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RECOMBINANT NANOGPARTICLE RSY F VACCINE FOR RESPIRATORY
SYNCYTIAL VIRUS

CROSS-REFERENCE TO RELATED APPLICATIONS

{661} This application claims priority to U.S. Provisional Application Serisl Nao.
61/542,040, filed September 30, 2011, U.S. Provisional Application Serial No. 61/542,721
filed October 3, 2011, U.S. Provisional Application Serial No. 61/611,834 filed March 16,
2012, and to 61/614,286 filed March 22, 2012, the disclosures of which are each incorporated

by reference in their entirety for all purposes.

{8021 The contents of the text file submitted electronically are incorporated herein by
reference in their entirety: A computer readable format copy of the Scquence Listing
{filename: NOVV 048 04WO Seqglistixt, date recorded: September 27, 2012; file size: 74
kilobytes).

TECHNICAL FIELD
{683] The preseot mvention is generally related to meodified or mutated respiratory syncyiial
virus fusion (F) proteins and methods for making and using them, including tmmunogenic

compositions such as vaccines for the treatment and/or prevention of RSV infection.

BACKGROUND OF THE INVENTION

{#834] Respiratory syncytial virus (RSV) is a member of the genus Prewmovirus of the
farly Paramyvxoviridae. Human RSV (HRSV) is the leading cause of scvere lower
respiratory tract discase in young children and is responsible for considerable morbidity and
mortality in humans. RSV is also recognized as an important agent of discase in
imrounocompromised adults and in the elderly. Due to wcomplete resistance to RSV u the
infected host after a natural infection, RSV may infect multiple times during childhood and
adult fife.

{1805} This virus has a genome comprised of a single strand negative-sense RNA, which is
tightly assoctated with viral protein to form the nucleocapsid.  The viral envelope is
composed of a plasma membrane dertved Hipid bilayer that contains virally encoded structural
proteins. A viral polymerase is packaged with the virion and transcribes genornic RNA into

mRNA. The RSV genome encodes three transmembrane structural proteins, ¥, G, and SH,
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two matrix proteins, M and M2, three nucleccapsid proteings N, P, and L, and two
nonstructural proteins, NS1 and NS2.

18061 Fusion of HRSV and cell membranes is thought to occur at the cell surface and is a
necessary step for the transfer of viral ribonucleoprotein into the cell cytoplasm during the
carly stages of infection. This process is mediated by the fusion (F) protein, which also
promotes fusion of the membrane of infected cells with that of adjacent cells to form a
characteristic syncytia, which is both a prominent cytopathic effect and an additional
mechanisin of viral spread. Accordingly, neutralization of fusion activity 18 important in host
imrounity.  Indeed, monoclonal antibodies developed agaiust the F protein have been shown
to neutralize virus infectivity and inhibit membrane fusion (Calder e al., 2000, Virology 271:

22-131).

x

{8071 The F protein of RSV shares structural features and limited, but significant amino acid
sequence identity with F glycoproteins of other paramyxoviruses. It is synthesized as an
inactive precursor of 574 amino acids (FO) that is cotransiationally glycosylated on
asparagines in the endoplasmic reticulum, where it assembles into homo-oligomers. Before
reaching the cell surface, the FO precursor is cleaved by a protease into F2 from the N
terminus and Fl from the C termunus. The F2 and F1 chains romain covalently linked by one
or more disuifide bonds.

{¢08] Immunoaffinity purified full-length F proteins have been found to accunmilate in the
form of micelles (also characterized as rosettes), similar to those observed with other full-
length virus membrane glycoproteins (Wrigley er al., 1986, in Electron Microscopy of
Prateins, Vol 5, p. 103-163, Academic Press, London). Under electron microscopy, the
molecules in the roscttes appear either as inverted cone-shaped rods (~70%) or lollipop-
shaped (~30%) structures with thetr wider ends projecting away from the centers of the
rosettes. The rod conformational state is associated with an F glycoprotein in the pre-fusion
inactivate state while the lollipop conformational state is associated with an F glycoprotein in
the post-fusion, active state.

{¢09] Electron micrography can be used to distinguish between the prefusion and postfusion
{alternatively designated prefusogenic and fusogenic) conformations, as demonsirated by
Calder er af, 2000, Virology 271:122-131. The prefusion conformation can also be
distinguished from the fusogenic (postfusion) counformation by liposome association assays.
Additionaily, prefusion and fusogenic conformations can be distinguished using antibodies
{c.g., monoclonal antibodics) that specifically recognize conformation cpitopes present on
one or the other of the prefusion or fusogenic form of the RSV F protein, but not on the other
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form. Such conformation cpitopes can be due to preferential exposure of an antigenic
determinant oo the surface of the molecule. Alternatively, conformational epitopes can arise
from the juxtaposition of amino acids that are non-contiguous in the linear polypeptide.

{¢18] It has been shown previcusly that the F precursor is cleaved at two sites {site 1, after
restdue 109 and site 1, after residue 136), both preceded by motifs recognized by furin-like
proteases. Site H 1s adjacent to a fusion peptide, and cleavage of the F protein at both sites s
needed for membrane fusion {(Gonzalez-Reyes er af., 2001, PNAS OR(17): 9859-9864). When
cleavage 1s completed at both sites, it 1s believed that there 18 a transition from conc-shaped to

lollipop-shaped rods.

SUMMARY OF THE INVENTION

{311} As described herein, the present inventors have found that surprisingly high levels of
expression of the fusion (F) protein can be achieved when certain modifications are made to
the structure of the RSV F protein. Such roodifications also unexpectedly reduce the cellular
toxicity of the RSV F protein in a host cell. In addition, the modified F proteins of the
present invention demonstrate an improved ability to exhibit the post-fusion “lollipop”
morphology as opposed to the pre-fusion “rod” morphology. Thus, in one aspect, the
modified F proteins of the present invention can also exhibit improved immunogenicity as
compared to wild-type F proteins. These modifications have significant applications to the
development of vaccines and methods of using said vaccines for the freatmeunt and/or
prevention of RSV, The present invention provides recowsbinant RSV F proteins that
demonstrate increased expression, reduced cellnlar toxicity, and/or enhanced immunogenic
properties as compared to wild-type RSV F proteins.

{¢#12] In onc aspect, the invention provides recombinant RSV F proteins comprising
rmodified or mutated amine acid sequences as compared to wild-type RSV F proteins. In
general, these modifications or mutations increase the expression, reduce the cellular toxicity,
and/or enhance the immunogenic properties of the RSV F proteins as compared to wild-type
RSV F proteins. In certain exemplary embodiments, the RSV F proteins are buman RSV F
proteins,

{813} The RSV F protein preferably comprises a modified or mutated amino acid sequence
as compared to the wild-type RSV F protein {e.g. as exemplified in SEQ ID NO: 2). Inone
embodiment, the RSV F protein contains a modification or mutation at the amino acid

corresponding to position P102 of the wild-type RSV F protein (SEQ 1D NG: 2). In another
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embodiment, the RSV F protein contains a modification or nwtation at the amino acid
corresponding to position 1379 of the wild-type RSV F protewn (SEQ 1D NO: 2). In another
embodiment, the RSV F protein contains a modification or mutation at the amino acid
corresponding to position M447 of the wild-type RSV F protein (SEQ ID NO: 2).

{614} In one embodiment, the RSV F protein contains two or more medifications or
routations at the amine acids corresponding to the positions described above. In another
embodiment, the RSV F protein contains three modifications or mutations at the amino acids
corresponding to the positions described above,

{#15] In one specific embodiment, the invention s divected to RSV F proteins wherein the
profine at position 102 is replaced with alanine. In another specific embodiment, the
invention 1s directed to RSV F proteins wherein the isoleucine at position 379 is replaced
with valine. In yet another specific embodiment, the invention is directed to RSV F proteins
wherein the methionine at position 447 1s replaced with vahine. In cerfain embodiments, the
RSV F protein contains two or more modifications or mutations at the amino acids
corresponding to the positions described in these specific embodiments. In certain other
embodiments, the RSV F protein contains three modifications or mutations at the amino acids
corresponding to the positions described in these specific embodiments. In an exemplary
embodiment, the RSV protein has the ammno acid sequence described i SEQ 1D NO: 4,

{¢16] In onc embodiment, the coding sequence of the RSV F protein is further optimized to
enhance its expression in a suitable host cell. In one embodiment, the host cell 1s an insect
cell. In an exemplary embodiment, the insect cell 1s an S cell.

{617} In one embodiment, the coding sequence of the codon optimized RSV F gene s SEQ
{2 NO: 3. In another embodiment, the codon optimmized RSV F protein has the amino acid
sequence described in SEQ ID NO: 4.

{318} In one embodiment, the RSV F protein further comprises at least one modification in
the cryptic poly(A) site of F2. In another crobodiment, the RSV F protein further comprises
one or more amino acid mutations at the primary cleavage site (CS). In one embodiment, the
RSV F protein contains a modification or mutation at the amino acid corresponding to
position R133 of the wild-type RSV F protein (SEQ ID NO: 2) or the codon optitaized RSV
F protein (SEQ ID NO: 4).  In another embodiment, the RSV F protein contains a
maodification or mutation at the amwino acid correspounding to position R133 of the wild-type
RSV F protein (SEQ ID NG: 2) or the codon optimized RSV F protein (SEQ ID NG 4). In

yet another embodiment, the RSV F protein contamms a modification or mutation at the amino
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acid corresponding to position R136 of the wild-type RSV F protein (SEQ ID NO: 2) or the
codon optimized RSV F protein (SEQ 1D NG: 4).

18191 In one specific embodiment, the invention is directed to RSV F proteins wherein the
arginine at position 133 s replaced with glutarmine.  In another specific embodiment, the
invention is directed to RSV F proteins wherein the arginine at position 135 is replaced with
glutamine. In yet another specific embodiment, the invention is directed to RSV F proteing
wherein arginine at position 136 is replaced with ghitamine. In certain embodiments, the
RSV F protein contains two or more modifications or mutations at the amino acids
corresponding to the positions described in these specific embodiments.  In certain other
embodiments, the RSV F protein contains three modifications or mutations at the amino acids
corresponding to the positions described in these specific embodiroents. In an cxemplary
embodiment, the RSV protein has the amino acid sequence described in SEQ 1D NO: 6.

{628] In another embodiment, the RSV F protein further comprises a deletion in the N-
terminal half of the fusion domain corresponding to amine acids 137-146 of SEQ D NO: 2,
SEQ ID NO: 4, and SEQ 1D NO: 6. In an exemplary embodiment, the RSV F protein has the
amino acid sequence desertbed in SEQ 1D NO: 8. In an alternative embodiment, the RSV F
protein has the amine acid sequence described i SEQ ID NO: 10,

{621} Further included within the scope of the tovention are RSV F proteins, other than
human RSV F protein (SEQ 1D NO: 2), which contain alterations corresponding to those set
out above. Such RSV F proteins may 1nclude, but are not limdted to, the RSV F proteins from
A strains of human RSV, B sirains of human RSV, strains of bovine RSV, and strains of
avian RSV,

{622} In some cmbodiments, the invention is directed to modified or mutated RSV F
proteins that demonstrate increased expression in a host cell as compared to wild-type RSV F
proteins, such as the one shown by SEQ 1D NO: 2. In other embodiments, the invention is
directed to modificd or mutated RSV F proteins that demonstrate reduced celiular toxicity in
a host cell as compared to wild-type RSV F proteins, such as the one shown by SEQ 1D NG:
2. In yet other embodiments, the invention is directed to modified or mutated RSV F proteins
that demonsirate enhanced immunogenic properties as compared to wild-type RSV F
proteins, such as the one shown by SEQ 1D NO: 2.

[623] In additional aspects, the invention provides immunogenic compositions comprising
one or more modified or mutated RSV F proteins as described herein. In one embodiment,
the nvention provides a micelle comprised of one or more modified or mutated RSV F

proteins {e.g. an RSV F micelie).
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{¢24] In another embodiment, the present invention provides a virus-like particle (VLP)
comprising a modified or mutated RSV F protein. In some embodiments, the VLP further
compriscs one or more additional proteins.

{625] In onc embodiment, the VLP further comprises a matrix (M) protein.  In one
embodiment, the M protein is derived from a human strain of RSY. In another embodiment,
the M protein is derived from a bovine strain of RSV, In other cmbodiments, the matrix
protein may be an M1 protein from an influenza virus strain.  In one embodiment, the
influenza virus strain is an avian influenza virus strain. In other ermbodiments, the M protein
may be derived from a Newcastle Disease Virus (NDV) strain.

{#26] In additional embodiments, the VLP further comprises the RSV glycoprotein G, In
avother cmbodiment, the VLP further comprises the RSV glycoprotetn SH. In vet another
embodiment, the VLP further comprises the RSV nucleocapsid N protein.

{627} The moditied or mutated RSV F proteins may be used for the prevention and/or
treatment of RSV infection. Thus, in another aspect, the invention provides a method for
cliciting an immune respouse against RSV, The method involves admimistering an
immunologically effective amount of a composition containing a modified or mutated RSV F
protein to a subject, such as a human or animal subject.

{628} In another aspect, the present invention provides pharmaceutically acceptable vaccine
compositions comprising a modified or mutated RSV F protein, an RSV F micelle
comprising a wodified or wutated RSV F protein, or a VLP comprising a modified or
mutated RSV F protein.

{629  In one embodiment, the invention comprises an fromunogenic formulation comprising
at least one effective dosc of a modified or mutated RSV F protein. In another embodiment,
the invention comprises an unmunegenic formulation comprising at least one effective dose
of an RSV F micelle comprising a medified or mutated RSV F protein.  In yet another
embodiment, the invention comprises an immunogenic formulation comprising at least one
effective dose of 8 VLP comprising a modified or mutated RSV F protein.

{¢38] In another embodiment, the invention provides for a pharmaceutical pack or kit
comprising one or more contamners filled with one or more of the mgredicnts of the vaccine
forrmulations of the invention.

{631} In another embodiment, the invention provides a method of formulating a vaccine or
antigenic composition that induces immunity to an infection or at least one disease symptom
thereot to a mammal, coraprising adding to the formulation an ctfective dose of a modified or
mutated RSV F protein, an RSV F micelle comprising a modified or mutated RSV F protein,
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or a VLP comprising a medified or mutated RSV F protein. In a preferred embodiment, the
infection 1s an RSV infection.

1832} The modified or mutated RSV F proteins of the invention arc useful for preparing
composttions that stimulate an immune response that confers immunity or substantial
immunity to infectious agents. Thus, in one embodiment, the invention provides a method of
mducing immunity to infections or at least one discase symptom thercof in a subject,
comprising administering at icast one effective dose of a modified or mutated RSV F protein,
an RSV F micelle comprising a modified or mutated RSV F protein, or a VLP comprising a
maodified or mutated RSV F protein.

{#33] In vet another aspect, the invention provides a method of inducing substantial
immantty to RSV viras infection or at least one discase syraptomw iu a subject, comprising
administering at lcast one effective dose of a modified or mutated RSV F protein, an RSV F
nuicelle comprising a modified or mutated RSV F protein, or a VLP comprising a modified or
mutated RSY F protein.

1834] Coropositions of the mvention can induce substantial immunity in a vertebrate (e.g. a
human} when administered to the vertebrate. Thus, in one embodiment, the invention
provides a method of inducing substantial immunity to RSV virus infection or at least one
discase syraptorn i a subject, comprising administering at least one effective dose of a
modified or mutated RSV F protein, an RSV F micelle comprising a modified or mutated
RSV F protein, or a VLP comprising a wodified or routated RSV F protein.  In another
embodiment, the invention provides a method of vaccinating a mammal against RSV
comprising administering to the wammal a protectiop-inducing amount of a wodified or
rutated RSV F protein, an RSV F micelle comprising a modified or mutated RSV F protein,
or a VLP comprising a modified or mutated RSV F protein.

{835] In another embodiment, the invention comprises a8 method of inducing a protective
antibody response to an infection or at least one symptom thereof in a subject, comprising
administering at least one effective dose of a modified or mutated RSV F protein, an RSV F
micelle comprising a medified or nutated RSV F protein, or a VLP comprising a modified or
routated RSV F protein.

1836} In another cmbodiment, the invention comprises a method of inducing a protective
cellular response to RSV infection or at least one disease symptom in a subject, comprising
administering at least one effective dose of a modified or mutated RSV F protein. In another
cmbodiment, the mvention comprises a mcethod of inducing a protective cellular response to

RSV infection or at least one disease symptom in a subject, comprising administering at least

~
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one cffective dose of an RSV F micelle comprising a modified or mutated RSV F protein. In
vet another erabodiment, the wvention comprises a method of inducing a protective cellular
response to RSV infection or at least one discase symptom in a subject, comprising
administering at least one effective dose of a VLP, wherein the VLP compriscs a modified or
mutated RSV F protein.
18371 In yet another aspect, the mvention provides an wsolated nucleic acid encoding a
modified or mutated RSV F proteitn of the invention. In an exemplary embodiment, the
isolated nucleic acid encoding a modified or routated RSV F protein s sclected from the
group consisting of SEQ ID NQ: 3, SEQ ID NGO: 5, SEQ ID NG: 7, or SEQ ID NG: 9.
{#38] In yet another aspect, the invention provides an isolated cell comprising a nucieic acid
cocoding a modified or mutated RSV F protein of the invention. In an exemplary
embodiment, the isolated nucleic acid encoding 2 modified or mutated RSV F protein is
selected from the group consisting of SEQ 1D NG: 3, SEQ ID NO: §, SEQ ID NO: 7, or SEQ
NG 9.
1839] In yet another aspect, the invention provides a vector comprising a nucleic acid
encoding a modified or mutated RSV F protein of the invention. In an exemplary
embodiment, the isolated nucleic acid encoding a modified or mutated RSV F protein is
selected from the group consisting of SEQ 1D NG: 3, SEQ ID NO: §, SEQ ID NGO: 7, or SEQ
I NO: 9. In one embodiment, the vector 18 a baculovirus vector.,
18408] In yot another aspect, the invention provides a method of makimg a RSV F protein,
comprising {(a) transforming a host cell to express a nucleic acid encoding a modified or
mutated RSV F protein of the invention; and (b) culturing said host cell under conditions
conducive to the production of said RSV F protein. In onc cmbodiment, the nucleic acid
cucoding a modificd or mutated RSV F protein is sclected from the group consisting of SEQ
1D NG: 3, SEQ ID NO: 5, SEQ 1D NO: 7, or SEQ 1D NG: 9. In another embodiment, the
host cell is an insect cell. In a further embodiment, the host cell is an is an insect cell
transfected with a baculovirus vector comprising a modified or mutated RSV F protem of the
invention.
{841} In yet another aspect, the nvention provides a method of making a RSV F protein
micelle, comprising (a) transforming a host cell to express a nucieic acid encoding a modified
or mutated RSV F protein of the wmvention; and (b) culturing said host cell under conditions
conducive to the production of said RSV F protein micelle. In one embodiment, the nucleic
acid encoding a modified or nutated RSV F proten 15 sclected from the group consisting of
SEQ D NO: 3, SEQ ID NO: 5, SEQ 1D NG 7, or SEQ D NO: 9. In one embodiment, the
8
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host cell is an nsect cell. In an exemplary embodiment, the host cell is an is an insect cell
transfected with a baculovirus vector comprising a modified or mautated RSV F protein of the
invention.

{842} In one aspect, the present invention 1s directed to an RSV fusion surface glycoprotein
{F) nanoparticle vaccine. In one embodiment, the vaccine comprises full length F protein. In
a further embodiment, the full length F protein 18 cleaved into disulfide linked F1 and F2
trimers.  The Fl and F2 trimers, in one cmbodiment, are present in micelles having a
diameter of about 20 rin to about 40 nm.

{643] In another aspect, au antibody generated by the vaccine of the invention is provided.
{#44] In yet another aspect, a method for vaccinating a subject in need thercof is provided.
In one embodiment, the method comprises administering to the subject a recombinant RSV
fusion glycoprotein (F) nanoparticle vaccine. In a further embodiment, the nanoparticie
vaccine coraprises full length F protein. In oven a further cmbodiment, the full length F
protein is cleaved into disulfide linked F1 and F2 trimers. The F1 and F2 trimers, in one
cmbodiment, are present in nicelles having a diameter of about 20 nm to about 40 nm.

{845] In one emboediment, the vaccine of the invention is administered at a dose is selected
from the group consisting of 5 pg, 15 ug, 30 pg and 60 pg.

{#46] In another aspect, a method for vaccinating a subject 1u need thereof is provided. In
one embodiment, the method comprises administering to the subject a recombinant RSV
fusion glycoprotein {F) nanoparticle vaccine comprising full length F protein and an

adpuvant. In a further embodiment, the adjuvant is alun.

BRIEF DESCRIPTION OF THE FIGURES

{#47] Figure 1 depicts the structure of wild type HRSV Fy, protein and the primary (SEQ ID
NO: 32) and secondary (SEQ 1D NO: 33) cleavage sites.

{848} Figure 2 depicts structures of modified RSV Fy proteins with cleavage site mutations
as described in Exarople 3, corresponding to SEQ 1D NOs: 28 (KKQKQQ), 29 (GRROQR),
30 (RAQYS, and 31 {(KKQKRQ).

{349] Figure 3 depicts conservative substitutions {(R133Q, R135Q and RI36Q) in the
primary cleavage site of modified HRSV F protetn BV #3541 (SEQ ID NO: 6).

18581 Figure 4 depicts sequence and structure of modified HRSV F protein BV #541 (SEQ
1D NO: 6).
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{#51] Figure 8 depicts sequence and structure of modified HRSV F protein BV #622 (SEQ
1D NG: 10).

1852} Figure 6 depicts SDS-PAGE coomassie-stained gel of purified recombinant HRSV F
protein BY #622 with or without the presence of ME.

{#53] Figore 7A depicts a Western blot analysis of the RSV F fusion domain mutants.
Figure 7B depicts cell surface RSV F protein imrounostaining of the RSV F fusion domain
mutants. Figure 7C depicts the structure of modified HRSV F protein BV #0683 (SEQ D
NO: 8). Figure 7D depicts the parent clone BV#S541 (AD) and mutants with A2 A4, A6, AE,
ATQ (BVHOR3), A12, Al4, Al6, and AR deletions 1n the fusion domain, BV#541 comprises a
protein in which the amino acid sequence of the fusion domain comprises position 137 to 154
of SEQ 1D NO: 6). The amino acid sequences of the fusion dovoain portions of the deletion
nuutants comprise position 139 to 154 of SEQ 1D NO: 6 {(A2), position 141 to 154 of SEQ ID
NO: 6 (Ad), position 143 to 154 of SEQ ID NO: 6 (A6), position 145 to 154 of SEQ ID NOG: 6
{A8), position 147 to 154 of SEQ 1D NO: 6 (A10; BV#HOE3), position 149 to 154 of SEQ ID
NO: 6 (A12), posttion 151 to 154 of SEQ 1D NO: 6( Al4), or position 153 to 154 of SEQ ID
N 6 {(A16). The entire fuston domain corresponding to position 137-154 in SEQ 1D NO: 6
is deleted 1n the ntant with a A18 deletion

{#34] Figure 8 depicts SDS-PAGE coomassie-stained gels of purified recombinant HRSV F
proteins BY #622 and BV #6583 with or without the presence of BME {(on the left), and their
structures.

1838} Figure 9 depicts SDS-PAGE coomassig-stained gel {on the left) and Western Blot (on
the right) avalysis of purified recombinant HRSV F protein BY #683 with or without the
presence of BME.

1656] Figure 18 depicts SDS-PAGE coomassic-stained gel used in purity analysis by
scanning densitometry {on the left) and Western Blot {on the right) of purified recombinant
HRSV F protein BY #683,

{#57] Figuore 11 depicts images of purified recombinant HRSV F protein BV #683 micelles
{roscttes) taken in negative stain electron microscopy.

[388] Figure 12A depicts reverse phase HPLC analysis of HRSV F protein BV #683.
Figure 12B depicts size exclusion HPLC analysis of HRSV F protein BY #683. Figure 12C
depicts particle size analysis of HRSV F protein BV #683 micelies.

{#59] Figure 13 depicts SDS-PAGE coomassic-stained gel {on the left) and Western Blot
{on the right) analysis of modifiecd HRSV F proteins BV #622 and BV #623 (SEQ 1ID NO:
21} with or without co-expression with HRSY N and BRSV M proteins in the crude cell
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culture harvests (intracelular} or pellcted samples by 30% sucrose gradient scparation, and
structures of BY #622 and BV #623.

18681 Figure 14 depicts SDS-PAGE coomassic-stained gel {on the left) and Western Blot
{on the right) analysis of modified HRSV F protein BV #622, double tandem chimeric BV
#636 (BV #5341 + BRSV M), BV #683, BV #0684 (BV #3541 with YIAL L-domain), and BY
H#685 (BV #541 with YKKL L-domain} with or without co-expression with HRSYV N and
BRSY M proteins in the crude cell culture harvests {(intracelhular) samples, and structure of
cach analyzed modificd HRSV F protein.

{661} Figure 15 depicts SDS-PAGE coomassie-stained gel {on the left) and Western Blot
{on the right) analysis of modified RSV F protein BV #622 (SEQ 1D NO: 10), double tandem
chimeric BV #636 (BV #3541 +BRSY M), BV #683 (SEQ ID NG: 8), BY #684 (BV #3541
with YIAL L-domain}, and BV #685 (BV #541 with YKKL L-domain} with or without co-
expression with HRSV N and BRSY M proteins in the pelicted samples by 30% sucrose
gradient separation, and structure of each analyzed modified HRSV F protein.

1#62] Figure 16 A-D depict structure, clone name, description, Western Blot and SDS-
PAGE coomassie results, and conchusion for each modified RSV F protein as described in
Example 9.

[663] Figure 17 depicts experimental procedures of the RSV challenge study as described
in Example 10.

{864] Figore 18 depicts results of RSV veutralization assay at day 31 and day 46 of mice
immunized with PBS, hive RSV, FI-RSV, 1 ng PFP, 1 ug PFP + Alum, 10 pg PFP, 10 pp
PFP + Aluro, 30 ug PFP, and positive control {anti-F sheep).

{¢658] Figure 19 depicts RSV titers in lung tissues of mice immunized with PBS, live RSV,
FI-RSVY, | ug PFP, 1 ug PFP + Alum, 10 ug PFP, 10 ugPFP + Alum, and 30 ug PFP, 4 days
after challenge of infectious RSV,

1066] Figure 28 depicts SDS-PAGE gel stained with coomassic of purified recombinant
RSV F protein BY #6383 stored at 2 - 8°C for 0, 1, 2, 4, and 5 weeks.

{¢67] Figure 21 depicts RSV A and RSV B ncutralizing antibody responses following
immunization with ive RSV (RSV), formalin inactivated RSV (FI-RSV), RSV-F protein BV
#6483 with and without aluminum (PFP and PFP + Aluminum Adjuvant), and PBS controls.
[668] Figure 22 depicts lung pathology following challenge with RSV 1o rats imrounized
with live RSV, formalin inactivated RSV (FI-RSV), RSV-F protein BV #683 with and
without aluminum (Foroicelie (30 ug) and F-micelle (30 pg) + Aluminum Adjuvant), and
PBS controls.
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{¢69] Figure 23 1s a graph showing the neutralizing antibody responses against RSV A in
cotton rat (y-axis, expressed as Log?2 titers) vs. various vaccination treatment groups (X-axis).
The line for cach group is the geometric mean of end point titer that neutralized 100%.

{078] Figure 24 15 a graph showing the neutralizing antibody responses against RSV A n
cotton rat (y-axis, expressed as Log?2 titers) vs. various vaccination treatment groups {X-axis).
The line for cach group 1s the geomcetric mean of end point titer that neutralized 100%.

{871} Figure 25 1s a graph showing the hung viral titers of cotton rats {expressed as logld
ptu/gram of tissuc) vs. various vaccination treatment groups (x-axis). The viral titers are
shown £SEM.

{#72] Figuore 26A 18 a graph showing ELISA units vs. vaccination group, and provides a
rocasure for antibody production in animals treated with the RSV F vaccine, FI-RSV, live
RSV, or PBS. Figure 26 B is a graph showing antibody production in each vaccine group as
measured by RSV-F lgG titer. Figure 26C is a graph depicting scrurn neutralizing antibody
titers against RSV in each vaccination group. Figure 26D is a graph showing palivizumab
competitive 1gG titers from pooled sera from cach vaccination group.

18731 Figure 27 arc representative micrographs of lung tissue harvested from rats after
treatment with the nanoparticle vaccine of the mvention and a subsequent challenge with
RSV,

{#74] Figure 28 18 a graph showing the binding competition between the palivizumab
epttope {(SEQ D NO: 35} and antibodies produced by the vaccine of the present invention.
1878} Figure 29A is a graph showing the binding of various concentrations of Synagis®
MAD to palivizumab epitope peptide. Figure 29B is a graph showing the binding of various
concentrations of Synagis® to recombinant RSV F miceiles.

1876] Figure 30 provides scheroes of various assays carried out to tost the immunogeunicity
of the nanoparticle vaccines of the invention.

{877} Figure 31 18 a graph showing the results of an ELISA study using human sera from
subjects treated with the vaccine of the present invention.

{#78] Figure 32 is a graph showing anti-RSV F (A} and anti-RSV G (B) IgG detected in
human sera from subjects freated with the vaccine of the preseut invention.

1879] Figure 33 is a graph showing the geometric mean fold rise in anti-RSV F IgG levels
for the alum treatment groups.

{#80] Figure 34 is a graph showing the plague reduction neutralization titers for subjects at

various timepoints, before or after treatment with the nanoparticle vaceine of the invention.
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{#81] Figure 35 shows the reverse cummlative distribution for Day 0, Day 30 and Day 60
PRNTs in the placebo and 30 pg + Alum groups.

882} Figure 36A shows the positive assay controls for the BlAcore SPR-based antigen
binding assay utilized to asscss the avidity of antibodics in the human sera for RSV F,
Figure 36 B shows a sensorgram for sera from Day 0 and placebo controls, in comparison to
the positive control palivizumab.

{883} Figure 37 shows the binding curve for palivizumab and a representative sample from
the vaceine group, as measured using the BlAcore SPR-based antigen binding assay.

{#84] Figure 38 is a graph showing the georoetric mean rise in antibody titer levels for both
{1} anti-F 1gG (left bar} and (2) MN (right bar) for the various treatment groups.

{B85] Figore 39 is a graph showing antibody geometric racan titers (GMT) n paticots
administered RSV nanoparticle vaccine at various dosages. The antibody response is to the
antigenic site I peptide 254-278.

{#86] Figure 4084 is a graph showing antibodies generated by the RSV F protemn
nanoparticle vaccine are corapetitive with Palivizomab. Figure 408 18 a graph showing
palivizumab competitive antibodies post dose 1 and post dose 2 in all vaccine groups.

{887} Figure 41 1s a graph showing the results of a Palivizumab corapetition assay. The
results show that RSV F nanoparticle vaccine wmduced antibodies correlate with antibodies
that compete for the Palivizumab binding site.

{0881 Figure 42 shows the RSV F binding titers of the indicated monoclonal antibodies and
the antibody recognition sites for cach monoclonal antibody on the full length RSV F antigen.
[689] Figure 43 i3 a graph showing the anti-RSV F IgG antibody titer in sera frovo cotion
rats immunized with FI-RSV, RSV-F nanoparticle vaccine with or without adjuvant, or live
RSV at Day 0, 28, and 49 post-irarmunization.

{696} Figure 44 is a graph showing neutralizing antibody responses at Bay 0, 28, and 49
after immunization of cotton rats with FI-RSV, RSV-F nanoparticle vaccine with or without
adpavant, or live RSV,

{#91] Figure 45 is a graph showing the fusion inhibition titers in sera from cotton rats
immuanmzed with FI-RSV, RSV-F nanoparticle vaccine with or without adjuvant, or ive RSV,
1692} Figure 46 is a graph showing competitive ELISA titers in sera from cotton rats
imrounized with FI-RSV, RSV-F nanoparticle vaccine with or without adjuvaut, or live RSV,
{093} Figure 47 shows the titers of vaccine-induced antibodies competitive with the
indicated neutralizing RSV F-specific monoclonal antibody in sera from cotton rats
immunized with FI-RSV, RSV-F nanoparticle vaceine with or without adjuvant, or five RSV,
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DETAILED DESCRIPTION OF THE INVENTION

Definitions

18941 As used herein, the term “adjuvant” refers to a compound that, when used in
combination with a specific imrounogen {e.g. a modified or mutated RSV F protein, an RSV
F micelle comprising a modified or mutated RSV F protein, or a VLP comprising a modified
or mutated RSV F protein) in a formulation, will augraoent or otherwise alter or modify the
resultant immune response. Modification of the immune response includes intensification or
broadening the specificity of cither or both antibody and cellular tmroune responses.
Modification of the immune response can also mean decreasing or suppressing certain
antigen-specific MuUne responscs.

[8858]  As used berein, the term “antigenic formulation” or “astigenic composition” refers to
a preparation which, when administered to a vertebrate, especially a bird or a mammal, will
indace an immune response.

{#96] As used herein, the term “avian influenza virus” refers to influenza viruses found
chiefly in birds but that can also infect humans or other animals. In some nstances, avian
influenza viruses may be transmitted or spread from one human to another. An avian
influenza virns that infects humans has the potential to cause an mfluenza pandemic, ie.,
morbidity and/or mortality in bumans. A pandemic occurs when a new strain of influenza
virus {& virus against which humans have no natural momunity) emerges, spreading beyond
individual localities, possibly around the globe, and infecting many huraus at once.

18971  As used herein, an “effective dose” generally refers to that amount of a modified or
mutated RSY F protein, an RSV F micelle comprising a modified or mutated RSV F protein,
or a VLP comprising a modified or pwutated RSV F protein of the invention sufficient to
induce imrounity, to prevent and/or ameliorate an infection or to reduce at feast one symptom
of an infection or disease, and/or to enhance the efficacy of another dose of a modified or
mutated RSV F protein, an RSV F micelle comprising a modificd or mutated RSV F protein,
or a VLP comprising a modified or mutated RSV F protein. An effective dose may refer to
the amount of a modified or mutated RSV F protein, an RSV F micelle comprising a
rmodified or mwutated RSV F protein, or a VLP comprising a medified or mutated RSV F
protein sufficient to delay or minimize the onset of an infection or discase. An effective dose
may also refer to the amount of a medified or wutated RSV F protein, an RSV F micelle

comprising a modified or mutated RSV F protein, or a VLP comprising a medified or
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rutated RSV F protein that provides a therapeutic benefit in the treatment or management of
an infection or disease. Further, an effective dose 1s the arsount with respect to a modified or
mutated RSV F protein, an RSV F micelle comprising a modified or mutated RSV F protein,
or a VLP coraprising a modificd or rautated RSV F protein of the invention alone, or in
combination with other therapies, that provides a therapeutic benefit in the treatment or
roanagement of an infection or discase. An effective dosc may also be the amount sufficient
to enhance a subject’s {e.g., a human’s} own immune response against a subsequent exposure
to an infectious agent or discase. Levels of tmrounity can be monitored, e.g., by measuring
amounts of neutrahzing secretory and/or scrurn antibodies, e.g., by plague neutralization,
complement fixation, enzyme-linked immunosorbent, or microncutralization assay, or by
rocasuring cellular respouses, such as, but not hmited to cytotoxic T cells, antigen presenting
cells, helper T cells, dendritic cells and/or other cellular responses. T cell responses can be
monitored, e.g., by measuring, for example, the amount of CD4 and CDR' cells present
using specific markers by fluorescent flow cytometry or T cell assays, such as but not Hmited
to T-cell proliferation assay, T-cell cytotoxic assay, TETRAMER assay, and/or ELISPOT
assay. Iun the case of a vaccine, an “effective dose” is one that prevents disease and/or
reduces the severity of symptoms.

{098] As used herein, the term “cffective amount” refers to an amount of a2 modified or
rutated RSV F protein, an RSV F micelle comprising a modified or mutated RSV F protein,
or a VLP comprising a modified or mutated RSV F protein necessary or sufficient o realize a
desired biologic effect. An cffective amount of the composition would be the amount that
achieves a selected result, and such an araount could be determined as a watter of routine
experimentation by a person skilied in the art. For example, an cffective amount for
preventing, treating and/or ameliorating an infection could be that amount necessary to cause
activation of the immune system, resulting in the development of an antigen specific immune
response upon cxposure to a modified or mutated RSV F protein, an RSV F micelle
comprising a modified or mutated RSV F protein, or a VLP comprising a modified or
mutated RSV F protein of the invention. The term is also synonymous with “sufficient
amount.”

18991 As used herein, the term “expression” refers to the process by which polymucleic acids
are trapscribed into mRNA aund translated into peptides, polypeptides, or proteins. If the
polymucleic acid is derived from genomic BNA, expression may, if an appropriate cukaryotic

host ccll or organisim 18 selected, include splicing of the mRNA. In the context of the present
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invention, the term also encompasses the yield of RSV F gene mRNA and RSV F proteins
achieved following expression thereof.

18168¢] As used herein, the term "F protein” or "Fusion protein” or "F protein polypeptide” or
“Fusion protein polypeptide” refers to a polypeptide or protein having all or part of an amine
acid sequence of an RSV Fusion protein polypeptide. Stmilarly, the term "G protein” or "G
protein polypeptide” refers to g polypeptide or protein having all or part of an amino acid
sequence of an RSV Attachment protein polypeptide.  Numerous RSV Fusion and
Attachiment proteins have been described and are known to those of skill in the art.
WO/2008/114149, which s hereim incorporated by reference in us enbivety, sets out
exemplary F and G protein variants {for example, naturally occurring variants).

{3101} As used herein, the terms “immunogens” or “aotigens” refer to substances such as
proteins, peptides, and nucieic acids that are capable of eliciting an immune response. Both
termns also enconpass epitopes, and are used interchangeably.

{6182] As used herein the term “immune stimmlator” refers to a compound that enhances an
mmune response vig the body’s own chemical messengers {cytokines). These molecules
comprise various cytokines, lymphokines and chemokines with immunostimulatory,
inrunopotentiating,  and  pro-inflamynatory  activities, such  as  interferons  (IFN-y),
interieukins {e.g., TE-1, IL-2, 1L-3, 1L-4, 1L-12, 1L-13); growth factors {e.g., granulocyte-
macrophage {GM)-colony stimulating factor (CSF)); and other immunostimulatory
molecules, such as macrophage inflarmmatory factor, FIt3 higand, B7.1; B7.2, etc. The
immune stimulator molecules can be administered in the same formulation as VLPs of the
invention, or can be administered separately.  Either the protein or an expression vector
encoding the protein can be administered to produce an immunostimulatory effect.

13103] As used herein, the term “imumunogenic formmulation” refers to 4 preparation which,
when administered to a vertebrate, e.g. a mammal, will induce an immune response.

{#104] As used herein, the term “infectious agent” refers to microorganisms that cause an
infection in a vertebrate. Usually, the organisms are viruses, bacteria, parasites, protozoa
and/or fungi.

{B185] As used hercin, the terms “mutated,” “modificd,” "mutation,” or “modification”
indicate any modification of a nucleic acid and/or polypeptide which results in an altered
nucleic acid or polypeptide. Mutations nchude, for example, point routations, deletions, or
insertions of single or multiple residues in a polynucleotide, which includes alterations
arising within a protein-cncoding region of a gene as well as alterations in regions outside of
a protein-encoding sequence, such as, but not limited to, regulatory or promoter sequences.
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A genetic alteration may be a mutation of any type. For instance, the mutation may constitute
a point rautation, a frame-shift rautation, an 1osertion, or a deletion of part or all of a gene. Tn
some embodiments, the mutations are naturally-occurring. In other embodiments, the
mutations arc the results of artificial mutation pressure. In still other embodiments, the
mutations in the RSV F protetns are the result of genetic engineering.

{#186] As used herein, the term “multivalent” refers to compositions which have one or more
antigenic proteins/peptides or immunogens against multiple types or strains of infectious
agents or discases.

[G187] As used berein, the term “pharmacecutically acceptable vaccine” refers to a
fornlation which contains a modified or mutated RSV F protein, an RSV F micelle
comprising a wodified or wutated RSV F protein, or a VLP comprising a modified or
mutated RSV F protein of the present invention, which is in a form that is capable of being
admunistered to a vertebrate and which induces a protective immune response sufficient to
induce immunity to prevent and/or ameliorate an infection or disease, and/or to reduce at
icast one syraptom of an infection or discase, and/or to cnhance the cfficacy of another dose
of a modified or mutated RSV F protein, an RSV F micelle comprising a modified or mutated
RSV F protein, or a VLP comprising a modified or mutated RSV F protein. Typically, the
vaceine comprises a conventional saline or buffered aqueous solution wediom in which the
composition of the present invention is suspended or dissolved. In this form, the composition
of the present invention can be used convenently to prevent, arncliorate, ot otherwise treat an
infection. Upon introduction into a host, the vaccine is able to provoke an immune response
including, but not limited to, the production of antibodies and/or cytokines and/or the
activation of cytotoxic T cells, antigen presenting cells, helper T cells, dendritic cells and/or
other cellular responses.

{3188] As used herein, the phrase “protective immune response” or “protective response”
refers to an umyoune response mediated by antibodies against an infectious agent or discase,
which is exhibited by a vertebrate (e.g., a human), that prevents or ameliorates an infection or
reduces at lcast one disease symptom thereof. Modified or nwtated RSV F proteins, RSV F
rmcelles comprising a modified or mutated RSV F protein, or VLPs comprising a modified or
mutated RSV F protein of the invention can stimulate the production of antibodics that, for
exarple, neutralize mfections agents, blocks wfecthious agents frow entening cells, blocks
replication of the infectious agents, and/or protect host cells from infection and destruction.
The term can also refer to an imraune response that is mediated by T-lymphocytes and/or
other white blood cells against an infectious agent or disease, exhibited by a vertebrate {e.g.,
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a humman), that prevents or ameliorates infection or discase, or reduces at least one symptom
thercof.

18169} As used herein, the term “‘vertebrate” or “subject” or “patient” refers to any member
of the subphylum cordata, including, without hmitation, humans and other primates,
including non-human primates such as chimpanzees and other apes and monkey species.
Farm animals such as cattle, sheep, pigs, goats and horses; domestic marnmals such as dogs
and cats; laboratory animals including rodents such as mice, rats {including cotton rats) and
guines pigs; birds, including domestic, wild and game birds such as chickens, turkeys and
other gallinaceous birds, docks, geese, and the like are also non-limiting examples . The
terms “mammals” and “animals” arc included in this definition. Both adnlt and newborn
individuals are intended to be covered. In particular, mfants and young children are
appropriate subjects or patients for a RSV vaccine.

10110} As used herein, the term “virus-like particle” (VLP) refers to a structure that in at least
one attribute resernbles a viras but which has not been demonstrated to be infectious. Virus-
itke particles in accordance with the invention do not carry genetic information cncoding for
the proteins of the virus-like particles. ln general, virus-like particles lack a viral genome
and, thercfore, are nomnfectious. In addition, viras-like particles can often be produced m
large quantities by heterologous expression and can be casily puritied.

(#1113} As used herein, the term “chimeric VLP” refers to VLPs that contain proteins, or
portions thereof, from at least two different iofectious agents (heterologous proteins).
Usually, one of the proteins is derived from a virus that can drive the formation of VLPs from
host cells. Examples, for dlustrative purposes, are the BRSV M protein and/or the HRSV G
or F proteins. The terms RSV VLPs and chimeric VLPs can be used interchangeably where
appropriate.

{3112} As used herein, the term ‘‘vaccine” refers o a preparation of dead or weakened
pathogens, or of derived antigenic determinants that 18 used to induce forration of antibodies
or immunity against the pathogen. A vaccine is given to provide immunity to the discase, for
example, influenza, which is caused by influenza viruses. In addition, the term “vaccine”
also refers to a suspeosion or solution of an immunogen {e.g. a modified or mutated RSV F
proteinn, an RSV F micelle comprising a modified or mutated RSV F protein, or 2 VLP
comprising a modified or mutated RSV F protein) that is adroinistered to a vertebrate to
produce protective immunity, i.e., immunity that prevents or reduces the severity of disease
associated with infection. The present mvention provides for vaccine compositions that are
immunogenic and may provide protection against a discase associated with infection.
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RSV F Proteins

{8113} RSV-F proteins and methods are described in US. Patent Application Serial No.
12/633.995, filed Becember 9, 2009 {published September 23, 2010 as 1.8, Publication No.
2010/0239617), U.S. Provisional Application Serial No. 61/121,126, filed December 9, 2008,
and U.S. Provisional Application Serial No. 61/169,077, filed Aprd 14, 2009, and US.
Provisional Application Scrial No. 61/224,787, filed July 10, 2009, the disclosures of which
are each incorporated by reference in their entirety for all purposes.

{#114] Two structural membrane proteins, F and G proteins, arc expressed on the surface of
RSV, and have been shown fo be targets of neutralizing astibodies (Sullender, W, 2000,
Clinical Microbiology Review 13, 1-15}). These two proteins are also primarily responsible
for viral recognition and entry info target cells; G protein binds to a specific cellular receptor
and the F protein promotes fusion of the virus with the cell. The F protein is also expressed
on the surface of mfected cells and is responsible for subsequent fusion with other cells
leading to syncytia formation. Thus, antibodies to the F protein can neutralize virus or block
entrv of the viras into the cell or prevent syncytis formation.  Although antigenic and
structaral differcnces between A and B subtypes have been described for both the G and F
proteins, the more significant antigenic differences reside on the G protein, where amino acid
sequences are only 53% homologous and antigenic relateduoess 1s 5% (Walsh ef of. (19873 1.
infect. Dig. 155, 1198-1204; and Johnson ez af. (1987 Proc. Natl. Acad. Sci. USA 84,5625~
5629, Counversely, antibodies raised to the F protein show a high degree of cross-reactivity
among subtype A and B viruses.

{6115} The RSV F protein directs penetration of RSV by fusion between the virion's
envelope protein and the host cell plasma membrane. Later in infection, the F protein
expressed on the cell surface can mediate fusion with neighboring cells to form syncytia. The
F protein is a type | transmembrane surface protein that has a N-terminal cleaved signal
peptide and a membrane anchor near the C-termunus. RSV F is synthesized as an inactive Fy
precursor that assernbles into a homotrimer and is activated by cleavage in the trans-Golgi
complex by a cellular endoprotease to yield two disulfide-linked subunits, ¥y and ¥, subunits.
The N-termiunus of the Fy subunit that s created by cleavage countains a hydrophobic dorsain
{the fusion peptide) that inserts directly into the target membrane to initiate fusion. The Fy
subunit also contains heptad repeats that associate during fusion, driving a conformational
shift that brings the viral and cellular membranes into close proximity (Collins and Crowe,
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2007, Fields Virology, 5t ed., D.M Kipe ef af., Lipincott, Williams and Wilkons, p. 1604},
SEQ ID NO: 2 {(GenBank Accession No. AABS9858) depicts a representative RSV F protein,
which is encoded by the gene shown in SEQ ID NO: 1 (GenBank Accession No. M11486).
10116} In nature, the RSV F protein 18 cxpressed as a single polypeptide precursor, 574
amino acids in length, designated FO. In vivoe, FO oligomerizes in the endoplasmic reticulum
and 1s proteolytically processed by a furin protease at two conserved furin conscusus
sequences {furin cleavage sites), RARR (SE( 1D NO: 23) (secondary) and KKRKRR (SEQ
ID NO: 24) (primary} to generate an oligomer consisting of two disulfide-linked fragments.
The smaller of these fragmeuts 1s termed F2 and originates from the N-terminal portion of the
FO precursor. It will be recognized by those of skiil in the art that the abbreviations FO, Fl
and F2 are commounly desigoated Fo, ¥y and Fy in the scientific hterature. The larger, C-
terminal Fl fragment anchors the F protein in the membrane via a sequence of hydrophobic
amino acids, which arc adjacent to a 24 ammno acid cytoplasmic tail, Three F2-F1 dimers
associate to form a mature F protein, which adopts a metastable prefusogenic ("prefusion™)
conformation that is friggered to undergo a conformational change upoun contact with & target
cell membrane. This conformational change exposes a hydrophobic sequence, known as the
fusion peptide, which associates with the host cell mersbrane and promotes fusion of the
membrane of the viras, or an mfected cell, with the target cell mewbrave.

{¢#117} The F1 fragment contains at icast two heptad repeat domains, designated HRA and
HRE, and 15 sttuated in proximity to the fusion peptide and transmembrane anchor domaius,
respectively. In the prefusion conformation, the F2-F1 dimer forms a globular head and stalk
structare, in which the HRA domains are i a segmented {extended) conformation in the
globular head. In contrast, the HRB domains form a three-stranded coiled coil stalk
extending from the head region. During transition from the prefusion to the postfusion
conformations, the HRA domains collapse and are brought into proximity to the HRB
domains to form an anti-parallel six helix bundle. In the postfusion state the fusion pephide
and transmembrane domains are juxtaposed to facilitate membrane fusion.

{#118] Although the conformational description provided above is based on molecular
rmodeling of crystallographic data, the structural distinctions between the prefusion and
postfusion conformations can be monitored without resort to crystallography. For example,
electron roicrography can be used to distinguish between the prefusion and postfusion
{alternatively designated prefusogenic and fusogenic) conformations, as demonstrated by
Calder et al., Virology, 271:122-131 (2000} and Morton et af., Virology, 311: 275-288, which
are incorporated herein by reference for the purpose of their techuological teachings. The
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prefusion conformation can also be distinguished from the fusegenic (post-fusion)
conformation by Hposome association assays as described by Connolly ef af, Proc. Natl.
Acad. Sci. USA, 103:17903-17908 (2006}, which is also incorporated herein by reference for
the purpose of its technological tecachings. Additionally, prefusion and fusogenic
conformations can be distinguished using anttbodies {e.g, monoclonal antibodies) that
specifically recognize conformation epttopes present on one or the other of the prefusion or
fusogenic form of the RSV F protein, but not on the other form. Such conformation epitopes
can be duc to preferential exposure of an antigenie determinant on the surface of the
molecule. Alternatively, conformational epifopes can arise from the juxtaposition of amino

acids that are non-contignous in the linear polypeptide.

Modified or Mutated RSV F Proteins

{8119} The present mventors have found that surprisingly high levels of expression of the
fusion (F) protein can be achieved when specific modifications are made to the structure of
the RSV F protein. Such modifications also unexpectedly reduce the cellular toxicity of the
RSV F protein in a host cell. In addition, the modified F proteins of the present invention
demonstrate an improved ability to exhibit the post-fusion “lolhipop” morphology as opposed
to the pre-fusion “rod” woorphology. Thus, in one aspect, the modified F proteins of the
present invention can alse exhibit improved {e.g. enhanced) immunogenicity as compared to
wild-type F proteins {e.g. exemplified by SEQ 1D NO: 2, which correspounds to GenBaok
Accession No. AABS9858).  These modifications have significant applications to the
development of vaceines and methods of using said vaccines for the treatment and/or
prevention of RSV,

{3128} In accordance with the invention, any number of mutations can be made to native or
wild-type RSV F proteins, and in a preferred aspect, multiple mutations can be made to result
in improved cxpression and/or immunogenic propertics as compared to native or wild-type
RSV F proteins.  Such mutations inchude point mutations, frame shift mutations, deletions,
and inscrtions, with one or more {(e.g., one, two, three, or four, etc.) rmtations preferred.
{3121} The vative F protein polypeptide can be selected from any F protemn of an RSV A
strain, RSV B strain, HRSV A strain, HRSV B strain, BRSV strain, or avian RSV strain, or
from vananits thereof (as defined above). In certain exemplary embodiments, the native F
protein polypeptide is the F protein represented by SEQ ID NO: 2 (GenBank Accession No
AABSSS5E). To facilitate understanding of this disclosure, all amino acid residue positions,
regardiess of strain, are given with respect to {that is, the amino acid residue position
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corresponds to) the amino acid position of the exemplary F protein. Comparable amino acid
positions of the F protein from other RSV stramns can be determined casily by those of
ordinary skill in the art by aligning the amino acid sequences of the selected RSV strain with
that of the exemplary sequence using readily available and well-known alignment algorithms
{such as BLAST, e.g., using default parameters). Numerous additional examples of F protein
polypeptides from different RSV strains are disclosed o WO/2008/114149 (which 1s
incorporated herein by reference in its entirety). Additional variants can arise through geuetic
drift, or can be produced artificially using site directed or randorn routagenesis, or by
recombination of two or more preoxnisting variants. Such additional variauts are also suitable
in the context of the modified or nmutated RSV F proteins disclosed herein.

13122} Mutations roay be wntroduced info the RSV F proteins of the present invention using
any methodology known to those skilled in the art. Mnutations may be introduced randomly
by, for example, conducting a PCR reaction in the presence of rangancse as a divalent metal
ion cofactor. Alternatively, oligonucleotide directed mutagenesis may be used to create the
rautant or modified RSV F proteins which allows for all possible classes of base pair changes
at any determined stte along the encoding DNA molecule. In general, this technique involves
annealing an ohigoncleotide complernentary {except for one or more mismatches) to a single
stranded nucleotide sequence coding for the RSV F protein of interest. The mismatched
oligonucleotide is then extended by DINA polymerase, generating a double-stranded DNA
roolecule which contains the desived change in sequence in one strand. The chaonges
sequence can, for example, result in the deletion, substitution, or insertion of an amino acid.
The double-stranded polynucieotide can theo be juserted into an appropriate expression
vector, and a mutant or modified polypeptide can thus be produced. The above-described

oligonucleotide directed mutagenesis can, for example, be carried out via PCR.

Additional RSY Proteins

{#123] The invention also encompasses RSV wvirus-like particles (VLPs} comprising a
modified or mutated RSV F protein that can be fornwulated into vaccines or antigenic
formulations for protecting vertebrates {e.g. bumans) against RSV infection or at least one
discase symptom thercof. In some embodiments, the VLP comprising a modified or mutated
RSV F protein further comprises additional RSV proteins, such as M, N, G, and SH. In other
embodiments, the VLP comprising a modified or mutated RSV F protein further comprises
proteins frorn heterologous strains of virus, such as influenza virus proteins HA, NA, and M1,
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{n one embeodiment, the influenza virus protein M1 is derived from an avian influenza virus
strain.
18124} RSV N protein binds tightly to both genomic RNA and the replicative intermediate
anti-genomic RNA to form RNAse resistant nucleocapsid. SEQ 1D NOs: 16 (wild-type) and
18 {codon-optimized} depict representative amino acid sequences of the RSV N protein and
SEQ ID NOs: 15 (wild-type) and 17 {(codon-optimized) depict representative mucleie acid
sequences encoding the RSV N protein. Encompassed in this invention are RSV N proteins
that are at least about 20%, about 30%, about 40%, about 30%, about 60%, about 70% or
about R0%, about R5%, about 90%, about 95%, about 969, about 97%, about 98% or about
99% identical to SEQ D NO: 18, and all fragments and variants {including chimeric
proteins} thereof.
{8125} RSV M protein is a non-glycosylated internal virion protein that accumulates in the
plasma membrane that ioteracts with RSV F protein and other factors during virus
morphogenesis.  In certain preferred embodiments, the RSV M protein is a bovine RSV
(BRSV} M protein. SEQ ID NOs: 12 (wild-type) and 14 (codon-optimized) depict
representative aming acid sequences of the BRSV M protein and SEQ 1D NOs: 11 (wild-
type) and 13 (codon-optimized) depict representative nucleic acid sequences encoding the
BRSV M protein. Encompassed in this mvention are RSV (ncluding, but not livuted to,
BRSV} M proteins that are at lcast about 20%, about 30%, about 40%, about 50%, about
60%, about 70% or about 80%, about 83%, about 90%, about 93%, about 96%, about 87%,
about 98% or about 99% identical to SEQ 1D NOs: 12 and 14, and all fragments and variants
{inchuding chimeric proteios) thereof
{#126] RSV G protein is a type H transmembrane glycoprotein with a single hydrophebic
region near the N-terminal end that serves as both an uncleaved signal peptide and a
membrane anchor, leaving the C-terminal two-thirds of the molecule oriented externally.
RSV G 15 also expressed as a secrcted protein that arises from translational initiation at the
second AUG in the ORF (at about amino acid 48}, which lies within the signal/anchor. Most
of the ectodomain of RSV G is highly divergent between RSV strains {{d,, p. 1607). SEQ ID
N 26 depicts a representative RSV G protein, which is encoded by the gene seguence
shown in SEQ 1D NO: 25, Encompassed in this mnvention are RSV G proteins that are at
least about 20%, about 30%, about 40%, about 50%, about 60%, about 70% or about 0%,
about 83%, about 90%, about 95%, about 96%, about 97%, about 98% or about 99%
identical to SEQ ID NO: 26, and all fragments and variants {(including chimeric proteins)
thereof,
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{#127} The SH protein of RSV is a type H transmembrane protein that contains 64 (RSV
sabgroup A} or 65 amino acid residues (RSV subgroup B). Some studies have suggested that
the RSV SH protein may have a role in viral fusion or in changing membrane permeability.
However, RSV lacking the SH genc are viable, cause syncviia formation and grow as well as
the wild-type virus, indicating that the SH protein is not necessary for virus entry into host
cells or syneytia formation. The SH protein of RSV has shown the ability of inhibit TNF-a
signaling. SEQ 1D N{: 27 depicts a representative amino acid sequence of the RSV SH
protein. Encompassed in this fnvention are RSV SH proteins that are at least about 20%,
about 30%, about 40%, about 50%, about 60%, about 70% or about 80%, about 5%, about
30%, about 95%, about 96%, about 97%, about 98% or about 99% identical to SEQ 1D NG:

27, and all fragmenis and varanis (ncluding chimeric proteins) thereof,
5 /7

RSY Vaccines

{#128] Currently, the only approved approach to prophylaxis of RSV disease is passive
immunization. Initial evidence suggesting a protective role for IgG was obtamed from
observations involving maternal antibody in ferrets (Prince, G. A, Ph.D. diss.,, University of
California, Los Angeles, 1975} and humans (Lambrecht ef af,, (1976} J. Infect. Dis. 134, 211-
217, and Glezen ef af. (1981) 1. Pediatr. 98,708-715). Hemming ¢f af. (Morell ef 4/, eds.,
1986, Clinical Use of Intravenous Immunoglobulins, Academic Press, London at pages 285-
294 recognized the possible utility of RSV antibody in treatmicut or prevention of RSV
infection during studies involving the pharmacokinetics of an intravenous immunoglobulin
(IVIG) in newborns suspected of having neonatal sepsis. They noted that one infant, whose
respiratory secretions yielded RSV, recovered rapidly after IVIG infusion.  Subsequent
analysis of the IVIG lot revealed an unusually high titer of RSV neutralizing antibody. This
same group of investigators then examined the ability of hyper-immune serum or
immunoglobuling enriched for RSV neutralizing antibody, to protect cotion rats and prirnates
against RSV infection (Prince er al. (1985) Virus Res. 3, 183-206; Prince et af. {1990} 1.
Virol. 64, 3091-3092. Results of these studies suggested that RSV neutralizing antibody
given prophylactically inhibited respiratory tract replication of RSV 1o cotton rats. When
given therapeutically, RSV antibody reduced pulmonary viral replication both in cotton rats
and in a vonhuman primate model. Furthermore, passive infusion of immune serum or
immune globulin did not produce enhanced pulmonary pathology in cotton rats subsequently

challenged with RSV,
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{#129] Since RSV infection can be prevented by providing neutralizing antibodics to a
vertebrate, a vaccine comprising a modified or mutated RSV F protein may wnduce, when
administered to a vertebrate, neutralizing antibodies in vivo. The modified or mutated RSV F
proteins are favorably used for the prevention and/or treatroent of RSV infection. Thas,
another aspect of this disclosure concerns a method for elictting an immune response against
RSV. The method invelves admunistering an wmwmunologically effective amount of 4
composition containing a modified or mutated RSV F protein to a subject {such as a human
or anirmal subject). Administration of an mmunologically effective amount of the
composition elicits an Unmune response specific for epttopes present on the roodified or
mutated RSY F protein. Such an immune response can include B cell responses {e.g., the
production of newtralizing antibodies) and/or T cell responses {e.g., the production of
cytokines). Preferably, the immune response elicited by the modified or mutated RSV F
protein includes clements that are specific for at least one conformational epitope present on
the modified or mutated RSV F protein. In one embodiment, the immune response is specific
for an epitope present on an RSV F protein found 1n the “loliipop” post-fusion active state.
The RSV F proteins and compositions can be administered to a subject without enhancing
viral discase following contact with RSV, Preferably, the moditied or mutated RSV F
proteins disclosed herein and suitably formulated immunogenic cowpositions clicit a Thl
biased imimune response that reduces or prevents infection with a RSV and/or reduces or
prevents a pathological response following infection with a RSV,

1813¢] In one cmbodiment, the RSV F proteins of the present invention are found in the form
of miceles {e.g. roseties). The micelies obtainable 1u accordance with the imvention consist of
aggregates of the immunogenically active F spike proteins having a rosette-like structure.
The rosettes are visible in the clectron microscope (Calder er af., 2000, Virology 271: 122-
131). Preferably, the micelles of the present invention comprising modified or mutated RSV
F proteins exhibit the “lollipop” morphology indicative of the post-fusion active state. In one
embodimeunt, the micelles are purified following cxpression in a host cell.  When
administered to a subject, the micelles of the present invention preferably induce neutralizing
antibodies. [u some embodiments, the roicelles voay be adroimstered with an adjuvant. Io
other embodiments, the micelles may be administered without an adjuvant.

{#131] In another embodiment, the invention encompasses RSV virus-hike particles (VLPs)
comprising a modified or mutated RSV F protein that can be formulated into vaccines or
antigenic formulations for protecting vertebrates (e.g. humans) against RSV mfection or at
least one disease symptom thereof. The present invention also relates to RSV VLPs and
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vectors comprising wild-type and mutated RSV genes or a combination thereof derived from
different strains of RSV virus, which when transfected into host cells, will produce viras like
particles (VLPs} comprising RSV proteins.

{#132] In some cmbodiments, RSV virus-like particles may further comprise at least one
viral matrix protein {(e.g. an RSY M protein). In one embodiment, the M protein is derived
from a human strain of RSV, In another embodiment, the M protein is derived from a bovine
strain of RSV, Iu other embodiments, the matrix protein may be an M1 protein from a strain
of influcnza virus. In one cmbodiment, the strain of influcnza virus 18 an avian influcnza
strain. fo a preferred embodiment, the avian wmfluenza strain is the HSNT strain
Allndonesia/5/05. In other embodiments, the matrix protein may be from Newcastle Disease
Viras (NDV).

18133} In some embodiments, the VLPs may further comprise an RSV G protein. In one
embodiment, the G protein may be frorn HRSV group A, In another embodiment, the G
protein may be from HRSY group B. In vet another embodiment, the RSV G may be derived
from HRSV group A and/or group B.

{3134} In some embodiments, the VLPs may further comprise an RSV SH protein. In one
embodiment, the SH protein may be from HRSV group A, In another cmbodiment, the SH
protein may be from HRSV group B, In yet another embodiment, the RSV SH may be
derived from HRSV group A and/or group B.

{3135} In some embodiments, VLPs may further comprise an RSV N protein. In one
embodiment, the N protein may be from HRSV group A. In another embodiment, the N
protein may be frorn HRSV group B, In yet another erabodivaent, the RSV N may be dernved
from HRSV group A and/or group B.

16136} In further ombodiments, VEPs of the invention may comprise one or more
heterologous immunogens, such as influenza hemagglutinin (HA) and/or neuraminidase
(NA).

{61371 In some embodiments, the tnvention also comprises combinations of different RSV
M, F, N, 8H, and/or G proteins from the same and/or different strains in one or more VLPs.
in addition, the VLPs can include one or more additional molecules for the enhancement of
an Immune response.

[G138] In another embodiment of the invention, the RSV VLPs can carry agents such as
nucleic acids, siRNA, microRNA, chemotherapeutic agents, imaging agents, and/or other

agents that need to be delivered to a patient.
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{#139] VLPs of the invention arc useful for preparing vaccines and immunogenic
compositions. One important feature of VLPs 15 the ability to express surface proteins of
interest so that the immune system of a vertebrate induces an immune response against the
protein of interest. However, not all proteins can be expressed oun the surface of VLPs. There
may be many reasons why certain proteins are not expressed, or are poorly expressed, on the
surface of VLPs. One rcason is that the protein 18 not directed to the mernbrane of a host cell
or that the protein does ot have a transmembrane domain. As an example, seguences near
the carboxyl termunus of influenza hemagglutinin maay be important for incorporation of HA
into the lipid bilayer of the mature influenza enveloped nucleocapsids and for the asserobly of
HA trimer interaction with the influenza matrix protein M1 (Al ef ¢f., (2000) J. Virol 74,
8709-19).

18148} Thus, onc cmbodiment of the invention comprises chimeric VLPs comprising a
modified or mutated F protein from RSV and at least one tmmunogen which is not normally
efficiently expressed on the cell surface or is not a normal RSV protein. In one embodiment,
the roodificd or mutated RSV F protein may be fused with an immmunogen of interest. In
another embodiment, the modified or mutated RSV F protein associates with the immunogen
via the transmembrane domain and cytoplasmic tail of a heterologous viral surfuce mermbrane
protein, e.g., MMTV envelope protein.

{#141] Other chimeric VLPs of the invention comprise VLPs comprising a modified or
routated RSV F protein and at least one protein from a heterologous infectious agent.
Examples of heterclogous infectious agents include but are not limited to a virus, a
bactertum, a protozoan, a fungus and/or a parasite. To one erobodiveent, the immunogen from
another infectious agent is a heterologous viral protein.  In another embodiment, the protein
from & heterologous infectious agent is an envelope-associated protein.  In another
embodiment, the protein from another heterologous infectious agent is expressed on the
surface of VLPs. In another embodiment, the protein from an infections agent comprises an
epitope that will generate a protective immune response in a vertebrate. In one embodiment,
the protein from another infectious agent 18 co-cxpressed with a modified or mutated RSV F
protein.  In another embodiment, the protein from another infections agent 1s fused fo a
modified or mutated RSV F protein. In another embodiment, only a portion of a protein from
another mfections ageot is fused to a modified or mutated RSV F protein.  In another
embodiment, only a portion of a protein from another infectious agent is fused to a portion of

a modificd or mutated RSV F protein.  In another embodiment, the portion of the protein
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from another infectious agent fused to modified or mutated RSV F protein is expressed on the
surface of VLPs,

18142} The invention also encompasses variants of the proteins expressed on or in the VLPs
of the invention. The variants may contain alterations in the amine acid scquences of the

13

constituent proteins. The term “variant” with respect to a protein refers to an amino acid
sequence that is altered by one or more aminoe acids with respect to a reference sequence.
The variant can have “conservative” changes, wherein a substituted amino acid has similar
structural or chemical properties, e.g., replacement of leucine with 1soleucine.  Alternatively,
a variant capn have “vonconscrvative” changes, e.g., replacement of a glycine with a
tryptophan. Analogous minor variations can also include amino acid deletion or insertion, or
both. Guidance 1o determining which amino acid residues can be substituted, nserted, or
deleted without ecliminating biological or immunological activity can be found using
computer programs well known in the art, for cxample, DNASTAR software.

{#143] Natural variants can occur due to mutations in the proteins. These mutations may
icad to antigenic variability within mndividual groups of infectious agents, for cxample
influenza. Thus, a person infected with, for example, an influenza strain develops auntibody
against that virus, as newer virus strains appear, the antibodics against the older strains no
longer recognize the newer viras and re~-infection can occur. The jnvention encompasses all
antigenic and genetic variability of proteins from infectious agents for making VLPs.

{#144] General texts which describe molecular biological techniques, which are applicable to
the present invention, such as cloning, mutation, cell culture and the like, include Berger and
Kimmel, Guide to Molecular Cloning Technigues, Methods i Enzymology volume 152
Academic Press, Inc., San Diego, Calif. (Berger);, Sambrook ef /., Molecular Cloning--A
Laboratory Manual (3rd Ed.), Vol. 1-3, Cold Spring Harbor Laboratory, Cold Spring Harbor,
N.Y ., 2000 (“Sambrook™} and Current Protocols in Molecular Biology, F. M. Ausubel ef af,,
eds., Current Protocols, a joint venture between Greene Publishing Associates, Inc. and John
Wiley & Sons, Inc., (“Ausubel”). These texts describe mutagenesis, the use of vectors,
promoters and many other relevant topics related to, e.g., the cloning and mutating F and/or
(G wolecules of RSV, etc. Thus, the wnvention also encompasses using known methods of
protein engincering and recombinant DNA technology to improve or alter the characteristics
of the proteius expressed on or in the VLPs of the jnvention. Various types of mutagenesis
can be used to produce and/or isolate variant nucleic acids that encode for protein molecules
and/or to further modify/mutate the proteins i or on the VLPs of the invention. They include
but are not limited to site-directed, random point mutagenesis, homologous recombination
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{DNA shuffling), mutagenesis using uracil containing templates, oliponucleotide-directed
routagenesis, phosphorothicate~-modified DNA  mutagenesis, wutagenesis using gapped
duplex DNA or the like. Additional suitable methods include point mismatch repair,
mutagenesis  using  repair-deficient  host  strains,  restriction-selection  and  restriction-
purification, deletion mutagenesis, mutagenesis by total gene synthesis, double-strand break
repatr, and the like. Mutagenesis, e.g., involving chimeric constructs, is also included in the
present invention. In one embodiment, mutagenesis can be guided by known information of
the naturally occurring molecule or aliered or mutated naturally occurring molecule, eg.,
sequence, sequence comparisons, physical properties, crystal structure or the like.

{#145] The invention further comprises protein variants which show substantial biological
activity, e.g., able to ehcit an effective antibody response when expressed on or in VEPs of
the invention.  Such variants include deletions, msertions, inversions, repeats, and
substitutions sclected according to general rules known in the art so as have little cftect on
activity.

13146} Methods of cloning the proteins are known in the art. For example, the gene encoding
a specific RSV protein can be isolated by RT-PCR from polyadenylated mRNA extracted
from cells which had been mfected with a RSV virus. The resulting product gene can be
cloned as a DNA insert mio a vector. The terro “vector” rvefers to the rocans by which a
nucleic acid can be propagated and/or transferred between organisms, cells, or cellular
components.  Vectors include plasmids, viruses, bacteriophages, pro-viruses, phagemids,
transposons, artificial chromosomes, and the like, that replicate autonomously or can
infegrate into a chromosome of a host cell. A vector can also be a naked RNA
polymucleotide, a naked DNA polynucieotide, a polynucleotide composed of both DNA and
RNA within the same strand, g poly-lysinc-conjugated DNA or RNA, a peptide-conjugated
DNA or RNA, a liposome-conjugated DNA, or the like, that is not autonomously replicating.
In many, but not all, comrnon embodiments, the vectors of the present mvention are plasmids
or bacmids.

{#147] Thus, the invention compriscs nucleotides that encode proteins, including chimeric
roolecules, cloned into an expression vector that can be expressed in a cell that induces the
formation of VLPs of the invention. An “expression vector” is a vector, such as a plasmid
that is capable of promoting expression, as well as replication of a nucleic acid 1ncorporated
therein. Typically, the nucleic acid to be cxpressed is “operably linked” to a promoter and/or
cnhancer, and is subject to transcription regulatory control by the promoter and/or enhancer.
In one embodiment, the nucleotides encode for a modified or mutated RSV F protein {as
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discussed above). In another embodiment, the vector further comprises nucleotides that
cocode the M and/or G RSV proteins. In another embodiment, the vector further comprises
nuclecotides that encode the M and/or N RSV proteins.  In another embodiment, the vector
further comprises nucleotides that cncode the M, G and/or N RSV proteins.  In another
embodiment, the vector further comprises nucleotides that encode a BRSYV M protein and/or
N RSV proteins.  In another embodiment, the vector further comprises nucleotides that
encode a BRSV M and/or G protein, or influenza HA and/or NA protein.  In another
embodiment, the nucleotides encode a modificd or mutated RSV F and/or RSV G protein
with an influenza HA and/or NA protein. In avother embodiment, the expression vector is a
baculovirus vector.

{3148} In some ermbodiments of the invention, proteins may comprise mutations containing
alterations which produce silent substitutions, additions, or deictions, but do not alter the
properties or activities of the encoded protein or how the proteins are made. Nucleotide
variants can be produced for a variety of reasons, e.g., to optimize codon expression for a
particular host (change codons in the human mRNA to those preferred by insect cells such as
S9 cells. See U.S. Patent Publication 2005/0118191, herein incorporated by reference in its
entirety for all purposes.

16149 In addition, the nucleotides can be sequenced to ensure that the correct coding regions
were cloned and do not contain any unwanted mutations. The nucleotides can be subcloned
into an expression vector {e.g. baculoviras) for expression in any cell. The above 1s only one
example of how the RSV viral proteins can be cloned. A person with skill in the art
understands that additional methods are available and are possible.

{#180] The invention also provides for constructs and/or vectors that comprise RSV
nuclootides that encode for RSV structural genes, including F, M, G, N, SH, or portions
thereof, and/or any chimeric molecule described above. The vector may be, for example, a
phage, plasroid, viral, or retroviral vector. The constracts and/or vectors that comprise RSV
structural genes, including ¥, M, G, N, SH, or portions thereof, and/or any chimeric molecule
described above, should be operatively linked to an appropriate promoter, such as the
AcMNPVY polyhedrin promoter {or other baculovirus), phage larobda PL promoter, the £, coli
lac, phoA and tac promoters, the SV40 carly and late promoters, and promoters of retroviral
LTRs are von-hmiting examples. Other suitable promoters will be known to the skilled
artisan depending on the host cell and/or the rate of expression desired. The expression
constructs will further contain sites for transcription initiation, termumation, and, in the
transcribed region, a ribosome-binding site for translation. The coding portion of the
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transcripts expressed by the constructs will preferably include a translation initiating codon at
the beginning and a termination codon appropuiately positioned at the end of the polypeptide
to be translated.

{¢151] Expression vectors will preferably melude at least onc sclectable marker.  Such
markers include dihydrofolate reductase, G418 or neomycin resistance for eukarvotic cell
culture and tetracycline, kanamycin or ampicillin resistance genes for culturing i £, coli and
other bacteria.  Among vectors preferred are virus vectors, such as baculovirus, poxvirus
{e.g., vaccinia virus, avipox virus, canarypox virus, fowlpox virus, raccoonpox virus,
SWINepox virus, cic.), adenovirus {e.g., canine adenovirus), herpesvirus, and retrovirus, Other
vectors that can be used with the invention comprise vectors for use in bacteria, which
comprise pOE7Q, pQE60 and pQE-9, pBloescript vectors, Phagescuipt vectors, pNHEA,
pNHI6a, pNHISA, pNH40A, ptreB9a, pKK223-3, pKK233-3, pDR540, pRITS. Anmong
preferred cukaryotic vectors are pFastBacl pWINEQ, pSV2CAT, pOG44, pXT1 and pSG,
pSVES, pBPV, pMSG, and pSVL. Other suitable vectors will be readily apparent to the
skilled artisan. In onc embodiment, the vector that comprises nucleotides cucoding for RSV
genes, including modified or mutated RSV F genes, as weil as genes for M, G, N, SH or
portions thereof, and/or any chimeric molecule described above, s pFastBac.

{8132] The recombinant constructs mentioned above could be used to traunsfect, infect, or
transforn and can express RSV proteins, including a modified or mmitated RSV F protein and
at least one immounogen.  In one embodiment, the recorobinant consiruct comprises a
modified or mutated RSV F, M, G, N, SH, or portions thereof, and/or any molecule described
above, into cukaryotic celis and/or prokaryotic cells. Thus, the 1ovention provides for host
cells which comprise a vector (or vectors) that contain mucleic acids which code for RSV
structural genes, including a modified or mutated RSV F; and at least one imrounogen such as
but not limited to RSV G, N, and SH, or portions thercof, and/or any molecule described
above, and permit the cxpression of genes, ncluding RSV F, G, N, M, or SH or portions
thereof, and/or any molecule described above in the host cell under conditions which allow
the formation of VLPs.

{3183} Among cukaryotic host cells are yeast, insect, avian, plant, T elegans (or nematode)
and mammalian host cells. Non limiting examples of insect cells are, Spodoptera frugiperda
(St cells, e.g. S19, 821, Trichoplusia ni cells, e.g. High Five cells, and Drasophila S2 cells.
Examples of fungt (including yeast) host cells are 8. cerevisiae, Kluyveromyces lactis (K.
lactisy, species of Candida including . albicans and C. glabrara, Aspergilius nidulans,
Schizosaccharomyces pombe (8. pombe}, Pichia pastoris, and Yarrowia lipolytica. ¥Examples
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of mammalian cells are COS cells, baby hamster kidney cells, mouse L cells, ENCaP cells,
Chinese hamster ovary {CHO) cells, buman embryonic kidney (HEK) cells, and African
green monkey cells, CV1 cells, Hela cells, MDCK cells, Vere and Hep-2 cells. Xenopus
lacvis oocytes, or other cells of amaphibian origin, may also be used. Examples of prokaryotic
host cells include bacterial cells, for example, £ coli, 8. subtilis, Salmonella typhi and
mycobacteria,

81584} Vectors, e.g., vectors comprising polynucleotides of a medified or mutated RSV F
protein; and at least one immunogen including but not limited to RSV G, N, or SH or
portions thereof, and/or any chimeric molecule described above, can be transfected into host
cells according to methods well known in the art. For examiple, introducing nucleic acids into
cukaryotic cells can be by calciom  phosphate  co-precipiiation,  electroporation,
microinjection, lipofection, and transfection employing polyamine transfection reagents. In
one embodiment, the vector is a recombinant baculovirus. In another embodiment, the
recombinant baculovirus is transfected into a cukaryotic cell. In a preferred embodiment, the
cell 18 an mnsect cell. In another embodiment, the insect cell 18 a S{9 cell

{3155] This invention also provides for constructs and methods that will increase the
efficiency of VLP production. For cxample, the addition of leader sequences to the RSV F,
M, GG, N, SH, or portions thereof, and/or any chimeric or heterologous molecules described
above, can improve the cfficiency of protein transporting within the cell. For example, a
heterologous signal sequence can be fused to the F, M, G, N, SH, or portions thereof, and/or
any chimeric or heterologous molecuie described above. In one embodiment, the signal
sequence can be derived from the gene of an insect cell and fused to M, F, G, N, SH, or
portions thercof, and/or any chimeric or heterologous molecules described above. In another
cmbodiment, the signal peptide is the chitinase signal sequence, which works efficiently in
baculovirus expression systems.

{#156] Auvother mcethod to increase efficiency of VLP production is to codon optimuze the
nucleotides that encode RSV including a modified or mutated RSV F protein, M, G, N, SH or
portions thereof, and/or any chimeric or heterclogons molecules described above for a
specific cell type. For examples of codon optimizing vucleic acids for expression o Sf9 cell
sce SEQ ID Nos: 3,5,7,9, 13, 17, 19, and 25.

{#157] The wvention also provides for methods of producing VLPs, the methods comprising
expressing RSV genes including a modified or mutated RSV F protein, and at least one
additional protein, mcluding but not limited to RSV M, G, N, SH, or portions thercof, and/or
any chimeric or heterologous molecules described above under conditions that allow VLP
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formation. Depending on the expression systern and host cell selected, the VLPs are
produced by growing host cells transformed by an expression vector under couditions
whereby the recombinant proteins are expressed and VEPs are formed. In one embodiment,
the mvention cornprises a method of producing a VLP, comprising transfecting vectors
encoding at least one medified or mutated RSV F protein into a suitable host ceil and
expressing the modified or mutated RSV F protein under conditions that allow VLP
formation. In another embodiment, the eukaryotic cell is selected from the group consisting
of, yeast, insect, amphibian, avian or mammalian ceils. The sclection of the appropriate
growth conditions is within the skill or a persou with skill of one of ordinary skill in the art.
{#158] Methods to grow cells engineered to produce VLPs of the invention include, but are
not humited to, batch, batch-fed, continuous and perfusion cell culture technigues. Cell
culture means the growth and propagation of cells in a bioreactor {2 fermentation chamber)
where cells propagate and express protein {(e.g. recorubinant proteins) for purification and
isolation.  Typically, cell culture is performed under sterile, controiled temperature and
atmospheric conditions in a biorcactor. A bioreactor is a chamber used to culture cclls in
which environmental conditions such as temperature, atmosphere, agitation and/or pH can be
monitored.  In onc cmbodiment, the biorcactor is a stainless steel chamber. In another
embodiment, the bioreactor is a pre-sterilized plastic bag (e.g. Celibag®, Wave Biotech,
Bridgewater, NJ). In other embodiment, the pre-sterilized plastic bags are about 50 L to 1600
. bags.

{81589} The VLPs are then isolated using methods that preserve the integrity thereof, such as
by gradient centrifugation, e.g., cesiurn chlonde, sucrose and jodixanol, as well as standard
purification techniques including, e.g., ton exchange and gel filtration chromatography.
131608} The following 1s an cxample of how VLPs of the invention can be made, isolated and
purified. Usually VLPs are produced from recombinant cell lines engineered to create VLPs
when the cells are grown in cell culture {see above). A person of skill in the art would
understand that there are additional methods that can be utilized to make and purify VLPs of
the invention, thus the invention is not limited to the method described.

{8161} Production of VLPs of the invention can start by seeding S9 cells (non-infected) into
shaker flasks, allowing the cells to expand and scaling up as the cells grow and multiply (for
example from a 125-ml flask to a 530 L Wave bag). The medium used to grow the cell is
fornwlated for the appropriate cell line (preferably serum free media, eg. inscct medium
Ex(Cell-420, JRH). Next, the cells are infected with recombinant baculoviras at the most
efficient multiphicity of infection {e.g. from about 1 to about 3 plaque forming units per cell).
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Once infection has occurred, the modified or mutated RSV F protein, M, G, N, SH, or
portions thereof, and/or any chimeric or heterologous molecule described above, are
expressed from the virus genome, sclf assemble into VLPs and are secreted from the cells
approximately 24 to 72 hours post infection.  Usually, infection is most ctficient when the
cells are in mid-log phase of growth (4-8 x 10° cells/ml} and are at least about 90% viable.
13162} VLPs of the invention can be harvested approximately 48 to 96 hours post infection,
when the levels of VLPs in the cell culture medium are near the maximum but before
extensive cell lysis. The S9 cell density and viability at the time of harvest can be about
0.5% 10° cells/mi to about 1.5 x 10° cells/mi with at least 20% viability, as shown by dye
exclusion assay. Next, the medium is removed and clarified. NaCl can be added to the
medinm {0 a concentration of about 0.4 to about 1.0 M, preferably to about 0.5 M, to avoid
VLP aggregation. The removal of cell and cellular debris from the cell culture medium
containing VLPs of the invention can be accorplished by tangential flow filtration (TFF)
with a single use, pre-sterilized hollow fiber 8.5 or 1.00 pm filter cartridge or a similar
device.

{3163] Next, VEPs in the clarified culture medium can be concentrated by ultra-filtration
using a disposable, pre-sterilized 500,000 molecular weight cut off hollow fiber cartridge.
The concentrated VLPs can be diafilivated against 10 volumes pH 7.0 to 8.0 phosphate-
buffered saline (PBS) containing 0.5 M NaCl to remove residual medium components.

{#164] The concentrated, diafiltered VLPs can be furthered purified on a 20% to 60%
discontinuous sucrose gradient in pH 7.2 PBS buffer with 8.5 M NaCl by centrifugation at
6,500 = g for 18 hours at about 4° C to about 16° C. Usually VLPs wiil form a distinctive
visibe band between about 30% to about 40% sucrose or at the interface {in a 20% and 60%
step gradient) that can be collected from the gradient and stored. This product can be diluted
to comprise 200 mM of NaCl in preparation for the next step in the purification process. This
product contains VLPs and may contain intact baculovirus particles.

{#165] Further purification of VLPs can be achieved by anion exchange chromatography, or
44% isopycnic sucrosc cushion cenirifugation. In anion cxchange chromatography, the
sample from the sucrose gradient {see above) is loaded into columun containing a medium
with an anion {e.g. Matrix Fractogel EMD TMAE) and cluded via a salt gradient (from about
0.2 M to about 1.0 M of NaCl) that can separate the VLP from other countaminates {e.g.
baculovirus and DNA/RNA). In the sucrose cushion method, the sample comprising the
VLPs is added to a 44% sucrose cushion and centrifuged for about I8 hours at 30,000 g.
VEPs form a band at the top of 44% sucrose, while baculovirus precipitates at the bottom and
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other contaminating proteins stay in the 0% sucrose layer at the top. The VLP peak or band
is collecte

{8166} The intact baculovirus can be inactivated, if desired.  Inactivation can be
accomplished by chemical rocthods, for example, formalin or B-propiolactone (BPL).
Rerooval and/or inactivation of intact baculoviras can also be largely accomplished by using
selective precipitation and chromatographic methods known in the art, as exemplified above.
Methods of inactivation coraprise incubating the sample containing the VLPs in 0.2% of BPL
for 3 hours at about 25°C to about 27°C. The baculovirus can also be inactivated by
incubating the sample containing the VLPs at 80.05% BPL at 4°C for 3 days, then at 37 °C for
one hour.

18167} After the mactivation/removal step, the product comprising VLPs can be run through
another diafiltration step to remove any reagent from the inactivation step and/or auny residual
sucrose, and to place the VLPs into the desired buffer {e.g. PBS). The solution comprising
VLPs can be sterilized by methods known in the art {e.g. stenile filtration) and stored in the
refrigerator or freezer.

{#168] The above techniques can be practiced across a varicty of scales. For example, T-
flasks, shake-flasks, spinner bottles, up to industrial sized bioreactors. The biorcactors can
comprise cither a stainless steel tank or a pre-sterilized plastic bag (for exarople, the system
sold by Wave Biotech, Bridgewater, NI, A person with skill in the art will know what 1s
most desirable for their purposes.

{4169} Expansion and production of baculovirus expression vectors and infection of cells
with recombinant baculovirus to produce recombinant RSY VLPs can be accomplished in
insect cells, for example S insect cells as previously described.  In one embodiment, the

cells are SFO infected with recombinant baculovirus enginecred to produce RSV VLPs,

Pharmaceutical or Vaccine Formulations and Administration

14178} The pharmaceutical corapositions useful hercin contain a pharmaceutically acceptable
carrter, including any suitable diluent or excipient, which inchades any pharmaceutical agent
that does not itself induce the production of an immune response harmful to the vertebrate
recetving the composition and which may be admimistered without undue toxicity, and a
modified or mutated RSV F protein, an RSV F micelle comprising a modified or mutated
RSV F protein, or a VLP coraprising a modified or mutated RSV F protein of the wnvention.

As used herein, the term “pharmacecutically acceptable” means being approved by a
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regulatory agency of the Federal or a state government or listed in the U.S. Pharmacopia,
European Pharmacopia or other generally recoguzed pharmacopia for use in mammals, and
more particularly in humans. These compositions can be useful as a vaccine and/or antigenic
compositions for inducing a protective inumune response in a vertebrate,

{#171] The invention encompasses a pharmaceutically acceptable vaccine composition
comprising VLPs comprising at least one modified or mutated RSV F protein, and at least
one additional protein, including but not limited to RSV M, G, N, SH, or portions thereof,
and/or any chimeric or heterologous molecules described above. In one embodiment, the
pharmaceutically acceptable vaccine composition coraprises VLPs comprising at least one
modified or mutated RSV F protein and at least onc additional immunogen. In another
embodiment, the pharmaceutically acceptable vaccine compeosition comprises VLPs
comprising at least one modified or mutated RSV F protein and at least one RSV M protein.
In avother cmbodiment, the pharmaceutically acceptabic vaccine coraposition comprises
VLPs comprising at least one modified or mutated RSV F protein and at least one BRSV M
protein,  In another embodiment, the pharmaceutically acceptable vaccine composition
comprises VLPs comprising at least one modified or mutated RSV F protein and at least one
influenza M1 protein.  In another embodiment, the pharmaceutically acceptable vaccine
compostiion comprises VLPs comprising at least one modified or mutated RSV F protein and
at least one avian influenza M1 protein.

{8172} In another cmbodiment, the pharmaceutically acceptable vaccine cormposition
comprises VLPs further comprising an RSV G protein, including but not limited to a HRSV,
BRSVY or avian RSV G protemn.  In another emnbodiroent, the pharmaceutically acceptable
vaccine composition comprises VLPs further comprising RSV N protein, inchiding but not
fimited to a HRSVY, BRSV or avian RSV N protein. In another embodiment, the
pharmaceutically acceptable vaccine composition comprises VLPs further comprising RSV
SH protein, mchuding but not imited to a HRSV, BRSV or avian RSV SH protein.

{#173] In another embodiment, the invention encompasses a pharmaceutically acceptable
vaccinge composition comprising chimeric VLPs such as VLPs comprising BRSY M and a
roodified or mutated RSV F protewn and/or G, H, or SH protein from a RSV and optionally
HA or NA protein derived from an influenza virus, wherein the HA or NA protein is a fused
to the transmembrane domaio and cytoplasmic tail of RSV F and/or G protein.

{#174] The mvention also encompasses a pharmaceutically acceptable vaccine composition

comprising modified or mutated RSV F protein, an RSV F micclie comprising & modificd or
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mutated RSV F protein, or a VLP comprising a modified or mutated RSV F protein as
described above.

18175} In onc cmbodiment, the pharmaceutically acceptable vaccine composition comprises
VLPs comprising a modificd or mutated RSV F protein and at least one additional protein. In
another embodiment, the pharmaceutically acceptable vaccine composition comprises VLPs
further comprising RSV M protein, such as but not limited to 2 BRSY M protein. In another
embodiment, the pharmaceutically acceptable vaccine composition comprises VLPs further
comprising RSV G protein, including but vot lirntted to a HRSV G protein.  In another
embodiment, the pharmaceutically acceptable vaccine corposition comprises VLPs further
comprising RSV N protein, including but not limited to a HRSY, BRSV or avian RSV N
protein.  In avother embodiment, the pharmaceutically acceptable vaccine coruposition
comprises VLPs further comprising RSV SH protein, including but not limited to a HRSV,
BRSY or avian RSV SH protein. In another crabodiment, the pharmaceutically acceptable
vaccine composition comprises VLPs comprising BRSV M protein and F and/or G protein
from HRSV group A. In another embodiment, the pharmaceutically acceptable vaccine
composition comprises VLPs comprising BRSY M protein and F and/or G protein from
HRSV group B. In another embodiment, the invention encompasses a pharmaceutically
acceptable vaccine composition comprising chimeric VLPs such as VLPs comprising
chimeric M protein from a BRSY and optionally HA protein derived from an influenza virus,
whereim the M protein 1s fused to the influenza HA protein.  In another embodiment, the
invention encompasses a pharmaceutically acceptable vaccine composition comprising
chirneric VLPs such as VLPs comprising BRSV M, and a chimeric F and/or G protein from a
RSV and optionally HA protein derived from an influenza virus, wherein the chimeric
influcnza HA protein is fused to the transmembrane domain and coytoplasmic tail of RSV F
and/or O protein.  In another embodiment, the invention encompasses a pharmaceutically
acceptable vaccine composttion comprising chimeric VLPs such as VLPs comprising BRSVY
M and a chimeric F and/or G protein from a RSV and optionally HA or NA protein derived
from an influenza virus, wherein the HA or NA protein is a fused to the transmembrane
domain and cytoplasmic tail of RSV F and/or G protern.

18176} The invention also encompasses a pharmaceutically acceptable vaccine composition
comprising a chimeric VLP that comprises at least one RSV protemn. In one embodiment, the
pharmaceutically acceptable vaccine composition comprises VLPs comprising a modified or
rautated RSV F protein and at least one immunogen from a heterologous infectious agent or
discased cell. In another embodiment, the immunogen from a heterologous infectious agent
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is a viral protein. In another embodiment, the viral protein from a heterologous infectious
agent 18 an envelope associated protein.  In another embodiment, the viral protein from a
heterologous infectious agent is expressed on the surface of VLPs. In another embodiment,
the protein from an infectious agent compriscs an epitope that will generate a protective
immune response in a vertebrate.

{#177] The invention also encompasses a kit for iramunizing a verichrate, such as a human
subject, comprising VLPs that comprise at least one RSV protein. In one embodiment, the kit
compriscs VLPs comprising & modified or mutated RSV F protein. In one cmbodiment, the
kit further coroprises a RSV M protein such as a BRSV M protetn. In another embodiment,
the kit further comprises a RSV G protein. In another embodiment, the invention
cucompasses a kit comprising VLPs which comprises a chivaeric M protein from a BRSV and
optionally HA protein derived from an influenza virus, wherein the M protein is fused to the
BRSY M. In another crabodiment, the mvention encompasses a kit comprising VLPs which
comprises a chimeric M protein from a BRSV, a RSV F and/or G protein and an immunogen
from a heterologous mfections agent. In another ernbodiment, the mvention encompasses a
kit comprising VLPs which comprises a M protein from a BRSY, a chimeric RSY F and/or G
protein and optionally HA protein derived from an influenza virus, wherein the HA protein 18
fused to the travsmerobrane doveain and cytoplasmic tail of RSV F or G protein. fo another
embodiment, the invention encompasses a kit comprising VLPs which comprises M protein
from a BRSV, a chimeric RSV F and/or G protein and optionally HA or NA protein derived
from an influenza virus, wherein the HA protein is fused to the transmembrane domain and
cytoplasmic tail of RSV F and/or G proten.

{#178] In onc embodiment, the invention comprises an imnmunogenic formulation comprising
at least onc effective dose of a modificd or muntated RSV F protein. In another embodirnent,
the invention comprises an immunogenic formmulation comprising at least one effective dose
of an RSV F micelle comprising a roodified or mutated RSV F protein.  In yet another
embodiment, the invention comprises an immunogenic formulation comprising at least one
cffective dose of a VLP comprising a modified or mutated RSV F protein as described above.
18179} The imomunogenc formulation of the invention comprises a roodified or mutated RSV
F protein, an RSV F micelle comprising a modified or mutated RSV F protein, or a VLP
comprising a modified or routated RSV F protein, aud a pharroaceutically acceptable carvier
or excipient. Pharmaccutically acceptable carriers include but are not limited to saline,
buffered saline, dextrose, water, glycerol, sterile isotonic aqueocus buffer, and combinations
thereof. A thorough discussion of pharmacentically acceptable carriers, diluents, and other

38



WO 2013/049342 PCT/US2012/057546

excipients is presented in Remington’s Pharmaceutical Sciences (Mack Pub. Co. N.J. current
edition).  The formulation should suit the mode of administration. To a preferred
embodiment, the formulation is suitable for administration to humans, preferably is sterile,
non-particulate and/or non-pyrogenic,

{#188] The composition, it desired, can also contain minor amounts of wetlting or
cmulsifying agents, or pH buffering agents. The composition can be g solid form, such as a
Ivophilized powder suitable for reconstitution, a Hquid solution, suspension, emulsion, tablet,
pill, capsule, sustained release formulation, or powder. Oral formulation can include standard
carriers such as pharmaceutical grades of mannitol, lactose, starch, magoesium stearaie,
sodium saccharine, cellulose, magnesium carbonate, efc.

{3181} The invention also provides for a pharmacentical pack or kit comprising one or more
containers filled with one or more of the ingredicnts of the vaccine formulations of the
invention. In a preferred embodiment, the kit coruprises two containers, one containing a
meodified or nustated RSV F protein, an RSV F micelle comprising a modified or mutated
RSV F protein, or 8 VLP comprising a modificd or mutated RSV F protein, and the other
containing an adjuvant. Associated with such container(s) can be a notice in the form
prescribed by a governmental agency regulating the manufacture, use or sale of
pharmaceuticals or biological products, which notice reflects approval by the agency of
manufacture, use or sale for human administration.

{3182] The mvention also provides that the formulation be packaged in a hermetically sealed
containcr such as an ampoule or sachette indicating the quantity of composition. In one
embodiment, the composition is supplied as a liguid, 1 another embodiment, as a dry
sterilized lyophilized powder or water free concentrate in a hermetically scaled container and
can be reconstituted, eg., with water or saline to the appropriatec concentration for
administration to a subject.

{¢183] In an alternative embodiment, the composition is supplied in liquid form m a
hermetically sealed container indicating the quantity and concentration of the composition.
Preferably, the liquid form of the composition is supplied in a hermetically sealed container
at least about 50 pg/ml, wore preferably at least about 100 pg/mi, at least about 200 pg/mi, at
least 500 pg/ml, or at least 1 mg/ml.

[#184] As an example, chimeric RSV VLPs comprising a modified or mutated RSV F protein
of the invention are administered in an cffective amount or quantity {as defined above)
sufficicnt to stiraulate an iroraunc response, cach a response agaiust one or more strains of
RSV, Admuinistration of the modified or mutated RSV F protein, an RSV F micelle
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comprising a modificd or mutated RSV F protein, or VLP of the invention clicits imnwmity
against RSV, Typically, the dose can be adjusted within this range based on, e.g., age,
physical condition, body weight, sex, diet, time of administration, and other chinical factors.
The prophylactic vaccine forrnulation is systernically administered, e.g., by subcutancous or
intramuscular injection using a needle and syringe, or a needle-less injection device.
Alternatively, the vaccine formulation is administered intranasally, cither by drops, large
particle acrosol (greater than about 10 microns), or spray into the upper respiratory tract.
While any of the above routes of delivery results in an imamune response, intranasal
admundstration confers the added benefit of eliciting mucosal immunty at the site of entry of
many viruses, inchuding RSV and influenza.

{3185} Thus, the invention also comprises a mcthod of formulating a vaccine or antigenic
composition that induces immumity to an infection or at least one discase symptom thereof to
a mammal, comprising adding to the forraulation an ctfective dose of a modified or mutated
RSV F protein, an RSV F micelle comprising a modified or mutated RSV F protein, ora VLP
comprising g modified or mutated RSV F protein.  In one embodiment, the mfection s an
RSV infection.

[#186] While stimulation of mmumunity with a single dose is possible, additional dosages can
be admnistered, by the same or different route, to achieve the desired effect. In neonates and
infants, for example, multiple administrations may be required to clicit sufficient levels of
immuantty.  Admunistration can continue at intervals throughout childhood, as necessary to
maintain sufficient levels of protection against infections, e.g. RSV infection. Similarly,
adults who are particularly susceptible to repeated or serious infections, such as, for example,
health care workers, day care workers, family members of young children, the elderly, and
mndividuals  with  comaproraised cardiopulmonary  function may  require  nwltiple
immunizations to establish and/or maintain protective immune responses.  Levels of induced
imrmunity can be monitored, for example, by measuring amounts of neutralizing sceretory
and serum antibodies, and dosages adjusted or vaccinations repeated as necessary to elicit and
maintain desired levels of protection.

{3187} Methods of administering a composition coroprising a modified or mutated RSV F
protein, an RSV F micelle comprising a modified or mutated RSV F protein, or 2 VLP
comprising a modified or mutated RSV F protem {e.g. vaccine and/or antigenic formulations)
include, but are not limited to, parenteral administration (e.g., intradermal, intramuscular,
mtravenous and subcutancous), epidural, and mucosal {e.g., intranasal and oral or pulmonary
routes or by suppositories). In a specific embodiment, compositions of the present invention
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arc administered intramuscularly, intravenously, subcutancously, transdermally or
intradermally. The compositions may be adrnistered by any converuent route, for example
by infusion or bolus injection, by absorption through epithelial or mucocutancous linings
{e.g., oral mucous, colon, conjunctiva, nasopharynx, oropharynx, vagina, urcthra, urinary
bladder and intestinal mucosa, etc.) and may be administered together with other biologically
active agents. In some crobodiments, intranasal or other roucosal routes of administration of
a composttion of the invention may induce an antibody or other mmune response that is
substantially higher than other routes of administration. In another embodiment, intranasal or
other mucosal routes of adminisiration of a corposition of the invention way induce an
antibody or other immune responsc that will induce cross protection against other strains of
RSV. Adminusiration can be systemic or local.

{B188] In yet another embodiment, the vaccine and/or immunogenic formulation is
admunistered in such g moanncr as to target rucosal tissucs in order to elicit an immmune
response at the site of immunization. For example, mucosal tissues such as gut associated
iyvmphoid tissuc {GALT) can be targeted for imumunization by using oral administration of
compositions which contain adjuvants with particular mucosal targeting propertices.
Additional rucosal tissues can also be targeted, such as nasopharyngeal lymphoid tissue
{(NALT) and brouchial-associated lymphoid tissue (BALT).

{#189] Vaccines and/or imnmunogenic formulations of the invention may also be administered
on a dosage schedule, for example, an imiial admunistration of the vaccine composition with
subsequent booster administrations.  In particular embodiments, a second dose of the
composition is adrunistered anywhere from two weeks to oue year, preferably from about 1,
about 2, about 3, about 4, about 5 to about & months, after the initial administration.
Additionally, a third dose may be administered after the second dosc and from about three
months to about two years, or even longer, preferably about 4, about 5, or about 6 months, or
about 7 months to about one year after the inttial administration. The third dose may be
optionally administered when no or low levels of specific immunoglobulins are detected in
the scrum and/or urine or mucosal secretions of the subject after the second dose. In a
preferred embodiment, a second dose is adroinistered about one month afier the first
administration and a third dose is administered about six months after the first administration.
In another embodiment, the second dose is administered about six months after the first
administration.  In another embodiment, the compositions of the imvention can be
administered as part of a combination therapy. For example, compositions of the invention
can be formulated with other immunogenic compositions, antivirals and/or antibiotics.
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{#198] The dosage of the pharmaceutical composition can be determined readily by the
skilled artisan, for example, by first identifying doses effective to elicit a prophylactic or
therapeutic imnwne response, e.g., by measuring the serum titer of virus specific
imrmunoglobulins or by rocasuring the mhibitory ratio of antibodies in serum saruples, or
urine samples, or mucosal secretions. The dosages can be determined from animal studies.
A non-limiting list of animals used to study the cfficacy of vaccines inchude the guinea pig,
hamster, ferrets, chinchilla, mouse and cotton rat.  Most animals are uot natural hosts to
infectious agents but can still serve in studies of various aspects of the discase. For example,
any of the above animals can be dosed with a vaccine candidate, e.g. modified or mutated
RSV F proteins, an RSV F micelle comprising 8 modified or mutated RSV F protein, or
VIPs of the invention, to partially characterize the immune response induced, and/or to
determine if any neutralizing antibodies have been produced. For example, many studies
have been conducted in the mouse model because mice are small size and their low cost
allows researchers to conduct studies on a larger scale.

{#191] In addition, human chnical studies can be performed to determine the preferred
effective dose for humans by a skilled artisan. Such clinical studies are routine and well
known in the art. The precise dose to be employed will also depend on the route of
admundstration. Effective doses may be exirapolated from dose-response curves devived from
in vitro or animal test systems.

13192} As also well known in the art, the immunogeunicity of a particular coraposition can be
enhanced by the use of non-specific stimulators of the immune response, known as adjuvants.
Adjuvants have been used experiaentally fo promote a generalized increase wm forounity
against unknown antigens {e.g., U.5. Pat. No. 4,877,611). Immunization protocols have used
adjuvants to stimulate responses for many years, and as such, adjuvants are well known to
one of ordinary skill in the art. Some adjuvants affect the way in which antigens are
presented.  For cxample, the immune response is increased when protein antigens are
precipitated by alum. Emulsification of antigens also prolongs the duration of antigen
presentation. The inclusion of any adjpuvant described in Vogel e all, “A Compendium of
Vaccine Adjuvants and Excipients (2™ Edition),” herein incorporated by reference in its
entirety for all purposes, is envisioned within the scope of this invention.

{6193} Excroplary, adjuvants include coraplete Freund’s adjuvant {a non-~specific stirulator
of the immune response containing killed Mycobacterium tuberculosis), incomplete Freund's
adjuvants and aluminum hydroxide adpuvant. Other adjuvants coraprise GMCSP, BCG,
aluminuem hydroxide, MDP compounds, such as thur-MDP and nor-MDP, CGP (MTP-PE),
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iipid A, and monophosphoryl lipid A (MPL). RIBL which contains threc components
extracted from bacteria, MPL, trehalose dimycolate (TDM) and cell wall skeleton (CWS)in a
2% squalene/Tween 80 emulsion also is conternplated. MF-59, Novasomes”, MHC antigens
may also be used.

{#194] In onc embodiment of the invention the adjuvant is a paucilameliar lipid vesicle
having about two to ten bilayers arranged in the form of substantislly spherical shells
separated by aqueous layers surrounding a large amorphous central cavity free of lipid
bilaycrs. Paucilaracliar lipid vesicles may act to stimulate the immune response several
ways, as non-specific stimulators, as carniers for the antigen, as carriers of additional
adpuvants, and combinations thereof. Pauctlamellar lipid vesicles act as non-specific immune
stimulators wheuo, for example, a vaccine is prepared by ntermaixing the antigen with the
preformed vesicles such that the antigen remains extraceliular to the vesicles. By
encapsulating an antigen within the central cavity of the vesicle, the vesicle acts both as an
immune stimulator and a carrier for the antigen. In another embodiment, the vesicles are
primarily made of nonphospholipid vesicles. In other embodiments, the vesicles are
Novasomes®. Novasomes” are paucilamellar nonphospholipid vesicles ranging from about
100 nm to about 500 nm. They comprise Brij 72, cholesterol, oleie acid and squalene.
Novasomes have been shown to be an effective adjuvant for influenza auntigens {see, U.S.
Patents 5,629,021, 6,387,373, and 4,911,928, herein incorporated by reference in their
cutireties for all purposes).

{8195] The compositions of the invention can also be formulated with “immune stinmlators.”
These are the body’s own chemical messengers {cytokines) to increase the irroune systern’s
response. Immune stimulators include, but are not limited to, various cytokines, tymphokines
and chemekines with imamunostimulatory, tmmunopotentiating, and pro-inflammatory
activities, such as interleuking {(e.g., HL-1, IL-2, §L.-3, 1L-4, [L-12, 1L-13}; growth factors
{e.g., gramulocyic-roacrophage (GM)-colony  stimulating  factor (CSFY); and  other
immunostimulatory molecules, such as macrophage inflammatory factor, Flt3 ligand, B7.1;
B7.2, etc. The immunostinulatory molecules can be administered in the same formulation as
the compositions of the invention, or can be administered separately. Hither the protewn or an
expression vector encoding the protein can be administered to produce an immunostimulatory
effect. Thus in one embodiment, the invention comprises autigentic and vaccine formulations

comprising an adjuvant and/or an immune stimulator.

Methods of Stimulating an Immune Response
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{#196] The modified or mutated RSV F proteins, the RSV F micelies comprising a modified
or mutated RSV F protein, or the VLPs of the juvention are useful for preparing compositions
that stimulate an immune response that confers immmunity or substantial immunity to
infectious agents.  Both nmucosal and cellular imuounity may contribute to fromunity to
infectious agents and discase. Antibodies secreted locally in the upper respiratory tract are a
major factor in resistance to natural infection.  Secrctory imrounoglobulin A (sIgA) 18
involved in the protection of the upper respiratory tract and serum Ig(3 in protection of the
lower respiratory tract.  The immune respouse induced by an infection protects against
reinfection with the same viras or an antigenically siroilar viral strain. For exarople, RSV
undergoes frequent and unpredictable changes; therefore, after natural infection, the effective
period of protection provided by the host’s immunity may only be effective for a few years
against the new strains of virus circulating in the community.

{8197} Thus, the invention encorapasses a method of mmducing immmunity to infections or at
lcast one discase symptom thereof in a subject, comprising administering at least one
etfective dose of a modificd or mutated RSV F protein, an RSV F micclle comprising a
modified or mutated RSV F protein, or a VLP comprising a modified or mutated RSV F
protein.  In one embodiment, the method coraprises administering VLPs comprising a
maodified or mutated RSV F protein and at least one additional protein.  In apother
embodiment, the method comprises administering VLPs further comprising an RSV M
protein, for example, a BRSYV M protein.  Iu another embodiment, the method comprises
administering VLPs further comprising a RSV N protein.  In another embodiment, the
method comprises administering VLPs further compusing a RSV G protein. In another
embodiment, the method comprises administering VLPs further comprising a RSV SH
protemn. In another crabodimacnt, the mcethod coroprises admimistering VEPs  further
comprising F and/or GG protein from HRSVY group A and/or group B, In another embodiment,
the mcthod comprises administering VEPs comprising M protein from BRSVY and a chimeric
RSV F and/or G protein or MMTV envelope protein, for example, HA or NA protein derived
from an influenza virus, wherein the HA and/or NA protein is fused to the transmembrane
domain and cytoplasmic tail of the RSV F and/or G protein or MMTV envelope protein. o
another embodiment, the method comprises administering VLPs comprising M protein from
BRSYV and a chimoeric RSV F and/or G protein and optiovally HA or NA protein devived from
an influenza virus, wherein the HA or NA protein is fused to the transmermbrane domain and

cytoplasmic tadl of RSV F and/or G protein.  In another embodiment, the subject 18 a
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mammal. In another embodiment, the mammal is a human. In another embodiment, RSV
VLPs are formulated with an adjuvant or immune stivaulator.

{3198} In onc embodiment, the invention comprises a method to induce immunity to RSV
infection or at least one discase symptom thercof in a subject, comprising administering at
ieast ong effective dose of a modified or mutated RSV F protein. In another embodiment, the
invention comprises g method to induce fromunity to RSV mfection or at lcast one discase
symptom thereof in a subject, comprising administering at feast one effective dose of an RSV
F micclic comprising a modificd or mutated RSV F protein.  In yot another embodiment, the
invention comprises a wethod to fnduce immunity to RSV infection or at least one disease
symptom thercof in a subject, comprising administering at least one cffective dose of RSV
VI.Ps, wheremn the VLPs comprise a modified or mutated RSV F protein, M, G, SH, and/or N
proteins. In another embodiment, a method of inducing mmmunity to RSV mnfection or at
icast one symptom thercof in a subject, compriscs administering at least one effective dose of
a RSV VLPs, wherein the VLPs consists essentially of BRSV M {including chimeric M}, and
RSV F, G, and/or N proteins. The VLPs may comprise additional RSV proteins and/or
protein contaminates in negligible concentrations. o another embodiment, a method of
inducing iramunity to RSV infection or at least one symptom thercof in a subject, comprises
administering at lecast one effective dose of a RSV VLPs, wherein the VLPs consists of
BRSV M (including chimeric M), RSV G and/or F. In another embodiment, a method of
inducing immunity to RSV infection or at least one disease symptom in a subject, comprises
administering at least one effective dose of a RSV VLPs comprising RSV proteins, wherein
the RSV proteins consist of BRSV M (mcluding chimeric My, F, G, and/or N proteins,
including chimeric F, G, and/or N proteins. These VLPs contain BRSV M (including
chimeric M), RSV F, G, and/or N proteins and may contain additional cellular constituents
such as cellular proteins, baculovirus proteins, lipids, carbohydrates etc., but do not contain
additional RSV proteins (other than fragments of BRSV M (including chimeric M),
BRSV/RSV F, (3, and/or N proteins. In another embodiment, the subject is a vertebrate. In
one cmbodiment the vertcbrate is a mammal. In another embodiment, the mammal is a
human. In another embodiment, the method comprises inducing immunity to RSV infection
or at least onc discase symptom by administering the formulation in one dose. In another
embodiment, the method comprises inducing frarounity to RSV infection or at least one

disease symptom by administering the formmlation in multiple doses.
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{#199] The composition may be administered in a suitable protein dosage range. In some
aspects, the protein dosage range has an upper limit of about 100 pg, about 80 pg, about 60
ug, about 30 ug, about 15 pg, about 10 pg, or about 5 pg. In other aspects, the dosage range
has a lower lunit of about 30 ug, about 15 ug, about 5 ug, or about 1 pg. Thus, suitable
ranges include, for example, about 1 ug to about 100 ug, about 5 ug to about 8¢ ug, about 5
ug to about 60 ug, about 15 ug to about 60 ug, about 3¢ ug to about 60 pg, and about 15 ug
to about 30 ug of protein.

{326¢] As used throughout the disclosure, the term “about” means = 10% of the indicated

value.

{#201] The mvention also encompasses inducing immunity to an infection, or at lcast one
symptom thereof, in a subject caused by an infectious agent, comprising administering at
least one cffective dose of a modified or mutated RSV F protein, an RSV F micelle
comprising a modified or mutated RSV F protein, or a VLP comprising a modified or
mutated RSV F protein.  In one embodiment, the method comprises administering VLPs
comprising a modified or mutated RSV F protein and at least onc protein fror a heterologous
infectious agent. In one embodiment, the method comprises administering VLPs comprising
a modified or mutated RSV F protein and at least one protein from the same or a
heterologous infectious agent. In another embodiment, the protein frovo the heterologous
infectious agent 18 a viral protein. In another embodiment, the protein from the infectious
agent 18 an envelope associated protemn.  In another ewbodiment, the protein from the
infectious agent is cxpressed on the surface of VLPs. In another embodiment, the protein
from the nfectious agent comprises an epitope that will generate a protective immune
response in a vertebrate. In another embodiment, the protein from the infectious agent can
associate with RSY M protein such as BRSV M protein, RSV F, G and/or N protein. In
another embodiment, the protein from the infectious agent is fused to a RSV protein such as a
BRSVY M protein, RSV F, G and/or N protein. In another erobodiraent, only a portion of a
protein from the infectious agent is fused to a RSV protein such as a BRSV M protein, RSV
F, G and/or N protein. In another embodiment, only a portion of a protein from the infectious
agent is fused to a portion of a RSV protein such as a BRSV M protein, RSV F, G and/or N
protein. In another embodiment, the portion of the protein from the infectious agent fused to
the RSV protein s expressed on the surface of VLPs. In other embodiment, the RSV protein,

or portion thercof, fused to the protein from the infectious agent associates with the RSV M
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protein. 1n other embodiment, the RSV protein, or portion thereof, 18 derived from RSV F, G,
N and/or P. In another embodiment, the chimernic VLPs further coraprise N and/or P protein
from RSV. In another embodiment, the chimeric VLPs comprise more than one protein from
the same and/or a heterologous infectious agent. In another embodiment, the chimeric VLPs
comprise more than one infectious agent protein, thus creating a multivalent VLP.

16202} Corapositions of the nvention can induce substantial immunity in a vertebrate (e.g. a
human} when administered to the vertebrate. The substantial immunity results from an
HHITING 1esponse against corapositions of the invention that protects or amehorates mfection
or at least reduces a symoptom of infection in the veriebrate. In somwe instances, if the
vertebrate is infected, the infection will be asymptomatic. The response may not be a fully
protective response.  In this case, if the vertebrate is infected with an jofectious agent, the
vertebrate will experience reduced symptoms or a shorter duration of symiptoms compared to
a non-irarunized vertebrate.

{6203} In onc embodiment, the invention comprises a method of inducing substantial
immuntty to RSV virus infection or at lcast one disease syraptorn in a subject, comprising
administering at least one effective dose of a modified or mutated RSV F protein, an RSV F
nuicelle comprising a modified or mutated RSV F protein, or a VLP comprising a modified or
mutated RSV F protem.  In another embodiment, the invention coruprises a method of
vaccinating a mammal against RSV comprising administering to the mammal a protection-
inducing amount of a modified or mutated RSV F protein, an RSV F micelle comprising a
modified or nutated RSV F protein, or a VLP comprising a modified or mutated RSV F
protein.  In one embodiment, the method comprises administering VLPs further comprising
an RSV M protein, such as BRSY M protein. In another embodiment, the method further
comprises administering VLPs comprising RSV G protein, for example a HRSV G protein.
In another embodiment, the method further comprises administering VLPs comprising the N
protein frorn HRSV group A.  In another cmbodiment, the method further coruprises
administering VLPs comprising the N protein from HRSV group B, In another embodiment,
the method comprises administering VLPS comprising chimeric M protein from BRSV and F
and/or G protein derived from RSV wherein the F and/or G protein is fused to the
transmembrane and cytoplasmic tail of the M protein. In another embodiment, the method
comprises administering VLPs coraprising M protein from BRSY and chirseric RSV F and/or
(G protein wherein the F and/or G protein is a fused to the transmembrane domain and
cytoplasmic tail of nfluenza HA and/or NA protein. In another embodiment, the method
comprises administering VLPs comprising M protein from BRSV and chimeric RSV F and/or
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(3 protein and optionally an influenza HA and/or NA protein wherein the F and/or G protein
is a fused to the travsmeraobrane domain and cytoplasmic tail of the HA protein.  In another
embodiment, the method comprises administering VLPs comprising M protein from BRSY
and chimeric RSV F and/or G protein, and optionally an influcnza HA and/or NA protein
wherein the HA and/or NA protein is fused to the transmembrane domain and cytoplasmic
tail of RSV F and/or G protein.

{3284] The invention also encompasses a method of inducing substantial immunity to an
infection, or at least onc discase symptom in a subject caused by an infectious agend,
comprising administering at least one effective dose of a modified or mutated RSV F protein,
an RSV F micelle comprising a modified or mutated RSV F protein, or a VLP comprising a
modified or mutated RSV F protein.  In oue erbodiment, the method comprises
administering VLPs further comprising a RSV M protein, such as BRSY M protein, and at
icast one protein from another infectious agent. In onc embodiment, the method comprises
administering VLPs further comprising a BRSY M protein and at least one protein from the
same or a heterologous infectious agent.  In another embodiment, the protein from the
infectious agent is a viral protein. In another embodiment, the protetn from the infectious
agent is an cnvelope associated protem.  In another embodiment, the protein from the
infectious agent s expressed on the surface of VLPs. In another embodiment, the protein
from the infectious agent comprises an epitope that will generate a protective immune
response in a vertebrate,  In another erobodiment, the protewn from the infectious agent can
associate with RSY M protein. In another embodiment, the protein from the infectious agent
can associate with BRSV M protein. In another cwbodiment, the protein from the wnfectious
agent is fused to a RSV protein. In another embodiment, only a portion of a protein from the
infectious agent is fused to a RSV protein.  In another embodiment, only a portion of 4
protein from the mfectious agent is fused to a portion of a RSV protein.  In another
embodiment, the portion of the protein from the mfections agent fused to the RSV protein is
expressed on the surface of VEPs. In other embodiment, the RSV protein, or portion thereof,
fused to the protein from the infections agent associates with the RSV M protein.  In other
embodiment, the RSV protein, or portion thereof, fused to the protem froro the infections
agent assgciates with the BRSV M protein. In other embodiment, the RSV protein, or portion
thereof, 18 derived from RSV F, G, N and/or P, In another embodiment, the VLPs further
comprise N and/or P protein from RSV, In another embodiment, the VLPs comprise more
than onc protein from the infectious agent. In another embodiment, the VLPs comprise more
than one infectious agent protein, thus creating a multivalent VLP.
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{#205] In another embodiment, the invention comprises a method of inducing a protective
antibody respouse to an wfection or at least one symptorn thereof 1u a subject, comprising
administering at lcast one effective dose of a modified or mmtated RSV F protein, an RSV F
nuicelle comprising a modified or mutated RSV F protein, or a VLP comprising a modified or
mutated RSV F protein as described above.

{0266} As used herem, an “antibody” is a protein coraprising one or more polypeptides
substantially or partially encoded by immunoglobulin genes or fragments of immumoglobulin
genes. The recognized mmmunoglobulin genes mclude the kappa, lamnbda, alpha, gamma,
delta, epsilon and mu constant region genes, as well as myriad immunoglobulin variable
region genes. Light chains are classified as cither kappa or lambda. Heavy chains are
classified as garmma, mu, alpha, delta, or epsilon, which in tarn define the immunoglobulin
classes, 1gG, IgM, IgA, IgD and IgE, respectively. A typical immunoglobulin {antibody)
structural unit comprises a tetrarncr.  Each fetramer 18 cormposed of two identical pairs of
polypeptide chains, each pair having one “light” (about 25 ki) and one “heavy” chain {about
50-70 kb3). The N-terminus of cach chain defines a variable region of about 100 to 110 or
more amine acids primarily responsible for antigen recognition.  Antibodies exist as intact
immunoglobuling or as a number of well-characterized fragments produced by digestion with
various peptidases.

{6267} In onc embodiment, the invention comprises a method of inducing a protective
cellular response to RSV infection or at least one disease symptorn in a subject, comprising
administering at least one effective dose of a modified or mutated RSV F protein. In another
embodiment, the wvention comprises a method of inducing a protective cellular response to
RSV infection or at least one disease symptorm in a subject, comprising administering at least
one cffective dose an RSV F micelle comprising & modified or mutated RSV F protein. In
yet another embodiment, the invention comprises a method of inducing a protective cellular
response to RSV immfection or at least one discase symptorn i a subject, congwising
administering at least one effective dose a VLP, wherein the VLP comprises a modified or
mutated RSV F protein as described above. Cell-mediated immunity also plays a role in
recovery from RSV infection and may prevent RSV-~associated coraplications. RSV-specific
cellular lymphocytes have been detected in the blood and the lower respiratory tract
secretions of infected subjects.  Cytolysis of RSVanfected cells 18 mediated by CTLs in
concert with RSV-specific antibodies and complement. The primary cytotoxic responsc is
detectable in blood after 6-14 days and disappears by day 21 in infected or vaccinated
individuals (Ennis er @/, 1981}, Celi-mediated immunity may also play a role in recovery
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from RSV infection and may prevent RSV-associated complications. RSV-specific cellular
Iyraphocytes have been detected in the blood and the lower respiratory iract secretions of
infected subjects.

[6208] As meuntioned above, the immunogenic compostiions of the imvention prevent or
reduce at least one symptom of RSV infection in a subject. Symptoms of RSV are well
known in the art. They include rhinorrhea, sore throat, headache, hoarseness, cough, sputam,
fever, rales, wheezing, and dyspnea. Thus, the method of the invention comprises the
prevention or reduction of at least one symptorn associated with RSV infection. A reduction
in a symptom may be determived subjectively or objectively, e.g., self assessment by a
subject, by a clinician’s assessment or by conducting an appropriate assay or measurement
{e.g. body temperature), inchuding, e.g., a quality of life assessment, a slowed progression of
a RSV infection or additional symptoms, a reduced severity of 2 RSY symptoms or a suitable
assays {e.g. antibody titer and/or T-cell activation assay). The objective assessment
comprises both animal and human assessments.

16209} This mvention 18 further tllustrated by the following exaraples that should not be
construed as limiting.  The contents of all references, patents and published patent
applications ctted throughout this application, as well as the Figures and the Sequence

Listing, are incorporated herein by reference for all purposes.

EXAMPLES

Example 1

Generating recombinant bacmids, transfection of insect ¢ells to make recombinant virus

stocks, plague purification, and infecting insect cells with primary virus stock.

{8216} To construct recombinant virus, the viral genes of interest were codon optimized for
S19 insect cells expression and cloned into pFastBac™ vectors.

{0211] Once the desired constructs were identified and purified, one wvial of MAX
Efficiency® DHI10Bac™ competent cells for ecach construct was thawed on ice.
Approximately 1 ng (5 ply of the desired pFastBac™ counstruct plasroid DNA was added to
the cells and mixed gently. The cells were incubated on ice for 30 minutes. This was
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followed by heat-shock of the cells for 45 scconds at 42° C without shaking. Next, the tubes
were transferred to 1ce and chilled for 2 munutes. Subsequently 900 ul of room temperature
S.0.C. Medium was added to cach tube. The tubes were put on a shaker at 37°C at 225 rpm
for 4 hours. For cach pFastBac™ transformation, 10-fold serial dilutions of the cells (10-1,
10-2 and 10-3) were prepared using S.0.C. medium. Next, 100 pl of each ditution was plated
onn an LB agar plate countaining 30 ug/mi kanamycin, 7 ug/ml gentamicin, 10 ug/ml
tetracycline, 100 ug/ml Bluo-gal, and 40 pg/ml IPTG . The plates were incubated for 48
hours at 37° C. White colonies were picked for analysis.

{8212} Dafferent bacmid DNAs from above were made for each construct and were isolated.
These DNAs were precipitated and added to S92 cells for § hours.

[6213] Next, 30 ml of S$f9 insect cells (2 x 10° celis/ml) were infected with baculovirus
expressing viral proteins of interest with 0.3 mi of plague cluate and incubated 48-72 hrs.
Approximately I mil of crude culture {cells + medinm) and clarified culture harvests were

saved for expression analysis and the rest were saved for purification purposes.

Example 2

Expression, purification, and analysis of modificd HRSV F proteins

{#214] Genes encoding modified HRSV F proteins of interest were synthesized in vitro as
overlapping oligonucleotides, cloned and expressed in host cells. Cloning and expression of
the modified RSV F genes were achieved following the methods known in the art.

{6215} Recombinant plagues containing viral protems of juterest were picked and confirmed.
The recombinant virus was then amplified by infection of 519 insect cells. In some cases, S19
msect cells were co-infected by a recombinant virus expressing modified F protein and
another recombinant virus expressing other viral proteins (e.g., BRSV M protein and/or
HRSV N protein). A culture of msect cells was infected at ~3 MOI (Multipheity of infection
= virus ffu or pfu/cell} with baculovirus carrying the various constructs. The culture and
supernatant were harvested 48-72 hours post-infection. The crude harvest, approximately 30
rol., was clarified by centrifugation for 15 minutes at approximately 800 x g. The resulting
crude cell harvests containing modified HRSV F protein were purified as described below.
{6216} Moditied HRSV F proteins of interest were purified frovo the infected ST9 1usect cell
culture harvests. Non-ionic surfactant Tergitol® NP-9 (Nonylphenol Ethoxylate) was used in

a membrane protein extraction protocol. Crude extraction was further purified by passing
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through anion exchange chromatography, lentil lectin affinity/HIC, and cation exchange
chromatography.

18217} Protein expression was analyzed by SDS-PAGE and stained for total proteins by
coomassic stain. Equal volumes of cell samples from crude harvest and 2x sample bufter
containing PME (beta-mercaptochtanol) were loaded, approximately 15 to 20 ul (about to 7.5
to 10 pl of the culture)/lane, onto an SDS Lacmmii gel.

{6218} In some cases, instead of chromatography, roodificd HRSVY F proteins in the crude
cell harvests were concentrated by 30% sucrose gradient separation method, and then were
analyzed by SDS-PAGE stained with coomassic, or Western Blot using anti-RSY F
monocional antibody.

18219} Crude cell harvest containing modified recombinant F proteins, purified recombinant
F proteins, or recomnbinant F proteins concentrated by sucrose gradicnt can be further
analyzed by Western Blot using anti-RSV F monoclonal antibody and/or anti-RSV F

polyclonal antibody.

Example 3
Modified HRSY F cene encoding F protein BY # 541

{8228} Initial attempts to express the full length HRSV F protein proved unsuccessful in
achicving high levels of expression. The F gene sequence used in the expression was SEQ)
D NO: 1 (wild type HRSV F gene, GenBank Accession No, M11486). It encodes an
inactive precursor {Fy) of 574 aa. This precursor is cleaved twice by furin-like proteascs
during maturation to yvield two disulfide-hnked polypeptides, subunit Fy from the N terminus
and F, from the C terminus (Figure 1). The two cleavages sites are at residues 109 and 136,
which arc preceded by furin-recognition motifs (RARR, aa 106-109 (SEQ 1D NO: 23} and
KEKRKRR, aa 131-136 (SEQ 1D NO: 24)). The F gene sequence of SEQ 1D NO: 1 contains
suboptimal codon usage for cxpression in Sf9 insect cells and harbors 3 errors, producing a
protein that can exhibit less than optimal folding (SEQ 1D NO: 2, GenBank Accession No.
AABS9¢58). In addition, a possible Poly (A} adenylation site {ATAAAA) was identified at
the region encoding the F; subunit.  Moreover, the wild type F gene sequence is
approximately 65% AT rich, while desired GC-AT ratio of a gene sequence in S% insect cell

expression system 1s approxiroately 1:1.
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{#221] In attempt to overcome poor cxpression levels of HRSV F protein, a new F gene
sequence was designed so that:

{a) the three GenBank sequencing crrors were corrected,;

(b} the cryptic poly (A} site at the region encoding Fr subunit was modified;

{c} F gene codons were optimized; and

(d) the F gene encodes a modified F protein with inactivated primary cleavage site.
{§222] The three corrected aming acids errors were P102A, 1379V, and M447V. The cryptic
poly (A) stte in the HRSV F gene was corrected without changing the araino acid sequence.
16223} The codou optimization scheroe was based on the following criteria: (1) abundance of
aminoacyl-tRNAs for a particular codon in Lepidopteran species of insect cells for a given
amine acid as described by Levin, DLB. et al. (Journal of General Virology, 2000, vol. 81, pp.
2313-2325), (2) maintenance of GC-AT ratio in gene sequences at approximately 1:1, (3}
nindrmal infroduction of palindromic or sterm-loop DNA structures, and (4) minimal
introduction of transcription and post-transcription repressor element sequences. An example
of optimized F gene sequence was shown as SEQ ID NO: 19 (RSV-F BV #368).
{8224 To mactivate the primary cleavage stie (1° €S, KKRKRR, aa 131-136) of HRSV F
protein, the furin recognition sitc was mutated to either KKQKQQ (SEQ ID NO: 28) or
GRROQOR (SEQ ID NO: 29). Several modified F proteins with such cleavage site mutations
were evaluated to determine the efficiency of cleavage prevention. Figure 2 shows several of
the modified F proteins that were evaloated. The results judicate that the primary cleavage
site of HRSVY F protein can be inactivated by three conservative amino acid changes R133Q,
R1I35Q, and R1364. These conservative amino acid changes from Arginine (R) which is a
polar-charged molecule, to Glutamine (Q) which is a polar-neutral molecule, altered the
charge status at these sites and prevented cleavage by furin-like proteases (see Figure 3),
while still preserving the F protein 3D structure. Prevention of cleavage at 1° CS resulted in
reduced membrane fusion activity of the F protein.
{#225] A non-limiting exemplary modified HRSV F gene sequence designed to have all
modifications mentioned above 18 shown in Figure 4. This modified F gene (SEQ ID NO: 5,
RSV-F BV #541) cocodes a wodified F protein of SEQ 1D NO: 6. The gene sequence was
synthesized in vitro as overlapping oligonucleotides, cloned and expressed in host cells.
Modified HRSV F protein BV #541 was purified frow the infected SI9 insect cell culture
harvests, and was analyzed by SDS-PAGE stained by coomassie. The method of purification

and SDS-PAGE analysis 1s described in Exaruple 2. The cxpression level of the F protein
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RSV-F BV #341 (e.g. F protein 541} was improved as compared to the wild type Fy protein

in ST9 insect celis.

Example 4

Modified HRSV F protein with F; subunit fusion domain partial deletion

{8226] To further improve expression of the RSV F protein, additional modified HRSV F
genes were designed that comprised the following modifications:

(a} the three GenBank sequencing errors were corrected,;

{(b) the cryptic poly {A) site at the region encoding F2 subunit was modified;

(¢} F gene codous were optimized; and

{d} the nucleotide sequences encoding the F; subunit fusion domain was partially
deleted. In one experirucnt, the nuclectide sequence encoding the first 10 amine acids of the
¥y subunit fusion domain was deleted {corresponding to amino actds 137-146 of SEQ 1D NO:
23
{82271 A non-limiting exemplary modified RSV F gene comprising said modifications is
shown in Figure S, designated as SEQ ID NO: 9 (RSV-F BY #622, e.g. F protein 622),
encoding a woditied F protein of SEQ 1D NO: 10, The modified HRSV F protein BV #622
was purified from the infected Sf9 insect cell culture harvests, and was analyzed by SDS-
PAGE stained with coomassie.  The method of punification and SDS-PAGE analysis 1s
described in Example 2. High cxpression levels of HRSV F protein BV #622 were observed,

as displayed in the SDS-PAGE n Figure 6.

Example 5

Modified HRSV F protein with both inactivated primary cleavage site and F; fusion domamn

partial deletion

{8228} To determine if the combination of wactivated primary cleavage site and Fy fusion
domain partial deletion can further promote expression of the RSV F protein, particularly in
the St9 jusect cells, another wodified RSV F gene was desigoed comprising following
modifications:

{a} the three GenBank sequencing errors were corrected;

{b) the cryptic poly {A) site at the region encoding F2 subumit was modified;
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(¢} F gene codons were optimized;

{d) the primary cleavage site was 1nactivated; and

(¢} the nucleotide sequence encoding the F1 subunit fusion domain was partially
deleted.
In one experiment, the nucleotide sequence encoding the first 10 amino acids of the Fy
subunit fusion domain was deleted {(corresponding to amino acids 137-146 of SEQ 1D NO:
23
{6229] A non-limiting cxemplary modified RSV F gene in which the first 10 amino acids of
the F; subunit fusion domain were deleted (corresponding to amino acids 137-146 of SEQ 1D
NO: 2} is shown in Figure 7A, designated as SEQ ID NO: 7 (RSV-F BV #6¥3, e.g. F protein
683), encoding the modified F protein of SEQ 1D NO: 8. The modified RSV F protein BV
#6K3 {e.g. F protein 683) was purified from the infected S9 insect cell culture harvests and
analyzed by SDS-PAGE stained with coomassie. The method of purification and SDS-
PAGE analysis is described in Example 2. Farther enhancements in the of expression levels

were achieved, as displayed in the SDS-PAGE in Figure 8.

{6238] Au non-Himiting exeraplary modified RSV F gene coraprising said in which the first
10 amino acids of the Fy subunit fusion domain were deleted {corresponding to amino acids
137-146 of SEQ D NO: 2) is shown in Figure 7A, designated as SEQ 1D NO: 7 (RSV-F BV
#6R83, e.g. F protein 683), encoding the modified F protein of SEQ ID NG: R, The modified
RSV F protein BV #683 {e.g. F protein 683} was purified from the infected Sf9 insect cell
culture harvests and analyzed by SDS-PAGE stained with coorsassie.  The method of
purification and SDS-PAGE analysis is described in Example 2. Further enhancements in the

of cxpression lovels were achieved, as displayed i the SDS-PAGE in Figure .

Alternate Exarapic $

Modified HRSY F protein fusion domain deletions

{6231] Decletions in the Fi fusion domain of A2, Ad, AG, A&, ALQ, Al12, Ald, Al6 or AR

aming acids from Phelld7 - Vall54 were introduced 1nto clone #5341 (Figure 7A). Si9 cells
infected with baculovirus cxpressing these deletion mutants were analyzed for RSV F protein
extracted from infected cells with a non-ionic detergent (Figure 78) and by FACS analysis of
cells stained for RSV F (Figure 7C). Deletions of up to 10 amino acids Phel37 — Serid6

{Figure 7A AZ, A4, A6, A8 and A10) increased the fevel of soluble F1 exiracted from the cells
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refative to the parent clone BV#541 (Figure 7B). A dramatic loss in soluble RSV F was
observed with mcreasing deletions of the fusion domain greater than 10 amivo acids, likely
due to mis-folding of the molecule. Consistent with these results, constructs with A2, A6 and
A1G amino acid delctions of the F1 fusion peptide displayed the highest cell surface

expression of RSV F (Figure 7C).

Expression and Purification of modified HRSV F protein BV #6K3

{8232] Modified HRSV F protein BV #0683 (e.g. F protein 083, SEQ 1D NO: 8 was
expressed in baculovirus expression system as described in Example 1, and recombinant
plagues expressing HRSV F protein BV #6K3 were picked and confirmed. The recombinant
virus was then amplified by infection of Sf9 msect cells. A culture of insect cells was
infected at ~3 MO (Multiplicity of 1nfection = virus ffu or pfu/cell) with baculovirus. The
culture and supernatant were harvested 48-72 hrs post-infection.  The crude harvest,
approximately 30 ml., was clarified by centrifugation for 15 minutes at approximately 800 x
g. The resulting crude cell harvests containing HRSV F protein BY #0683 were purified as
described below.,

{3233] HRSV F protein BY #683 was purified from the infected Sf9 insect cell culture
harvests., Non-ionic surfactant Tergitol® NP-9 (Nonylphenol Ethoxvlate) was used to in a
membrane protein extraction protocol.  Crude extraction was further purified by passing
through anion cxchange chromatography, lentil lectin affinity/HIC and cation exchange
chromatography.

18234} Punified HRSY F protein BV #683 was analyzed by SDS-PAGE stained with
coomassie, and Western Blot using anti-RSV F monoclonal antibody as described in
Example 2. The results were shown in Figure 9. Excellent cxpression levels of the HRSV F
protein BY #6853 (e.g. F protein 683, SEQ 1D NO: 8) were achicved. It was cstimated that the
expression level was above 10 mg/L in crude cell culture, and recovered F protein BV #683
was about 3.5 mg/L cell culture. In some cases expression levels above 20 rag/L were
achieved and about Smg/L wodified F protein BV #683 was recovered {see Figure 10}
Purity of the recovered F protein BV #683 reached above 98% as determined by scanning

densitornetry (see Figure 10).
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Example 7
Purified HRSY F nrotein BV #683 micelles {roseftes)

18235] Purified HRSV F protein BV #0683 was analyzed by negative stain electron
microscopy {sce Figure 11}, F proteins aggregated in the form of micelles (rosettes), simular
to those observed for wild type HRSY F protein (Calder er af., 2000, Virology 271, pp. 122-
131}, and other full-length virus membrane glycoproteins (Wrigley ot al., Academic Press,
London, 1986, vol. 5, pp. 103-163). Under clectron microscopy, the F spikes exhibited
iollipop-shaped rod morphology with their wider cnds projecting away from the ceunters of

the rosettes (Figure 11).

Alternate Exarople 7

HPLC analysis of of purified HRSY F protein BV #683 micelles {rosettes)

10236} Purified HRSV F protein BV #683 was analyzed by HPLC. Reverse phase high

pressure liquid chromatography (RP-HPLC) analysis showed purified RSV F micelles
consisting of 90.1% FI+F2 at retention tine of 11,195 min and 9.9% F1 polypeptide at
retention time of 6.256 min (Figure 12A). The F1+F2 peak at 11.195 min showed a double
peak, suggesting different glycosylation species. The identity of FIHF2 and Fl were
confirmed by SDS-PAGE and Western blot analysis of 1solated HPLC peak fractions. Intact
mass determination by mass spectrometry showed that F1 and FI1+F2 had molecular weights
of 50K Da and 61Kda, respectively, similar to the predicted molecular weights.

18237 Purified RSV F nanoparticles were further analyzed using HPLC size exclusion
chromatography (SEC). The RSV F nanoparticles consisted primarily of covalently linked
F1 and F2 (Figure 12B; F1+F2) with a low level of free F1 subunits. F1+F2 was 95.8% of the
total peak arca, and F1 was 3.8% of the total peak arca. The purity of RSV F particles was
estimated to be > 98%. The FI+F2Z peak was eluted in the void volume of this SEC column
and the F1 peak had a mass of about 180Kda, as cxpected for Fl trimers. An analytical
ultracentrifugation (AUC) study showed that the majority of species in RSV F nanoparticles
had a molecular weight between about imillion Da to about 8 million Da.

{8238} The length of the single trimer was about 20nm, and the mucelle particle diameter was
about 40nm {see Figure 12C). These results indicated that HRSV F protein BY #6¥3 has the
correct 3D structare for a native, active protein.

{#239] In summary, a modified recombinant HRSV F protein {e.g, BV #683) has been
designed, expressed, and puritied. This moditied full-length F 18 glycosylated. Modifications
of the primary cleavage site and the fusion domain together greatly enhanced expression level
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of F protein. In addition, this modified F protein can be cleaved to F1 and F2 subunits, which
are disulfide~-linked. Trimers of the F1 and F2 subunits form loliipop-shaped spikes of 19.6
nm and particles of 40.2 nm. Morcover, this modified F protein is highly expressed m S9
inscet cells. Purity of micclies > 98% 1s achieved after purification. The fact that the spikes
of this modified protein have a lollipop morphology, which can further form micelles
particles of 40 nro, indicates that modified F protein BV #683 has correct 3D structure of a

native protein.

Co-expression of modified HRSV F protcin with BRSV M and/or HRSV N i VLFE

production

{8248} The present invention also provides VLPs comprising a modified or mutated RSV F
protein. Such VLPs are useful to induce neutralizing antibodies to viral protein antigens and
thus can be administered to cstablish immunity against RSV, For example, such VLPs may
comprise a modified RSV F protein, and a BRSV M and/or HRSV N proteins. Codons of
genes cncoding BRSV M (SEQ 1D NO: 14) or HRSV N (SEQ 1D NO: 18) proteins can be
optimized for expression w insect celis. For example, an optimized BRSV M gene sequence
is shown in SEQ ID NO: 13 and an optimized RSV N gene sequence is shown in SEQ 1D
NGO 17T

18241} In one experiment, a modified F protein BY #622 and another modified F protein BV
#623 (SEQ 1D NO: 21, modified such that both cleavage sites are inactivated) were either
expressed alone, or co-cxpressed with HRSV N protein and BRSV M protein. Both crude
cell harvests containing VLPs (infraccliular) and VLPs pelicts collected from 30% sucrose
gradient separation were analyzed by SDS-PAGE stained with coomassie, and Western Blot
using anti-RSV F monoclonal antibody. Figure 13 shows the structure of the modified F
proteins BY #0622 and BV #623, and results of SDS-PAGE and Western Blot analysis. BV
#622 was highly expressed by itself or co-expressed with HRSV N protemn and BRSV M
protewn, while BY #623 had very poor expression, indicating that inactivation of both
cleavage sites inhibits F protein expression.

{6242} In another experiment, modified ¥ protein BV #622, double tandem geue BV #636
{BY #541 + BRSV M), BV #0683, BV #0684 (BV #5341 with YIAL L-domain introduced at the
C terroinus), and BY #685 (BV #5341 with YKKL L-domain introduced at the C terminus)
were either expressed alone, or co-expressed with HRSV N protein and BRSV M protein. L-

38



WO 2013/049342 PCT/US2012/057546

domain (Late domain} is a conserved scquence in retroviruses, and presents within Gag
acting in conjunction with cellular proteins to efficiently release virions from the surface of
the cell (Ott er af., 2005, Journal of Virology 79: 9038-9045). The structure of cach modified
F protein is shown in Figure 14, Both crude cell harvests containing VLPs (intraccllular) and
VLPs pellets collected from 30% sucrose gradient separation were analyzed by SDS-PAGE
stained with coomassie, and Western Blot using anti-RSV F monoclonal antibody. Figure 14
shows the results of SDS-PAGE and Western Blot analysis of crude cell harvests containing
VLPs (intraceHular), and Figurc 15 shows results of SDS-PAGE and Western Blot analysis of
VLPs pellets collected frovn 30% sucrose gradient separation. BV #6272 and BV #683 were
highly expressed by themselves or co-expressed with HRSV N protein and BRSV M protein,

while BY #636, BV #684, and BY #6K35 had poor expression.

Example 9

Screening of chimeric HRSV F proteins with high expression

{8243] Efforts were made to screen for additional RSV F proteins that could be highly
expressed in soluble form in msect cells and could form VLPs with better vield, Various F
genes were designed, expressed, and analyzed. Both Western Blot and SDS-PAGE were
used to evaluate the expression.

18244} Figure 16A to Figure 16D summarize the structure, clone name, description, Western
Blot/coomassic analysis results, and conclusion for cach chimeric HRSV F clone.

[6245] As the results indicated, wild type full length F protein was poorly expressed;
chimeric HRSV F proteins that contain ¥, but not F; subunit could be expressed well, but the
products were etther insohuble, which might be due to misfolding, or could not assemble with
other viral proteins to form VLPs with good yield after co-infections. Inactivation of the
primary cleavage site alone did not result in substantial increases 1 expression, but better
expression was achieved when inactivation of the primary cleavage site was combined with
other modifications such as deletion of cryptic poly {A) site and correction of GenBank aa
errors {e.g., BV #341). Introduction of the YKKL L-dorsain mto the C terminus of BV #3541
enhanced the secretion of VLPs containing modified F protein for about 2-3 folds in co-
expression with BRSV M and HRSV N proteins. The results further showed that a double
tandem chimeric gene consisting of BY #541 and BRSY M genes displayed both improved
mtracellular expression and improved VLP yield compared to co-infection of BY #341 and
BRSY M proteins, indicating that BRSY M protein can facilitate production of VLPs

59

[



WO 2013/049342 PCT/US2012/057546

containing a modified HRSVY F protein in insect cells when tandemly expressed. A triple
tandem chimeric gene consisting of BV #5411, BRSV M, and HRSV N had even higher
intraccllular expression and nwch better VLP yield compared to above mentioned double
tandern chimeric gene or co-infection of BV #3541, BRSYV M, and HRSV N proteins.
Furthermore, the results suggested that chimeric HRSV F protein BV#H6R3 (eg. F protein
683, SEQ ID NO: 8) had the best intraccliular expression. Expression of 4 double tandem
chimeric gene consisting of BV#683 and BRSV M genes, or a triple tandem chimeric gene
consisting of BV#683, BRSV M, and HRSV N genes 1s also embodied herein. These double
and trple tandem chimeric gene should further improve VLP production corapared to co-

infection.

Example 10

RSV neutralization assay and RSV challenge studies 1n mice

18246} To tost the efficiency of a vaccine cornprising modified HRSV F protein BV #683 i
prohibiting RSV infection, neutralization assays and RSV challenge studies were conducted
in mice. The experimental procedures are shown in Figure 17.

16247} Groups of mice (0=10) were njected intramuscularly (except for live RSV) with
placebo (PBS solution), live RSV (given intranasally), formalin inactivated RSV vaccine
(FI-RSV), 1 ug purified F particles (PFP, modified F protein BV #683), 1 ug purified F
particles with Alum (PFP + Alum), 10 ug purified F particles, 10 pg purified F particles with
Alurn (PFP + Alum), or 30 pg purified F particles on day § and day 21. Each imvounized
group was challenged by live RSV on day 42 (21 days after the sccond immmunization).
Mouse serum from cach group was harvested on day 0, day 31 (10 days afier the second
immunization}, and day 46 (4 days following challenge with live RSV).

{8248] Mouse scrurn from each freatment group was assayed for the presence of anti-RSV
neutralization antibodies. Diutions of serum from immunized mice were incubated with
infectious RSV in 96-well microtiter plates. Scrum was diluted from 1:20 to 1:2560. 50 ul
diluted serum was mixed with 58 ul live RSV virus (400 pfu} in each well. The virus/serum
mixture was incubated first for 60 minutes at room temperature, and then mixed with 100 ul
HEp-2 cells and 1ocubated for 4 days. The number of infectious virus plagoes were then
counted after staining with crystal violet. The neutralization titer for cach serum sample,
defined as the mverse of the highest dilution of scrum that produced 100% RSV
neutralization (e.g., no plaques), was determined for cach animal. The geometric mean serum
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neutralizing antibody titer at day 31 (10 days after the boost) and day 46 (4 days following
challenge with live RSV} were graphed for cach vaccine group. Figure 18 shows the results
of the neutralization assays. The results indicated that 10 pg or 30 pg puritied F protein
produced much higher ncutralization titer as compared to live RSV, In addition,
neutralization titers of PFP were enhanced with co-administration of Alum adjuvant.

16249] RSV challenge studics were carried out to determine if imynunization could prevent
and/or inhibit RSV replication in the lungs of the ymunized animals. The amount of RSV in
the lungs of immunized mice was determined by plaque assay using HEp-2 cells. Imwounized
groups of mwice mentioned above were infected with 1 x 10° pfu of infectious RSV long strain
intranasally on day 42 (11 days after the second immunization). On day 46 (4 days after RSV
infection), lungs of mice were removed, weighed, and homogenzed. Howogenized lung
tissuc was clarified. Supernatant of clarified solution was diluted and subjected to plaque
assay using HEp-2 cclls to determine RSV titer in long tissue {(calculated as pfu/g lung
tissue). Results are shown in Figure 19, indicating that all mice immunized with recombinant
RSV F protein BY #683 had undctectable RSV in the lungs, and even 1 pg purified
recombinant HRSV F protein BY #683 without adpuvant exhibited excellent efficiency in
inhibiting RSV rephication {reduced more then 1000 tiracs compared to placebo).

[#258] To determine the stability of the RSV PFP vaccine used above, the vaccine was stored
at 2-8 °C for 0, 1, 2, 4, and 5 wecks, and then analyzed by SDS-PAGE stained with
coornassie (Figare 20). The results show that the RSV PFP vaccine 1s stable at 2-8 °C, and

there is no detectable degradation.

Example 11
Recombimant RSV F Micelle Activity in Cotton Rats

{8251} In this example, groups included cotton rats immunized at days ¢ and 21 with live
RSV {(RSV), formalin inactivated RSV (FI-RSV), RSV-F protein BY #683 with and without
aluminum (PFP and PFP + Aluminum Adjuvant), and PBS controls.

(#2582} As shown in Figure 21, immunization with 30 ug of the F-micelle vaccine (RSV-F
protein BY #683, ie. F proteim 683, SEQ 1D NO: B}, with and without aluminum, produced
robust neuntralizing antibody responses following exposure to both RSV A and RSV B In
addition, 1t was observed that aluminum significantly enhanced the antibody response.
Moreover, neutralizing antibodics were increased following a boost at day 46 or day 49 in

RSV A and RSV B, respectively.
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{#253] While significant lung pathology was observed in rats immunized with formalin
inactivated RSV (FI-RSV), no disease euhancement was scen with the F-micelle vaccine
(Figure 22). The use of the F-micelle vaccine and the F-micelle vaccine with adjuvant
produced lower nflamynation scores (4.0 and 2.8, respectively) than the primsary RSV
infection (PBS + RSV challenge} control group (5.8). As noted above, the FI-RSV treated
group had a higher inflammation score than the primary RSV infection (PBS + RSV
challenge) control group (9.0 versus 58}, Moreover, the FI-RSV treated group had a
signtficantly higher mean inflammation score (9.0} than the unchallenged placebo controls,
live RSV + RSV challenge, F-micelle + RSV challenge, and F-micelle + alummum + RSV

challenge.

Example 12

Preclimical Efficacy of the RSV F Nanoparticle Vaccine in Rats

{#254] Efficacy of the RSV F Nanoparticle vaccine was tested in cotfon rats.
{0255} Neutralizing antibody responscs against RSV-A were asscssed in cotton  rats
immunized with RSV F vaccine + alum.
{18236} In one study, cotton rats were immunized with one of the following treatment groups:

(1) PBS;

{2y RSV,

{(3) formabin inactivated-RSV (FI-RSV);

{4} RSV F nanoparticle vaccine {1 pg + alum}

(5) RSV F nanoparticle vaccine (6 ug + alum)

(6) RSV F nanoparticle vaccine (30 ug + alum)
132571 Rats were then bled on day 21 and day 49. Secrum from day 49 was tested against
RSV-A in neutralizing assays by using a plaque-reduction neutralization test. Results of this
expertment are provided in Figure 23. Figure 23 is a graph showing neutralizing titers vs.
cach respective treatment group. The line for each treatment group indicates the geometric
mean of end point titer that neutralized the RSV-A virus 100%. The results indicated that the
vaceine of the invention neutralized RSV to a greater degree than RSV and FI-RSV.
18258] In another study, colton rats were immunized with one of the following treatment
Zroups.

(1) PBS;

{(2) RSV,

{33 FI-RSV,
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{4) RSV F nanoparticle vaccine (1 ug)

{53 RSV F nanoparticle vaceme {1 pg + alum)

{63 RSV F nanoparticle vaccine (10 ug)

{7y RSV F nanoparticle vaccine (10 ug + alum)

{8) RSV F nanoparticle vaccine (30 ug)
16259} Cotton rats were immunized on day O and day 21 at | with one of the above freatment
groups. Rats were subsequently bled on day 31. Sera from all groups were tested against
RSV-A in a CPE assay. Figure 24 shows the neutralizing antibody responses against RSV-A
in cotion rats, expressed as Log?2 titers, vs. the respective vaccination group (x-axis). The
vaccine of the invention neutralized RSV to a greater degree than RSV and FI-RSV.
Additionally, vanoparticle vaccines admimstered with alum prodoced a greater number of
neutralizing titers than nanoparticle vaccines without alum.
10260} In another experiment, cotion rats were immunized with one of the following
freatment groups:

(1) PBS;

{2y RSV,

(3} FI-RSV,

{(4) RSV F vanoparticle vaccne (1 ug)

(5) RSV F nanoparticle vaccine (1 pg + alum)

{63 RSV F nanoparticle vaccme (6 pg)

{73 RSV F nanoparticle vaccine {6 pg + alum}

{(R) RSV F vanoparticle vaccine (30 ug)

(%) RSV F nanoparticle vaccine (30 ug + alum)
18261} Cotton Rats were immoumnized with one of vaceine treatment groups (1)-(9) on day O
and day 21, and subsequently challenged with RSV A strain virus on day 49.
10262} Lung tissues were harvested on day 54 {(n=8/group). Tissuc was then homogenized
and evaluated for the presence of RSV virus using a Hep-2 monolayer plague assay to detect
infectious virus, Figure 25 shows that neutralizing antibody clicited by RSV F nanoparticles
was effective in preventing RSV virus replication in the lungs of challenged animals. Tn
Figure 25, RSV titers are cxpressed as logtU pfiper gram of lung tissue.
{§263] An ELISA assay was also carried out on rat sera, treated with the above nine
vaccination groups, to determine the presence or absence of anti-RSV antibodies. Sera was
pooled for animals i cach group and subject to the ELISA assay. Results are provided
Figures 26A and 208 as measured by ELISA units {corresponding to the 50% titer on 2 4
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parameter fit dilution curve; Figure 26A) or RSV-F IgG titer (Figure 26B). Aninuls treated
with the vaceme of the present invention produced a greater nurober of detectable anti-REV
antibodies than animals treated with RSV or FI-RSV. Additionally, alum increased the
antibody response.

{#264] Functional activity of anti-RSV F antibody was evaluated in a RSV neutralization
assay by determining the dilution of antiscra capable of mmhibiting 100% RSV cytopathic
activity on HEp-2 cell monolayers. Immunization with all doses of unadjuvanted RSV F
nanoparticles resulted in the development of RSV ncutralizing antibody (Figure 26C).
Counsistent with results for the anti-RSV F IgG, co-admmnistration of aluroinum phosphate
adpuvant increased RSV neutralizing antibody titers 3.5 — 18 fold. Neutralizing antibody titers
induced with live RSV were comparable to the low dose RSF F adjuvanied group and likely
a component was directed against the RSV G protein. Sera from cotton rats immunized with
formalin mactivated RSV (FI-RSV) did not cxhibit neutralizing activity (Figure 26C; Fi-
RSV}

{4265} Antigenic site H on the RSV F protein has been shown to be the target of palivizumab,
a humanized RSV neutralizing monoclonal antibody used in prophylaxis for the prevention of
RSV disease. To determine whether antibodies directed against antigenic site I were induced
by mmmunization with RSV F nanoparticies, s palivizumab competitive ELISA was
performed using pooled sera from the individual animals within each group. Sera obtained
from either hve RSV treated animals, FI-RSV immunized animals, or PBS control animals
did not juhibit palivizursab binding (Figure 26D). In contrast, serum pools obtained from
animals immunized with RSV F nanoparticles had high levels of antibody that inhibited the
binding of Palivizumab to RSV F (Figure 26D). This result was achieved for pools from all
doses, with or without aluminum phosphate adiuvant. These data demonstrate that the RSV F

protein stimulates antibodies with the same specificity as palivizumab,

Histopathology

{4266} The histopathology of the cotton rat challenged with RSV was also studied. Cotton
rats were iromunized with ove of the following vaccination groups on day 0 and day 21:

{13 RSV F nanoparticle vaccine {1 ug, 6 ug, or 30 ug; +/- alum)

(2) FI-RSV
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(3) RSV

{(4) PBS

(53 PBS
Rats from groups (1)-(4) were subsequently challenged with RSV A strain virus on day forty-
nine. Rats from group (3) were not challenged with the virus, Lung tissue was isolated five
days after challenge. Tissue were frozen, scctioned and stained with hematoxylin and cosin.
Representative micrographs are provided to indicate peribronchiolitis condition in the contrel
animals and 30 ug + alum vaccine groups (Figure 27).
16267} Slides were evaluated in a blinded fashion using a score of 0 to 4 (#=no; I=minimal;
2=mild; 3=moderate; 4=maximum inflammation) in order of increasing severity for each of
the following 5 parameters: a) bronchiolitis; b} vasculitis; ¢} bronchiiis; d) alveolitis and ¢)
interstitial pneumonitis {(as described in Prince GA, ot al. (1986} J Virel 57: 721-728). The
surnmary value for cach of the five parameters was added together to arrive at a single
summary score for cach animal. Summary scores for cach group were used to arrive at the
total average score/group cxpressed as the arthmetic mean £ the SEM.
18268 Analysis of the histopathology scores for the various experimental groups (Table 1)
demonstrated that FI-RSVY exacerbated inflamruation upon subsequent challenge with hive
virus. The total histopathology score for FI-RSV was significantly higher than that observed
for non-immune animals challenged with RSV {mean 5.63; p<0.0001, t-test). No significant
increase i pathology was observed inany RSV F immunized group either 1o the presence or
absence of alum relative to the control groups. The cotton rats infected with RSV and
challenged with RSV had a mean score of 0.75. The vext lowest histopathology scores of
113 and 1.43 were in the adjuvanted vaccine groups immunized respectively with 6 pg or 30
ug RSV F nanoparticics (Table 1), These data dernounstrate that the adjuvanted RSV F

nanoparticle vaccine inhibits lung inflammation after RSY challenge.

Table 1. Pulmonary histopathological parameters in immunized cotton rats

Total Score for Each Histological Parameter
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Mean,

Treatment Bronchiolitis | Vasculitis | Bronchitis | Alvedlitis | Pnsumonitis all

mMeasuras
RS alone 0 G 1 0 0 .13
PR3+ Chal 5 8 10 5 1 2.63
REV+Chal 1 1 2 2 3 0.75
FI-RSV+Chal 15 Y 19 g P 563
Tug REV-F + 6 o 9 2 o 213
Chal
1Ug RSV-F with . 5 5 5 9 343
alum + Chal ) )
BlLg ROV-F + 5 o 11 3 o 2.71
Chal '
Su2 RSV-F with 0 o - 2 o 113
alum + Chal ' ) ] '
30ug R8V-F + 8 2 13 6 3.50
Chal
301g RSV-F with ; o B 3 o 43
atum + Chal

Example 13

Preclinical efficacy of RSV F Nanovarticle Vaccine in Mice

{8269] ELISA plates were coated with RSV Frcelle at 2 pg/ml. Pre immune and a pool of
day 2K serum from mice immunized on day O with 30 ug RSV F with alum were mixed with
50 ng/mL biotin-Palivizumab epitope peptide. These samples were then serially diluted and
incubated with purified RSV F coated ELISA plate.  Streptavidin was used to determine
Palivizumab bound to the plate.

[6278] Av unweighted four paramcter logistic regression curve s presented in Figure 28.
The results indicated that antibodies produced by the nanoparticle vaccine of the invention

competed with Palivizurnab peptide for binding the target RSV,

Example 14

RSV Nanoparticle Vaccine-Palivizumab Assay

{6271} Binding of the RSV nanoparticle vaccine of the invention to Synagis was assayed.
10272} Binding of Svnagis mAb to Palivizumab Epitope Peptide. ELISA plates were
coated with streptavidin at 5 ug/mL. Palivizumab peptide at 1 pg/mL was bound to the plate
to the streptavidin via a biotin hinker. Synagis® at 10 pg/mlL was serially diluted four fold
and incubated to the peptide on the plate. Synagis® binding was detected using antt human
HRP reaction. The results are provided in Figure 29A (left graph).

{3273] Binding of Synagis® to Recombinant RSV F micelles. ELISA plates were coated
with 2ug/ml RSV F micelle antigen. Synagis® at 10 pg/ml concentration scrially diluted
four fold and reacted to RSV F on the plate. Anti human HRP reaction was used to determine
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the Synagis binding to RSV F micelles. An unweighted four parameter logistic regression

curve is presented (Figure 298, right graph). The resulis indicated that Synagis® recognized

and bound the vaccine of the invention.

Example 15

Clinical Safety of the RSV F Nangparticle Vacgine

{3274] A Phase 1 randomized, observer blinded placebo controlled trial was carried out to

evaluate the safety and immunogenicity of the RSV nanoparticle vaccine in healthy adults in

a dose-escalating fashion.

{#275] 150 healthy adults were administered two immunizations at day ¢ and at day 30, The

treatraent groups are provided in Table 2, below. Demographic and subject dispositions for

the subjects are provided in Tables 3 and 4, respectively.

Table 2.
Cohort Group Number of RSV Alum dose
Designation Subjects nanoparticle
dose
Cohort 1 A 20 Sug 1.2 mg
(N=25) E 5 0 ug 0 g
Cohort 2 B 20 15 ug 1.2 mg
(N=25) E 3 0 ug 0 mg
Cohort 3 C 28 30 ug 2 mg
(N=25) E 5 0 ug ¢ mg
Cohort 4 D 20 30 ug { mg
{(N=723) E 5 0 ug 0 mg
Cohort 5 F 20 60 ug 1.2 mg
{IN=25) E 3 0 ug 0 mg
Cohort 6 G 20 60 ug 0 myp
{IN=25} E S O ug { mg
Table 3.
Vaccing Placcho Sugt Sug+ | 30ug+ 30 ug 60 ug + 60 ug
Group {group 1} Alum Alurn Alurn | {group 5y | Alum | {(group 7)
{group 2} | (group 3} | {group 4} {group 6}
#of 30 20 20 20 20 26 26
subjects
(n)
Age (years)
Mean (SD) 29.9 35.6 34.9 29.7 315 26.4 33.5
{(6.92) {7.70) (9.2 (7.41) (8.41) {5.59} (8.55)
Min, Max 19, 47 20, 49 20, 49 20, 46 18, 48 19,43 20, 49
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Age group | 66.7% 20.0% 30.0% 60.0% 50.0% 8S.0% 45.0%
%) 18-30
Agegroup | 30.0% 65.0% 45.0% 36.0% 40.0% 10.0% 30.0%
(%) 31-40
Age group 3.3% 15.0% 25.0% 10.0% 10.0% 5.0% 25.0%
{903 41-49
Gender (%)
Male 40.00% | 50.00% | 55.00% | 35.00% | 55.00% | 25.00% | 25.00%
Female 60.00% | S0.00% i 45.00% | 65.00% | 45.00% | 75.00% | 75.00%
Table 4. Subject Digposition (number {percentage of number of subjects))
Randomized | 30 {100.0} 20 20 20 20 20 20
{100.0) {100.0) {100.0) {100.0) {100.0) | (100.9)
Safety 30 (1060.0) 26 28 28 26 26 28
{100.5) (100.5) {160.5) {(100.0) (100.0) 1 (300.0y
Modified | 28(93.3) | 19958y | 19(95.0; 20 18 18 20
Intent-to- (100.0) {(100.0
Treat
OMITT)
Per-protocol | 26 (R6.7y | 17(8S5.0) | 16(RO0y | IR(90.0) | 17(85.0) | 13(63.0) IR
(90.0)

{8276} Adverse evenis (AEs, both local and systemic) were solicited 1-7 days post
immunization,

{6277} Local pain was reported by 6.7% of patients administered placebo. 15% to 55% of
patients in the vaccine groups reported pain. One subject reported severe pain (30 pug + alum
treatment). There was no dose response effect,

{18278} Tenderness was reported by 10% of patients administered placebo. 20% to 55% of
patients in the vaccine groups reported tenderness. One subject reported severe tenderness
{60 pg + alum treatment). There was no dose response effect.

{8279} Headache was reported by 16.7% of patients administered placebo.  10% to 35% of
patients in the vaccine groups reported tenderness. There was no dose response effect.

{6288] The vaccine was well tolerated oversll, The majority of adverse events were local
pain and tenderness and the majority were mild. Local adverse events were higher in the
vaccine groups compared to placebo. There was no adverse event trend based on dose of

vaccine, Additionally, there were no vaccine related severe adverse events.

Immunogenicity of the RSV F Nanoparticle Vaccine

{3281} The Phase 1 trial was carried out, as provided m Example 13,
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{#282] The immunogenicity of the RSV nanoparticle viruses was assessed. The scheme for
various assays utihzed to assess immunogencity is provided 1o Figure 30,

RSV F/Svnagis (Palivizumab) Peptide ELISA

Treatment | Placebo 5pgt PBugt | 30ug+ | 30ug | 60pg+ 60 pg
Groups {group Al Alam Alura {group Alom | {(group 7)
1y {group 2) | {group | {group 4) 5) {group

3) 6)

{8283] ELISA plates were coated with streptavidin at S ug/ral. Palivizemab peptide at |
ug/ml was bound to Streptavidin, Human sera from subjects treated with the vaccine of the
mvention  was introduced to the plates. Sccondary antibody (anti hursan HRPY was then
added to detect anti-RSV F Ig(G against the Palivizumab peptide.

18284} Figure 31 provides the results of this study. Each of the nanoparticle vaccine
treatment groups produced significantly roore RSV 1gG thao the control group, and the alum
groups performed better than the non-alum groups. In Figure 31, cach treatment group
includes three racasurernents: (1) seva at day [ (left bar), (2) sera at day 30 (rmiddle bar), (3)
sera at day 60 (right bar).

Anti-RSY F IoG ELISA

Treatment | Placcho Sug+ Sug+ 30 pg+ 30 ug 60 ug + 60 ug
Groups | (group 1} Alum Alum Alum {group Alum {group
{group 2) | {group 3) | {group 4) 5) {group 6) 7}

{#285] ELISA plates were coated with 2 ug/mL RSV F or RSV G antigen. Human sera from
subjects treated with the vaccine of the invention followed by challenge with RSV was
introduced to the plates. Secondary antibody (anti human HRP) was then added to detect
anti-RSV F or anti-R8V G 1gG 1o the huwan sera.

{#286] Each of the nanoparticle vaccine treatment groups produced IgG antibodics against
RSV F at all time points tested (Figure 32A). In contrast, the vaccine freatment groups
induced production of negligible amounts of anti-RSV G antibodies (Figure 32B). In Figure
32 A an B, cach treatroent group includes three measurernents: (1) sera at day 1 (icft bar), (2)
sera at day 30 {middle bar), (3) sera at day 60 (right bar).

{#287] The results of this experiment arc also provided in Tables SA and 5B, below. Table
SA shows the geometric mean of 1gG levels 1o all groups. The georoetric mean fold vise in
12 levels was also plotted for the alum groups (Figure 33). A significant dose response was
achieved (p<0.0S). Table 5B shows the results of the ELISA (oxpressed as ELISA Units) for

individual subjects in the 60 ug + Alum group.
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Table 5A.
Yaccine | Placebo Sug+ Spug+ | 30ug+ 30 pg 60 ug + 60 ug
Group Alum Alum Alum Alum
# subjects 26 7 16 I8 17 13 I8
{n)
Study day 1 {(pre-vace)
GMT 482 830 559 586 519 485 530
95% C1 | 357,651 530, 355,881 1 439,782 ¢ 286,943 | 321,733 | 307,917
1302
Study day 30 (pre-vace

GMT 585 3627 2618 4695 4554 6795 5632
95% Ci 423,808 | 1750, 1784, 3622, 2617, 4813, 3993,

7517 3841 6086 7926 9592 8000
P-value <0.001 0.253 8.073 $.723 $.106 $.509
2!
P-value <(0.001 (.07 4.014 (4.757 (4.509 (¢.303
12]
P-value <0.001 <{(.001 <{(.001 <{(.001 <{(.001 <{(.001
{31

Study day 60

OMT 601 5913 224 6521 4079 9256 5249
95% Ci 438,825 | 3633, 3176, 5282, 2568, 6899, 36372,

9569 5616 8051 6479 12419 7586
P-valuc <(.001 0.248 0.785 0.018 <0.001 0.323
1]
P-value <{(.001 0.848 (.487 g.154 $.323 8.005
(2]
P-value <0.001 <§.001 <§.001 <§.001 <§.001 <§.001
3]

GMT 1s the geometric mean titer,
[ 1] P-value is from t-test on log (base 10) transformed titer values comparing the specified freatruent group 1o the
RSV-F 30 pg unadjuvanted group.
[2] P-value is from t-test on log (base 10) transformed titer values comparing the specified freatruent group 1o the
RSV-F 60 pg unadjuvanted group.
[31 P-value is from t-test on log (base 10) transformed titer values comparing the specified treatruent group 1o the

Placebo group.

Table 5B,
Apti F EU*

Subject ID Bay 38 Day 66
1104 4,249 6,141
1105 4,492 6,300
1107 4,348 9,633
1108 9,400 7,360
1109 21,402 17,930
1110 7,969 8,555
1112 8,032 7,528
1113 11,037 0,054
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1115 2,587 3,207

1117 9,503 16,923

1119 5,463 7,435

1120 5,047 8,205

11024 6,041 10,798
* ELISA untt

RSY Plague Reduction Neutralizing Titers (PRNTs)

>

{#288] Results from these experiments are provided in Figure 34 and Figure 35, Figure 34
shows that day 60 antibodics were significantly higher than placcho for all groups. Post-
immunization PRNTs in vaccine groups exceeded levels that have been estimated to be
protective in the elderly, children and infants.

{6289} Figure 35 shows the reverse cumulative disiribution for Day 0, Day 30 and Day 60
PRNTSs in the placebo and 30 pg + Alum groups. Minimum titers at day 0 were 5 log; and
roinimum titer post-imunization with RSV F recombinant nanoparticles at day 60 was 8.5

log,.

Avidity of Antibodies Induced by the RSV F Nanoparticle Vaccine

{#298] The Phase 1 trial was carried out, as provided in Example 15.

{8291} The avidity of astibodies in the huoman sera for RSV F was determined using a
BlAcore SPR-based measurement system. RSV F protein was immobilized on a sensor
surface, and sera were passed over the imumobilized RSV F. Binding to the iramobilized RSY
F was measured based on the mwolecular mass on the sensor surface. Association and
dissociation rates were measured as a function of timne and plotted on a sensorgrar, and the
dissociation constant was calculated from the association and dissociation rates.

182921 Figure 36 provides the controls for the BlAcore SPR-based assay. Figure 36A shows
the association rates (k-On), dissociation rates (k-Off), and dissociation constants (KD) for
positive controls palivizumab antibody and RSV reference sera {available from BE]
Resources and described in Yang et al. 2007, Biologicals 35; 183-187). Figore 368 shows a
sensorgram to demonstrate negative results from Day 0 and placebo control sera from the

Phase 1 trial, in contrast to positive control palivizamab.
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293} Ficure 37 provides the binding curves for palivizumab antibody and a representative
g p 2 p 3 p

vaceinee (subject 1D# 1112, day 306).

18294} The results of the study for 13 subjects in the 60ug vaccine + adjuvant group are
provided in Table 6, below. At Day 30, the KD for these 13 subjects ranged from 0.11 pmol
to 992 pmol; at Bay 60, the KD ranged from 0.00194 pmol to 675 pmol. Thus, the avidity of

antibodies in the human scra for RSV F was, bike the palivizemab antibody control, in the

picomolar range.

Table 6
KD

Subject ID Day 3¢ Day 68
1104 1.76 E-12 | 8.26 E-13
1105 3O2E-13 | 823 E-14
1107 391 E-13 | 224 E-14
1108 6.80E-13 | 194 E-15
1109 9.92 E-10 NA
1110 1.35 E-10 | 1.62 E-10
1112 229 E-12 | 364 E-13
1113 272 E-13 | Q02 E-14
1143 421 E-13 | 675 E-10
1117 4.93F-13 | 418 E-13
1119 T1TE-13 | 1.35E-13
1120 1.23E-13 | 170 E-13
11024 6,18 E-13 | 479 E-13

Palivizumab 0.95 £-10

Example 1¥

Palivizamab-like IeG antibodies Induced by the RSV F Nanoparticle Vaccine

18295] The Phase | trial was carried out, as provided in Example 135,

18296] Paltvizumab-like 1gG antibodics (antibodies that compete with palivizumab epitope
peptide for binding RSV F) in the sera from 13 subjects in the 60ug + adjuvant group were
racasured via g corapetitive binding assay. The results, provided in Table 7 below, indicated

that Palivizumab-like anttbodies were well above protective levels (340ug/mb) in all subjects

tested at both Day 30 and Day 60.

~.]
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Table 7
Palivizumab-iike igG
(pg/mi)

Subject ID Day 38 Pay 60
1104 57 66
1105 85 106
1107 208 312
1108 169 i16
1109 177 253
1118 106 134
1112 190 203
1113 337 315
1113 109 131
1117 76 261
1119 96 144
11280 77 122
11024 04 124

Example 18

mmunogenicity of a Recombinant RSV F Protein Nanoparticle Vaccine Manufactured in

Insect Cells: Induction of Palivizumab-like Activity in Human Subijects

182971 The vaccine administered in this example comprised nanoparticles comprising near-
full length F protein, assembled into trimers. F protein was produced 1o Sf9 wnsect cells
infected with a recombinant baculovirus.  The cells were lysed and sohubilized with
detergent, and the F protein was purified chromatographically, The antigen was adminisiered
by intramuscular injection, with or without adsorption to ALPQO,.

{6298] Healthy adults (N = 150; mean age 31.3 years; 59% female) were enrolicd in 6
cohorts, each including 20 active vaccine and 3 placebo recipients. Test articles were given
as 2-dose serics at a 30 day interval,

[8299] RSV F antigen was tested at doses of 5, 15, 30 and 60 pg adsorbed to AIPO4 and 30
and 60pg without adjuvant. Safety was monttored by soliciting local and systeric symptoms
for 7 days after cach dose, and ascertainment of unsolicited adverse events for 6 months.
Functional antibodies were assessed using the plague reduction neutralization (PRN) and
rocroneutralization {MN) assays (which gave similar results) and ELISA assays for multiple

antigens as below.

~d
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{#308] The results of the trial indicated that MN responses appeared to lag anti-F responses
{Figure 38). MN antibody responses occurred 1o the active groups, but anti-F responses were
much more dynamic Whereas baseline anti-F 1gG titers spanned a more limited range,
bascline microneutralization (MN) titers varied over a >32-fold range. The vaceine induced
substantial MN responses in subjects with low MN baseclines {geometric mean 3.9-fold rises
in those in the lowest 1/3 of the population), but overall fold- rises were hmited by the 1/3 of
subjects with high baseline values {where <2-fold responses were noted).

10361} The results of the trial alse showed that RSV F Nanoparticle Vaccine Elicited
antibody Responses to antigenic site H Peptide 254-278 (Figure 39).  Syothetic REV-F
peptide 254-27%, which harbors the palivizumab and motavizumab epitopes, was biotinylated
and immobilized to streptavidin-coated plates. Serial dilutions of sera were incubated with
the peptide coated plates. Bound 1gG was detected after washing with enzyme-conjugated
goat anti-hurman IgG. Pre-iramunization titers were uniformly low, but increased 5- to 15-
fold with receipt of RSV-F nanoparticle vaccine.

18302} Figure 40 and Table § show the results of a palivizurmab competition ELISA with
huaman serum before and after RSV -F nanoparticle immunization. ELISA plates were coated
with RSV F protein antigen at 2pg/mb. Pre- and post-immunization scra were serially
diluted, spiked with SOng/mi. biotinvlated palivizumab, and then incubated in the coeated
plates. Enzyme-conjugated streptavidin was used to detect palivizumab bound to the plate.
A four-parameter fit was generated and the seram dilution yielding 50% palivizamab bindiog
inhibition was interpolated. Antibodies competitive with Palivizumab were present in low
titer 1u normal adult sera, but were markedly increased by iromumzation with the RSV F
nanoparticle vaccine (Figure 40A). Figure 40B shows the geometric-mean fold increase in
palivizumab binding inhibition post dose | and post dose 2 in all subject groups. Adjuvant
enhanced the palivizumab inhibition of vaccine-induced sera, and the 60ug + adjuvant group

exhibited the highest levels of palivizurnab mhibition,

Table 8. Concentration of Palivizumab-competitive antibody in study subject serum samples

Placebo Sug+ {{Sug+ Blpg+ B3ug wipgt+ 60pg
AIPG,  JAIPG,  AIPO, AIPD,

(N=26) IN=17) 0v=16) IN=18) IN=17) IN=13) [N=18)

2 /

Study Day | N 26 17 16 1% 17 13 18
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GMT |11 12 14 10 14 14 20
95% CI|10, 12 110,16 11,20 INA, [21,20 110,20 [13.31
NA
Study Day 30 N 26 17 16 18 17 13 18
GMT |13 70 81 105 12 Ry 174
95% CIi1, 17 J41, 120 6, 107 180, 137 169, 186 {167,308 {117, 260
Study Day 60 N 26 17 16 1% 17 13 1%
GMT |14 11 Jizs 42 i B3y 157
95% CI|11, 1S 175, 162 1103, 1611114, 175}69, 145 {254, 448 [108, 230

{8383} The results of the tnal also indicated that the nduction of anti-RSV F antibodies
correlated with the presence of antibodics that competed for the palivizumab binding site
{Figure 413, Despite anti-F tfiters present at Day 0, most healthy voung adult sera yielded
values at or near the palivizumab competition assay LLOQ. On Day 60, placebo recipients
had an unchanged disiribution, but active vaccinees (in red) showed an increase m anti-F
antibodies with enrichment of palivizumab-competitive specificities.

{0364] Unlabeled palivizumab, added to normal serum, achieved 50% inhibition in the
competitive ELISA at 2.1 ug/mbL. This was used in Table 9 to calculate an approximate
equivalent of “palivizumab-like” activity in vaccinee serum.  In paralicl, palivizumab was
also spiked nto 5 norwal adult sera at three different levels, and its impact on MN tifer was

determined; increases in GMTs based on 2 replicates on cach of 2 different days are shown in

Table 9. S0% inhibitory GMTs and caleslated palivizumab-like activity in subject sera.

Placebo | Spg+ Al I5pg+ 30 ug 30 pug+ 60 ug 80 ug +

Al only Al Al

Day 0 GMT 5 & 7 7 5 10 7

(85% ChH (5-6} {5-8) {5-16) (5-10) (-) {7-15) {5-10)

Day 0

“palivizumab i1 13 3 15 10 21 15

cquivalent”{ug/mL)

Day 60 GMT 7 55 64 50 71 74 169

{95% Ch {6-%) {38-81) {51-80) (34-73) {57-88) (54-115) | (127-224)

Day 60

“paliviziimab 15 ile 135 106 149 165 337

equivalent”(ug/mb)

Day 0 GMT & ) 7 7 5 10 7

{95% 1) {5-6) (5-8) (5-14) (5-10) (-) (7-15) (5-10}

~1
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Table 10. lmpact of defined palivizumab inputs on MN activity in human adubt sera.
Baseline MIN Fold-increase on MN GMT with added palivizumab
GMT
Palivizumab ¢ 40ug/mL &lug/mbL 120pp/mL
Serum 1 64 2.2 3 4.8
Serum 2 136 1.3 2.1 2.7
Scrum 3 192 1.5 2.0 2.1
Serum 4 3432 11 1.3 1.4
Serum S 456 0.9 1.0 1.3

{#305] The anti-F protein immune responses to the insect cell-dertved RSV F protein
nanoparticle were enriched in antibodics to the highly-conserved and clinically important F
protein antigenic site 1, which contains the palivizumab and motavizumab binding sites.

18386] The levels of palivizumab-like activity achieved by the vaccine were commensurate

with those that have been efficacions wheun passively administered to infants,

Example 19

RSV F-specific monoclonal antibodies bind the RSV F nanoparticle vaccine anfipen

10387] Various RSV F ncutralizing monoclonal antibodies are known in the art and
described, for example, in Crowe JE ot al., Virology 252; 373 (1998}, and in Beeler et al,,
Journal of Virclogy 63; 2941 (1989}, both of which are incorprated herein by reference for all
purposes. Figure 42 shows a schematic representation of the antibody recognition regions of
the RSV F vaccine antigen, which are Site I, Site 11, and Site IV/V/IV,

{6308} RSV F vaccine antigen was plated at 2ug/ml. RSV-specific monocional antibodies
were serially diluted four fold and incubated with the RSV F vaccine antigen, and antibody
binding was detected using anti-mouse HRP. As shown in Figure 42, the vaccine antigen was
able to elicit binding of several neutralizing RSV F antibedies, including antibodies that bind

at Site L I, or IV/V/VI of the antigen.

Example 20

RSV F nanoparticle vaccine-induced immune responses in cotton rats

{8309] In this example, the efficacy of the RSV F vaceine was further tested in four groups of
female cotton rats (5 per group). Group 1 antmals received two itramuscular vaccinations,
one on Day § and one on Day 28, with Formalin Inactivated RSV virus (FI-RSV} adsorbed

onto alum at a 1:25 dilution. Antmals o Group 2 received wiramuscular vaccinations oo Day
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¢ and Day 28 with 30ug of the recombinant RSV-F nanoparticle vaccine, formulated with
adjuvant (2.4 mg/mL AIPO;). Anivoals 1 Group 3 received the two vaccinations with 30 pg
of the recombinant RSV-F nanoparticle vaccine in the absence of adjuvant. Animals in Group
4 were infected intranasally with 10° p.fu of RSV-A2 (0.05 mL per nare) on Day 0 and Day
28. Sera were collected from all animals at Bays 0, 28, and 49.

18318} Polyclonal sera saraples from immunized and infected cotton rats were serially diluted
five fold and incubated with the RSV F antigen, plated at 2 pg/ml. Bound antibody was
detected using anti-rat HRP. As shown in Figure 43, the RSV F vaccine mduced robust anti-
RSV IgG antibodies in cotton rats. Both RSV F vaccine groups elcited higher 1gQG titers
compared to cither immunization with FI-R8V or infection with RSV A2 at Days 28 and 49.
The presence of adjuvant further increased the IgG titer at both Day 28 and Day 49 (Figure
43}.

{8311} Neutralizing antibody responses in cotton rats were tested using a Hep-2 cell hine
infection assay. Serum dilutions were incubated with infectious RSV in plates, then the
RSV/serum mixture was incubated with Hep-2 cells. The number of infectious virus plaques
were counted, and neutralization titers were calculated as the inverse of the highest dilution
of scrum that produced 50% RSV inhibition of mfection.

{6312} Day 0 serum did not exhibit measureable veutralization fiters 1n any group. FI-RSV
groups did not exhibit neutralization titers at any timepoint. At Day 49, mice infected with
RSV AZ exhibited similar levels of neutralizing antibody to those immunized with RSV Fin
the absence of adjuvant. The highest neutralization titers were detected at Day 49 in the RSV
F vaccine + adjuvant group, mdicating that neutralization titers were induced ruost robustly in
animals receiving RSV F vaceine in the presence of adjuvant (Figure 44).

18313} To determine if neutralization is inhibited by the presence of RSV-F, cotton rat sera
were pre-incubated with 20ug/ml of BSA, RSV F protein, RSY G protein, or both RSV F
and RSV G protein, prior to incubation with Hep-2 cells in the neutralization assay. As
shown in Table 11, pre-incubation with RSV F protein reduced neutralization titers fo
undetectable or nearly undetectable levels in sera from RSV A2-infected mice as well as mice
immunized with the RSV F vaccine, with or without adpuvant.

Table 11. Neutralization of RSV is inhibited by the presence of RSV F protein

Cotton Rat BSA RSVF RSVG RSVG+RSVE
Samples +Sera +Sera +Sera + Sera
FI-RSY <20} <20 <20 <20
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REVF-Adj 1280 40 640 20
RSV F 320 <20 320 <20
RSV-A2 Infection |166 40 40 <20

18314} A Hep-2 cell hue fusion inhibition assay was used to test the ability of antibodies
induced by FI-RSV, RSV F vaccine with or without adjuvant, or live RSV A2 to inhibit
fusion-mediated RSV infection. Hep-2 cells were briefly pre-incubated with tive RSV prior
to incubation of the cells with serum dilutions from each group. The number of infectious
virus plaques were counted, and fusion mhibition was expressed as the mverse of the dilution
that resulted in 50% inhibition of plaque formation. Figure 45 shows that fusion-mediated
infection of Hep-2 cells was inhibited by Day 49 sers from infected rats or rats imrounized
with RSV F vaceine, with or without adjuvant. However, fusion inhibition was enhanced by
the presence of adjuvant. Further, at the Day 28 tirocpoint, only sera from rats immunized
with RSV F vaccine with adjuvant johibited fusion. Pre-incubation of rat sera with RSV F
protein abrogated the fusion inhibition capacity in all groups, as shown in Table 12,

indicating that the inhibition of fusion was mediated by RSV F-specific antibodies.

Table 12. Fusion inhibition is abrogated by the presence of RSV-F protein

Cotton Rat Samples BsA RSVE
FI-RSY <20 <20
RSVF-Adj 2560 20
RSV F 40 <20
RSV-AZ Infection 20 2(
RSV-AZ2/RSVF 80 20
RSVE/RSV-A2 160 20

{8315} Scrum samples fromn individual animals were assessed for the capacity to compete
with palivizumab monoclonal antibody for binding to RSV F. Senal dilutions of serum
samples were incubated with biotinylated palivizuraab prior to incubation with plate-bound
RSV F, followed by detection of bound palivizumab with avidin-HRP. Data were expressed

as the mverse of the geometric mean titer of antibodies that exhibited 50% inhibition of

~
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7

palivizumab binding. Scra obtained from FI-RSVY immunized animals did not inhibit
palivizurnab binding. Minimal whibition of palivizursab binding was observed with sera
from animals treated with live RSV, In contrast, scra from animals immunized with the RSV
F vaccine exhibited competition with palivizumab for binding to RSV F nanoparticles, and
competition was further enhanced with sera from animals that also received adjuvant (Figure
463},

{8316} Cotton rat sera from animals within each group were also assessed for the ability to
inhibit the binding of other RSV-F-specific monoclonal antibodics. Scrum-mediated
inhibition of binding of antibodies 1107, 1153, 1243, 1112, or 1269, which bind to Sites 1
{1243y, I (1107 and 1153}, or IV, V, VI {1112 and 1269}, of the RSV F protein, was
determined. Serial dilutions of sera frova cach group were incubated with biotinylated
antibodies 1107, 1153, 1112, 1269, or 1243 prior to incubation with plate-bound RSV F,
followed by detection with avidin-HRP. 50% inhibition titers were calculated as the inverse
of the highest dilution at which binding to RSV F was 50% inhibited. As shown in Figure 47,
inhibition of neutralizing RSV F-specific monoclonal antibody binding to RSV F was
enhanced with sera from rats immunized with RSV F vaccine compared to rats immunized
with FI-RSV or live RSV-AZ2, and was further enhanced 1n the presence of adjuvant.

{§317] The avidity of anti-RSV antibodies induced by immumzation with the RSV F
nanoparticle vaccine was compared to the avidity of anti-RSV antibodies induced by
immuanmzation with FI-RSV. Direct ELISAs were conducted 1o which serial dilations of
cotton rat sera were incubated in plates with bound RSV antigen, and levels of bound
antibody prior to or after a 7 molar urea wash step were measured. Antibodies in sera from
RSV F nanoparticle vaccine immunized animals exhibited higher avidity for RSV in
comparison to antibodics in sera from FI-RSV immunized animals (Figure 48). A larger
percentage of the RSV-specific antibodies in sera from vaccine immunized animals was high
avidity, as shown by the armount of antibody bound before and after the ures wash (Figure 48
and Table 13},

Table 13. O.D. 450 and percent high avidity antibodies in RSV F nanoparticle vaccine

immunized versus FI-RSY immunized animals

Before Urca Wash 5630 603,000
After urea Wash 1014 275,690
% High Avidity 20 45
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{8318} The foregoing detailed description has been given for clearness of understanding only
and no unnccessary limitations should be understood therefrom as modifications will be
obvious to those skilled in the art. 1t is not an admission that any of the information provided
hercin 18 prior art or relevant to the presently claimed inventions, or that any publication
specifically or implicitly referenced is prior art.
{8319} Unless defined otherwise, all technical and scientific terms used herein have the same
meaniog as coromonly understood by one of ordinary skill 1n the art to which this wnvention
belongs.
183268] Although the application has been broken into sections to divect the reader’s attention
to specific embodiments, such sections should be not be construed as a division amongst
embodiments.  The teachings of cach section and the embodiments deseribed therein are
applicable to other sections.
{§321] While the invention has been described i connection with specific embodiments
thereof, it will be understood that it is capable of further modifications and this application is
intended to cover any variations, uscs, or adaptations of the mvention following, 1n general,
the principles of the invention and juclading such departures from the present disclosure as
come within known or customary practice within the art to which the invention pertaing and
as may be applied to the essential features hereinbefore set forth and as follows in the scope

of the appended claims.
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CLAIMS

I. A respiratory syncytial virus (RSV) fusion (F) protein comprising at lcast one

maodification or mutation that increases the expression of said RSV F protein in a host cell.

2. A RSV F protein comprising at least one modification or mutation that reduces the

cellular toxicity of satd RSV F protein in a host cell.

3 A RSV F protein coraprising at least one modification or mutation that enhances the

immunogenic propertics of said RSV F protein as compared to an unmodified RSV F protein.

4. The RSV F protein of any of claims 1-3, wherein said F protein further comprises an
amino acid substitution at the amino acid position corresponding to the proline 102 residuc of

the wild-type RSV F protein (SEQ 1D NG: 2).

s. The RSV F protein according o claim 4, wherein said proline 102 residue is replaced
5

with an alanine residue.

6. The RSV F protein according to any of claims 4-5, further comprising an amino acid
substitution at the amino acid position corresponding to the isoleucine 379 residue of the

wild-type RSV F protein (SEQ ID NO: 2).

7. The RSV F protein according to claim 6, wherein said isoleucine 379 residue is
o 2

replaced with g valine residue.

8. The RSV F protein according to any of clamus 4-7, further comprising an amino acid
substitution at the amine acid position corresponding to the methionine 447 residue of the

wild-type RSV F protein (SEQ 1D NO: 2).

9. The RSV F protein according to claim 8, wherein said methionine 447 residue is

replaced with a valine residuoe.

18, The RSV F protein according to any of claims 1-9, wherein said RSV F protein

assumes a lollipop morphology.

o
ot
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it The RSV F protein according to any of claims 4-10, compnising a mutation that

inactivates at least one furin cleavage site.

12. The RSV F protein according to claim 11, wherein said furin cleavage site is the

primary cleavage site.

13, The RSV F protein according to any of claims 11-12, wherein said inactivation of at
least ove furin cleavage site s accomplished by infroducing at least one amino acid
substitution at positions corresponding to arginine 133, arginine 135, and argimine 136 of the

wild-type RSV F protein (SEQ ID NG: 2).

4. The RSV F protein according to claim 13, wherein at least two amuno acid
substitutions are introduced at positions corresponding to arginine 133, arginine 135, and

arginine 136 of the wild-type RSV F protein (SEQ 1D NO: 2).

15, The RSV F protein according to any of claims [4, wherein three amine acid
substitutions are jutroduced at positions corresponding to arginine 133, arginine 135, and

arginine 136 of the wild-type RSV F protein (SEQ 1D NO: 2.

16.  The RSV F protein according to any of claims 13-15, wherein said arginine 133

restdue 1s replaced with glutamine.

7. The RSV F protein according to any of claims 13-16, whercin said argimine 1353

residue is replaced with glutamine.

18.  The RSV F protein according to any of claims 13-17, wherein said arginine 136

residue 1s replaced with glutamine.

19, The RSV F protein according to any of claims 4-18, wherein said RSV F protein

further coroprises at least one modification of the cryptic poly(A) siie of F2.
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28, The RSV F protein according to any of claims 4-19, wherein said RSV F protein
further comprises a deletion in the N-terminal half of the fusion domain corresponding to
about amino acids 137-146 of the wild-type RSV F protein (SEQ ID NO: 2).
21, The RSV F protein of any of claims 1-3, wherein said modification or mutation is
selected from the group consisting of:

(1) inactivation of at least one furin cleavage site;

{11} a modification of the cryptic poly(A) sitc of F2; and

(1)  a deletion tn the N-termunal half of the fusion domain corresponding to about

amino acids 137-146 of the wild-type RSV F protein (SEQ ID NO: 23,

22, The RSV F protein of any of claims 1-3, wherein said RSV F protein harbors at least
two mutations sclected from the group consisting of:

(i at Jeast one amino acid substitution at positions corresponding to proline 102,
isoleucine 379, and methionine 447 of the wild-type RSV F protein (SEQ 1D NO: 2);

(i1} inactivation of at least one furin cleavage site;

(i1}  a modification of the cryptic poly(A) sitc of F2; and

(iv}  a deletion tn the N-termmunal half of the fusion domain corresponding to about

amino acids 137-146 of the wild-type RSV F protein (SEQ ID NO: 23,

23.  The RSV F protein of any of claims 1-3, wherein said RSV F protein harbors at lcast
three mutations selected from the group consisting of!

(1} at least one amino acid substitution at positions corresponding to proline 102,
isoleucine 379, and methionine 447 of the wild-type RSV F protein (SEQ 1D NO: 2);

(i1} inactivation of at least one furin cleavage site;

(i1}  a modification of the cryptic poly(A) sitc of F2; and

(iv}  a deletion in the N-terminal half of the fusion domain corresponding to about

amino acids 137-146 of the wild-type RSV F protein (SEQ ID NO: 23,

24, The RSV F protein of any of claims 1-3, wherein said RSV F protein harbors four
mutations selected from the group consisting of;

(1} at least one amino acid substitution at positions corresponding to proline 102,
isoleucine 379, and methionine 447 of the wild-type RSV F protein (SEQ 1D NO: 2);

(i1} inactivation of at least one furin cleavage site;
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(i)  a modification of the cryptic poly(A) site of F2; and
(iv}  a deletion in the N-terrmnal half of the fusion domain corresponding to about

amino acids 137-146 of the wild-type RSV F protein (SEQ 1D NO: 2.

25,  The RSV F protein of any of claims 21-24, wherein said RSV F protein harbors at
icast two amino acid substitutions at positions corresponding to proline 102, 1soleucine 379,

and methionine 447 of the wild-type RSV F protein (SEQ 1D NO: 2).

26.  The RSV F protewn of any of claims 21-25, wherein said RSV F protein harbors three
amino acid substitutions at positions corresponding to proline 102, isoleucine 379, and
rocthionine 447 of the wild-type RSV F protein (SEQ ID NO: 2).

27.

consisting of SEQ 1D NG: 3, SEQ D NO: 5, SEQ D NG: 7, and SEQ 1D NO: 9.

A RSV F protein cncoded by the nucleic acid sequence sclected from the group

28, A RSV F protein comprising an amino acid sequence selected from the group

consisting of SEQ 1D NO: 4, SEQ ID NO: 6, SEQ 1D NO: 8, and SEQ ID NO: 10.

29, The RSV F protein according to any of claims 1-28, wherein said RSV F protein

exhibits increases expression 1o a host cell as corapared to a wild-type RSV F protein.

30,  The RSV F protein according to any of clammos 1-29, wherein said RSV F protein

exhibits enhanced immunogenic properties as compared to a wild-type RSV F protein.

31, The RSV F protein according to any of claims 1-30, wherein said host cell is a

cukaryotic cell.

32, The RSV F protein according to claim 31, wherein said cukaryotic cell 1s an insect
cell.
33, The RSV F protein according to claim 32, wherein said msect cell is an 59 cell.
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34

The RSV F protein according to any of claims 1-33, wherein said RSV F protein is

derived from an RSV strawmn selected from the group consisting of an A strain of human RSV,

a B strain of human RSV, strains of bovine RSV, and strains of avian RSV,

40.

41,

strain.

44,

A purified micelie comprising one or more RSV F proteins of any of claims 1-34.

-5

A virus-like particle (VLP) comprising a RSV F protein of any of claims 1-34.

The VLP of claim 36, further coraprising a roatrix (M) protein.

The VLP of claim 37, wherein said M protein is derived from a hursan strain of RSV,

The VLP of claim 37, wherein said M protein is derived from a bovine strain of RSV,

The VLP of claim 37, wherein said M protein 1s M1 from an intluenza virus strain.

The VLP of claim 40, wherein said influenza virus strain is an avian influenza virus

The VLP of claim 41, wherein said avian influenza virus strain is an H5N1 strain.

The VLP of claim 42, wherein said HSN1 strain 18 A/Indonesia/S/35.

The VLP of claim 37, wherein said M protein is derived from a Newcastle Disease

Virus {(NDV} strain.

46,

47,
(N).

The VLP of any of claims 36-44, further comprising the RSV glycoprotein (G).

The VLP of any of claums 36-45, further comprising the RSV glycoprotein (SH).

The VLP of any of claims 36-46, further corprising the RSV uucleocapsid protein
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48.  The VLP of any of claims 36-47, wherein the VLP is expressed in a eukaryotic cell

under conditions which permit the formation of VLPs.

49, The VLP of claim 49, wherein the cukaryotic cell 1s selected from the group

consisting of yeast, insect, amphibian, avian, mammalian, or plant cells.

58, Animmunogenic composition comprising a RSV F protein of any of claims 1-34.

51 Ayp immunogenic composition comprising a purified maicelie according to claim 35.
2. Animmunogenic composition coraprising a VLP according to any of claims 36-49.
33, A pharmaccutically acceptable vaccine composition comprising a RSV F protein of

any of claims 1-34, wherein the RSV F protein is capable of elictting an immune response in

a host,

34, A pharmaccutically acceptable vaccine coraposition comprising a purified mucelie
according to claim 35, wherein the micelle is capable of eliciting an immune response n a

host.

55. A pharmaceutically acceptable vaccine composition comprising a VLP according to

any of claims 36-49, wherein the VLP is capable of eliciting an irornune response in a host,

S6. A kit for imynunizing a hursan subject against a viral infection comprising 4 RSV F
protein of any of claims 1-34.
7

5 A kit for immunizing a human subject against a viral infection comprising a purified

micelle according to claim 35,

58, A kit for immunizing 3 human subject against a viral infection comprising a VLP

according to any of claims 36-49.

59.  The kit according to any of claims 54-56, wherein the viral infection 18 a RSV
infection.
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60. A wethod of vaccinating a wammal agaiost a vival jnfection coroprising adminisiering
the RSV F protein of any of claims 1-34 in a pharmaccutically acceptable formulation to a

human subject.

61. A method of vaccinating a mammal against a viral infection coraprising administering
a purified micelle of claim 35 in a pharmaceuntically acceptable formulation to a human

subject.

62. A method of vaccinating a mammal against a viral infection comprising administering
a VLP according to any of claims 36-49 in a pharmaceutically acceptable formulation to a

human subject,

63, The method according to any of claims 60-62, wherein the pharmaceutically

acceptable formulation coraprises an adpuvant,

64.  The method according to claim 63, wherein the adjuvant 18 4 non-phospholipid
liposome.
65. A mcthod of generating an imvmune response against a viral infection comprising the

RSV F protein of any of claims 1-34 in a pharmaccutically acceptable formulation to a

human subject.

66. A mcthod of generating an imynune response against a viral infection comprising
administering a purified micelle of claim 35 in a pharmaceutically acceptable formmlation to

a human subject.

67. A method of generating an immune response against a viral infection comprising
administering a VLP according to any of claims 36-49 in a pharmaceutically acceptable
formulation to a human subject.

68. An isolated nucleic acid enceding a RSV F protein according fo any of claims 1-30.

69. An isolated cell comprising a nucleic acid of claim 68,
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70. A vector comprising the nucleic acid of claim 6K,

71. A method of oaking a RSV F protein, coraprising:
{(a} transforming a host cell to express a nucleic acid of claim 68; and
{(b) culturing said host cell under conditions conducive to the production of said RSV

F protein.
72. A vocthod of roakang a RSV F protein micelle, corprising:

{(a} transforming a host cell to express a nucleic acid of claim 6¥; and

(b cultaring said host cell under conditions conducive to the production of said RSV
F protein micelle.

73. The method according to any of claims 71-72, wherein said host cell is an insect cell.

74, The method according to claim 73, wherein said insect cell is an insect cell transfected

with a baculovirus vector comprising a nucleic acid of claim 68.

75. A method of preventing viral replication in the lung of an animal, comprising

admwinistering a RSV F protewn of any of claims 1-34 to said amimal.

76. The racthod of claim 75, whereim the RSV F protein is administered infravouscularly.



