immunogen, the virus-like particle,

the protein nanoparticle, the nucleic acid molecule, the vector, the host cell, or the

immunogenic composition is administered repeatedly.



105. The immunogen, the virus-like particle, the protein nanoparticle, the nucleic acid

molecule, the vector, the host cell, or the immunogenic composition for use according

to any of claims 97 - 98 and 0 1 - 04, wherein a single dose comprises 1 ng - 0 g

of the immunogen, preferably 00 ng - 5 g of the immunogen, more preferably 1 -

000 g of the immunogen, even more preferably 0 - 00 g of the immunogen, and

most preferably 50 g of the immunogen.

106. The immunogen, the virus-like particle, the protein nanoparticle, the nucleic acid

molecule, the vector, the host cell, or the immunogenic composition for use according

to any of claims 97 - 98 and 101 - 05, wherein the immunogen, the virus-like particle,

the protein nanoparticle, the nucleic acid molecule, the vector, the host cell, or the

immunogenic composition is administered in combination with an anti-RSV agent.

107. The immunogen, the virus-like particle, the protein nanoparticle, the nucleic acid

molecule, the vector, the host cell, or the immunogenic composition for use according

to any of claims 97 - 98 and 0 1 - 106, wherein the subject is at risk of or has an RSV

infection.

108. The immunogen, the virus-like particle, the protein nanoparticle, the nucleic acid

molecule, the vector, the host cell, or the immunogenic composition for use according

to any of claims 97 - 98 and 10 1 - 107, wherein the RSV infection is bovine RSV

infection.

109. The immunogen, the virus-like particle, the protein nanoparticle, the nucleic acid

molecule, the vector, the host cell, or the immunogenic composition for use according

to any of claims 97 - 98 and 0 1 - 08, wherein the subject is a bovine subject.

0 . The immunogen, the virus-like particle, the protein nanoparticle, the nucleic acid

molecule, the vector, the host cell, or the immunogenic composition for use according

to claim 09, wherein the subject is a calf.



1 . A method for treating or preventing a RSV infection in a subject, comprising

administering to the subject a therapeutically effective amount of the immunogen

according to any one of claims 1 - 76 and 80; the virus-like particle according to claim

77 or 80; the protein nanoparticle according to any one of claims 78 - 80; the nucleic

acid molecule according to any one of claims 8 1 - 86 and 90; the vector according to

any one of claims 87 - 90; the host cell according to claim 91; or the immunogenic

composition according to any of claims 92 - 96; thereby treating or preventing RSV

infection in the subject.

12. The method according to any one of claims 99 - 00 and , comprising a prime-

boost administration of the immunogenic composition.

13 . The method according to any one of claims 99 - 00 and 1 - 1 2, further comprising

administering to the subject a therapeutically effective amount of an anti-RSV agent.

. A method for detecting or isolating an RSV Fbinding antibody in a subject, comprising:

(a) providing the immunogen according to any one of claims 1 - 76 and 80; the

virus-like particle according to claim 77 or 80; the protein nanoparticle

according to any one of claims 78 - 80; the nucleic acid molecule according

to any one of claims 8 1 - 86 and 90; the vector according to any one of claims

87 - 90; the host cell according to claim 9 ; or the immunogenic composition

according to any of claims 92 - 96;

(b) contacting a biological sample from the subject with the recombinant RSV F

protein or with the fragment thereof under conditions sufficient to form an

immune complex between the recombinant RSV F protein or the fragment

thereof and the RSV F binding antibody; and

(c) detecting the immune complex, thereby detecting or isolating the RSV F

binding antibody in the subject.

15 . The method claim 14, wherein the method is an in-vitro method for detecting an RSV

F binding antibody in an isolated biological sample of a subject.



6. The method according to any one of claims 99 - 00 and 1 1 - 115, wherein the

subject is at risk of o r has an RSV infection.

17. The method according to any one of claims 99 - 00 and - , wherein the RSV

infection is bovine RSV infection.

8. The method according to any one of claims 99 - 00 and 1 - 7, wherein the

subject is a bovine subject.

9. The method according to claim 8, wherein the subject is a calf.

20. A kit comprising

(i) the immunogen according to any one of claims 1 - 76 and 80;

(ii) the virus-like particle according to claim 77 or 80;

(iii) the protein nanoparticle according to any one of claims 78 - 80;

(iv) the nucleic acid molecule according to any one of claims 8 1 - 86 and 90;

(v) the vector according to any one of claims 87 - 90;

(vi) the host cell according to claim 9 ; and/or

(vii) the immunogenic composition according to any of claims 92 - 96;

and instructions for using the kit.
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