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RECOMBINANT RESPIRATORY SYNCYTIAL VIRUS STRAINS
COMPRISING NS1 AND NS2 GENE SHIFTS

RELATED APPLICATION
This application claims priority to U.S. Provisional Application No. 62/266,206, filed December

11, 2015, which 1s incorporated by reference 1n 1ts entirety.

FIELD

The subject matter disclosed herein relates to respiratory syncytial virus (RSV) and attenuated,

mutant strains thereof suitable for use as vaccines.

BACKGROUND

Human respiratory syncytial virus (RSV) infects nearly everyone worldwide early 1n life and 1s
responsible for considerable mortality and morbidity. In the United States alone, RSV 1s responsible for
75,000-125,000 hospitalizations yearly, and conservative estimates indicate that RSV 1s responsible
worldwide for 64 million pediatric infections and 160,000 or more pediatric deaths each year. Another
notable feature of RSV 1s that severe infection in infancy frequently is followed by lingering airway
dysfunction, including a predisposition to airway reactivity, that in some 1individuals lasts for years and
can extend 1nto adolescence and beyond. RSV infection exacerbates asthma and may be involved 1n
initiating asthma.

RSV 1s a member of the Paramyxoviridae family and, as such, 1s an enveloped virus that
replicates in the cytoplasm and matures by budding at the host cell plasma membrane. The genome of
RSV 1s a single, negative-sense strand of RNA of 15.2 kilobases that 1s transcribed by the viral
polymerase into 10 mRNAS by a sequential stop-start mechanism that initiates at a single viral promoter
at the 3 end of the genome. Each mRNA encodes a single major protein, with the exception of the M2
mRNA that has two overlapping open reading frames (ORFs) encoding two separate proteins M2-1 and
M2-2. The 11 RSV proteins are: the RNA-binding nucleoprotein (N), the phosphoprotein (P), the large
polymerase protein (L), the attachment glycoprotein (G), the fusion protein (F), the small hydrophobic
(SH) surface glycoprotein, the internal matrix protein (M), the two nonstructural proteins NS1 and NS2,
and the M2-1 and M2-2 proteins. The RSV gene order 1s: 3°-NS1-NS2-N-P-M-SH-G-F-M2-L. Each gene
1s flanked by short conserved transcription signals called the gene-start (GS) signal, present on the
upstream end of each gene and 1involved 1n 1nitiating transcription of the respective gene, and the gene-
end (GE) signal, present at the downstream end of each gene and involved 1n directing synthesis of a
polyA tail followed by release of the mRNA. Transcription initiates at a single promoter at the 3" end and
proceeds sequentially.

The development of RSV vaccines has been in progress since the 1960°s but has been
complicated by a number of factors. For example, immunization of RSV-naive infants with inactivated

RSV has been shown to prime for enhanced disease upon subsequent natural RSV infection, and studies
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in experimental animals indicate that disease enhancement also 1s associated with purified RSV subunit
vaccines.

Another obstacle to immune protection 1s that RSV replicates and causes disease in the
superficial cells of the respiratory airway lumen, where immune protection has reduced effectiveness.
Thus, immune control of RSV infection 1s inefficient and often incomplete, and it 1s important for an
RSV vaccine to be as immunogenic as possible. Another obstacle to RSV vaccines 1s that the magnitude
of the protective immune response 1s roughly proportional to the extent of virus replication (and antigen
production). Thus, the attenuation of RSV necessary to make a live vaccine typically 1s accompanied by
a reduction in replication and antigen synthesis, and a concomitant reduction 1in immunogenicity, and
therefore 1t 1s beneficial to 1dentify a level of replication that 1s well tolerated yet satistactorily
Immunogenic.

Another obstacle 1s that RSV grows only to moderate titers in cell culture and 1s often present 1n
long filaments that are difficult to purify. RSV can readily lose infectivity during handling. Another
obstacle is the difficulty 1n 1identifying and developing attenuating mutations. Appropriate mutations
must be attenuating in vivo, but should be minimally restrictive to replication in vitro, since this 1s
preferred for efficient vaccine manufacture. Another obstacle 1s genetic instability that 1s characteristic of
RNA viruses, whereby attenuating mutations can revert to the wild-type (wt) assignment or to an
alternative assignment that confers a non-attenuated phenotype. Instability and de-attenuation are
particularly problematic for point mutations.

Taking these factors together, there 1s a need for live attenuated RSV strains that replicate
efficiently in vitro, are maximally immunogenic, are satisfactorily attenuated, and are refractory to de-

attenuation.

SUMMARY

Reported herein are novel recombinant RSV having an attenuated phenotype in which the
position of the NS1 and/or NS2 gene 1n the RSV genome or antigenome 1s shifted to a position that 1s
more distal to the promoter. The changes 1n the gene positions may be present in combination with
mutations at other loci to achieve desired levels of attenuation and immunogenicity. The recombinant
RSV strains described here are suitable for use as live-attenuated RSV vaccines.

In some embodiments, a recombinant RSV 1s provided that 1s attenuated by one or more
modifications to the genome of the RSV. In some embodiments, the one or more modifications comprise
a shift of the NS1 gene and the NS2 gene from gene positions 1 and 2 to gene positions 7 and 8 of the
RSV genome, respectively. In some embodiments, the one or more modifications comprise a shift of the
NS1 and NS2 genes from gene positions 1 and 2 (of a native RSV genome) to gene positions 9 and 10 of
the genome of the recombinant RSV, respectively. In some embodiments, the one or more modifications
comprise a shift of the NS1 gene to a gene position higher than position 1 (for example, to gene position
7 or9). In some embodiments, the one or more modifications comprise a shift of the NS2 gene to a gene

position higher than position 2. In some embodiments, the one or more modifications comprise a shift of
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the NS1 gene to a gene position higher than position 1, and the NS2 gene to a gene position higher than
position 2.

In addition to the modification that shifts the gene position of the NS1 gene and/or the NS2 gene,
the genome of the recombinant RSV can comprise further modifications to increase or decrease viral
attenuation, or other properties of the recombinant virus, such as deletion of all or part of the NS1, the
NS2 gene, and/or the M2-2 gene.

In some embodiments, the RSV genome comprises the one or more modifications as discussed

above, and comprises a nucleotide sequence corresponding to a positive-sense sequence at least 90%, at

least 95%, and/or at least 99% identical to SEQ ID NO: 2 (6120/NS12FM?2), SEQ ID NO: 4
(6120/NS12Ltr), SEQ ID NO: 6 (6120/NS12FM2/ANS?2), or SEQ ID NO: 8 (6120/NS12Ltr/ANS2). For

example, the RSV genome can comprise or consist of a nucleotide sequence corresponding to a positive-

sense sequence denoted by SEQ ID NO: 2 (6120/NS12FM2), SEQ ID NO: 4 (6120/NS12Ltr), SEQ ID
NO: 6 (6120/NS12FM2/ANS2), or SEQ ID NO: 8 (6120/NS12Ltr/ANS2).

In some embodiments, the RSV genome further comprises a reporter gene, such as gene
encoding Green Fluorescent Protein (GFP). In some embodiments, the RSV genome comprises the one
or more modifications as discussed above and the reporter gene, and comprises a nucleotide sequence
corresponding to a positive-sense sequence to SEQ ID NO: 1, SEQ ID NO: 3, SEQ ID NO: 5, or SEQ ID
NO: 7, or a nucleotide sequence corresponding to a positive-sense sequence at least 90%, at least 95%,
and/or at least 99% 1dentical to SEQ ID NO: 1, SEQ ID NO: 3, SEQ ID NO: 5, or SEQ ID NO: 7.

In some embodiments, the recombinant RSV exhibits one or more of (a) reduced expression of
the NS1 gene and/or NS2 gene compared to an RSV having the NS1 gene in gene position 1 and the NS2
gene 1n gene position 2, (b) reduced transcription of the NS1 gene and/or NS2 gene compared to an RSV
having the NS1 gene in gene position 1 and the NS2 gene 1n gene position 2; and/or (¢) reduced
inhibition of host interferon response compared to an RSV having the NS1 gene in gene position 1 and
the NS2 gene 1n gene position 2. In some embodiments, the recombinant RSV 1s increasingly susceptible
to restriction 1n cultured cells that can produce interferons in response to viral infection. In some
embodiments, the recombinant RSV retains replication efficiency in cultured cells that cannot produce
interferons in response to viral infection.

The embodiments of recombinant RSV disclosed herein can be subtype A RSV or a subtype B
RSV. The embodiments of recombinant RSV disclosed herein are infectious, attenuated, and self-
replicating.

Also provided herein are methods and compositions related to the expression of the disclosed
viruses. For example, 1solated polynucleotide molecules that include a nucleic acid sequence encoding
the genome or antigenome of the described viruses are disclosed.

Pharmaceutical compositions including the recombinant RSV are also provided. The
compositions can further include an adjuvant. Methods of eliciting an immune response 1n a subject by
administering an immunogenically effective amount of a disclosed recombinant RSV to the subject are

also disclosed. In some embodiments, the subject 1s a human subject, for example, a human subject
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between 1 and 6 months of age, or between 1 and 12 months of age, or between 1 and 18 months of age,
or older.

The foregoing and other features and advantages of this disclosure will become more apparent
from the following detailed description of several embodiments which proceeds with reference to the

accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows schematic diagrams illustrating the creation of the recombinant RSV
6120/NS12FEM2/GFP 1n which NS1 and NS2 genes were shifted to gene positions 7 and 8. Note that the
GFP gene 1s not included 1n the gene position numbering. The sequences shown (from top to bottom) are
SEQ ID NO: 9, SEQ ID NOs: 10 and 11, SEQ ID NO: 12, and SEQ ID NOs: 13 and 14, respectively.

FIG. 2 shows schematic diagrams illustrating the creation of the recombinant RSV 6120/

NS 12Ltr/GFP virus in which the NS1 and NS2 genes were shifted to positions 9 and 10. The sequences
shown (from top to bottom) are SEQ ID NO: 9, SEQ ID NOs: 10 and 11, SEQ ID NO: 13, and SEQ ID
NOs: 16 and 17, respectively.

FIG. 3 shows replication of RSV 6120/NS12FM2/GFP, RSV ANS1/ANS2/GFP and wt
RSV/GFP 1n African green monkey Vero cells.

FIG. 4 shows replication of RSV 6120/NS12FM2/GFP, RSV ANS1/ANS2/GFP and wt
RSV/GFP in human airway A549 cells.

FIG. 5 shows replication of RSV 6120/NS12Ltr/GFP, RSV ANS1/ANS2/GFP and wt RSV/GFP
in African green monkey Vero cells.

FIG. 6 shows replication of RSV 6120/NS12Ltr/GFP, RSV ANS1/ANS2/GFP and wt RSV/GFP
in human airway A549 cells.

FIG. 7 shows schematic diagrams illustrating the deletion of the NS2 gene from RSV
6120/NS12FEM2/GFP. The upper sequence line shows SEQ ID NOs: 18 and 19. The lower sequence
line shows SEQ ID NOs: 20 and 21.

FIG. 8 shows schematic diagrams illustrating the deletion of the NS2 gene from RSV
6120/NS12Ltr/GFP. The upper sequence line shows SEQ ID NOs: 18 and 22. The lower sequence line
shows SEQ ID NOs: 23 and 24.

FIG. 9 shows replication of RSV 6120/NS12FEM2/ANS2/GFP, RSV 6120/NS12FM2/GFP, RSV
ANS1/ANS2/GFP and wt RSV/GFP 1n African green monkey Vero cells.

FIG. 10 shows replication of RSV 6120/NS12FM2/ANS2/GFP, RSV 6120/NS12FM2/GFP,
RSV ANS1/ANS2/GFP and wt RSV/GFP 1n human airway A549 cells.

SEQUENCE LISTING
The nucleic and amino acid sequences listed 1n the accompanying sequence listing are shown

using standard letter abbreviations for nucleotide bases, and three letter code for amino acids, as defined

in 37 C.F.R. 1.822. The Sequence Listing 1s submitted as an ASCII text file in the form of the file
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named “Sequence.txt” (~164 kb), which was created on December 9, 2016 which 1s incorporated by
reference herein. In the accompanying sequence listing:

SEQ ID NO: 1 is the antigenomic cDNA sequence for recombinant RSV strain
6120/NS12FM2GFP.

SEQ ID NO: 2 is the antigenomic cDNA sequence for recombinant RSV strain 6120/NS12FM2.

SEQ ID NO: 3 1s the antigenomic cDNA sequence for recombinant RSV strain
6120/NS12LtrGFP.

SEQ ID NO: 4 is the antigenomic cDNA sequence for recombinant RSV strain 6120/NS12Ltr.

SEQ ID NO: 5 1s the antigenomic cDNA sequence for recombinant RSV strain
6120/NS12FM2/ANS2/GFP.

SEQ ID NO: 6 1s the antigenomic cDNA sequence for recombinant RSV strain
6120/NS12FM2/ANS2.

SEQ ID NO: 7 1s the antigenomic cDNA sequence for recombinant RSV strain
6120/NS12Ltr/ANS2/GFP.

SEQ ID NO: 8 1s the antigenomic cDNA sequence for recombinant RSV strain
6120/NS12Ltr/ANS2.

SEQ ID NOs: 9-24 are fragments of recombinant RSV antigenomic cDNA sequences shown 1n
FIGs. 1-2 and 7-8.

SEQ ID NOs: 25 and 26 are the nucleotide sequences of gene-start transcription signals.

DETAILED DESCRIPTION

Disclosed herein are mutations that are useful 1in producing recombinant strains of human RSV
exhibiting a range of attenuation phenotypes. The mutations of the present invention are based on
shifting of the NS1 and/or NS2 genes from their native positions in the RSV genome or antigenome to a
higher position 1.e. a position that 1s more distal to the promoter. Also disclosed herein are recombinant
RSV strains that include such mutations and are suitable for use as attenuated, live vaccines. Further
disclosed herein are methods and compositions related to the expression of the disclosed viruses. For
example, 1solated polynucleotide molecules that include a nucleic acid sequence encoding the genome or
antigenome of the described viruses are disclosed.

The recombinant RSV strains of the present invention comprise a wt RSV genome or antigenome
containing modifications or mutations as described 1n detail below. The wt RSV genome or antigenome
encodes the following 11 proteins: the RNA-binding nucleoprotein (N), the phosphoprotein (P), the large
polymerase protein (L), the attachment surface glycoprotein (G), the fusion surface glycoprotein (F), the
small hydrophobic surface glycoprotein (SH), the internal matrix protein (M), the two nonstructural
proteins NS1 and NS2, and the M2-1 and M2-2 proteins. The complete amino acid sequences of these
proteins are known 1n the art. The genome of RSV 1s a single strand of negative sense RNA of 15.2 kb

comprising 10 genes encoding 10 mRNAs. Each mRNA encodes a single protein, except for the M2
mRNA which encodes two separate proteins M2-1 and M2-2. The RSV gene order 1s: 3°-NS1-NS2-N-P-
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M-SH-G-F-M2-L with a single viral promoter located at the 3’end. Thus, in the native RSV genome NS1
1s at position 1, NS2 at position 2, N at position 3, P at position 4, M at position 5, SH at position 6, GG at
position 7, F at position 8, M2 at position 9 and L at position 10. This organization 1s shown
schematically in FIG. 1, top panel.

As reported herein, moving NS1 and/or NS2 from their native positions as promoter-proximal
genes to a higher gene position, that 1s a position further distal to the promoter, results in their decreased
transcription and expression. For nonsegmented negative strand RNA viruses, the transcription gradient
1S an 1mportant factor in regulating viral gene expression. One recent study showed that expression of a
foreign gene was four-fold higher when 1t was placed between the F and M2 genes in the RSV genome
compared to between the L gene and trailer, a difference of two gene positions (Kwilas AR et al 2010 ]
Virol 84:7770-7781). Another recent study with the related parainfluenza virus type 3 revealed that
expression of a foreign gene from gene position 1, 2, or 3 was 30-69-fold, 15-29-fold, and 5-6-fold
higher compared to gene position 6 (Liang et al 2014 J Virol 88:4237-4250). This 1llustrates that moving
one or more genes to positions that are progressively more distal to the promoter can provide incremental
reductions 1n gene expression that, when over a range of multiple gene positions, can be substantial.

The NS1 and NS2 proteins antagonize host innate responses including interferon and apoptosis.
This antagonistic effect 1s particularly prominent for NS1. Recombinant RSV 1n which NS1 and/or NS2
are deleted, 1n particular NS1 deletion mutant, show reduced virus replication in vitro due to increased
apoptosis, an effect that also 1s observed 1n Vero cells used 1n the manufacture of live RSV vaccines
(Bitko et al, 2007 J Virol 81:1786-1795). For example, efforts to manufacture an RSV ANS2 virus as a
live vaccine have been unsuccessful due to unsatisfactorily low yields (unpublished results). A
ANS2/ANS?2 virus also appears to be over-attenuated 1n African green monkeys (Jin et al 2003 Vaccine
21:3647-3632). In contrast, the RSV recombinant viruses of the present invention comprising NS 1
and/or NS2 gene shift mutations did not exhibit growth restriction 1n Vero cells. This indicates that the
levels of NS1 and NS2 that are produced by either mutant control apoptosis sufficiently to obtain
efficient viral replication, a surprising result that could not have been predicted. However, these viruses
were attenuated 1n interferon competent cells, indicating that the expected decreased expression of NS1
and/or NS2 indeed rendered the virus increasingly susceptible to restriction.

Thus, NS1 and/or NS2 gene-shift provides a novel means to avoid the over-attenuation
associated with gene-deletion. The ability to place the genes in incrementally distal locations relative to
the promoter provides a means to incrementally change the magnitude of attenuation. Gene-shift can be
combined with other previously described attenuating mutations. Additionally, since NS1 (in particular)
and NS2 inhibit the host interferon response, reducing their expression may increase viral
immunogenicity due to the adjuvant effects of increased interferon expression. For example, 1n the
bovine model, bovine RSV mutants with NS deletions were shown to have increased immunogenicity in
the natural host (Valarcher et al 2003 J Virol 77:8426-8439). Increased apoptosis, as would result from

decreased expression of the RSV NS1 and/or NS2 proteins, also has the potential to increase

immunogenicity (Pulmanausahakul et al 2001 J Virol 75:10800-10807).
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Since there are 8 other RSV genes, NS1 and/or NS2 may be moved to a number of different
higher gene positions in different combinations to provide different levels of transcription and
expression. The NS1 and/or NS2 genes may be moved to an intergenic region between other genes, or
into other non-coding regions.

In some embodiments, the NS1 and NS2 genes may be moved 1n tandem to higher gene positions
or progressively more distal gene positions to provide a graded set of increasing attenuated phenotypes.
Thus, 1n some embodiments, NS1 and NS2 may be at gene positions 2 and 3, 3 and 4, 4 and 3, 5 and 6, 6
and 7,7 and 8, 8 and 9, or 9 and 10 respectively. In some embodiments, the NS1 and NS2 genes may be
moved 1n tandem from gene positions 1 and 2, respectively, to gene positions 7 and 8, respectively. In
some embodiments, the NS1 and NS2 genes may be moved 1n tandem from gene positions 1 and 2,
respectively, to gene positions 9 and 10, respectively. The gene position numbers of genes prior to shift
refer to their positions in the native RSV genome before the shift, and the gene position numbers of the
genes post-shift refer to their positions 1n the modified RSV genome.

Alternatively, the NS1 and NS2 may be moved singly or independently of each other. For
example, only one of the NS1 or NS2 gene may be moved to a higher gene position. Thus, in some
embodiments. NS1 gene may be at gene position 1 and NS2 may be at position 3,4, 5, 6,7, 8, 9 or 10. In
some embodiments, NS2 gene may be at gene position 2 and NS1 may be at position 3,4, 3,6, 7, 8,9 or
10. In some embodiments each NS1 and NS2 may be moved to a different higher position independently.
For example, NS1 may be at any one of positions 2, 3,4, 3, 6,7, 8,9 or 10 and NS2 may be at any one of
positions 3, 4,5, 6,7, 8, 9 or 10.

In one exemplary embodiment described in Example 1 and shown 1n FIG. 1, the NS1 and NS2
genes were moved to positions 7 and 8 1n the intergenic region between the F and M2 genes so that the
gene order 1n the recombinant virus construct was 3 N-P-M-SH-G-F-NS1-NS2-M2-L. This recombinant
construct 1s named RSV 6120/NS12FM2. The polynucleotide sequence of this construct 1s shown in SEQ
ID NO:2. Some embodiments comprise a polynucleotide sequence that 1s at least 70%, 75%, 80%, 85%,
9%, 91%, 92%, 93%, 94%, 93%, 96%, 1%, 98%, 99% and 100%, and any number 1n between,
identical to SEQ ID NO: 2.

In some embodiments, the recombinant RSV comprises a RSV genome comprising the 6120 and
NS12FM?2 mutations as described herein, and a positive-sense sequence denoted by a sequence that 1s at
least 90%, at least 95%, and/or at least 99% 1dentical to SEQ ID NO: 2 (6120/NS12FM2).

In another exemplary embodiment described in Example 2 and shown in FIG. 2, the NS1 and
NS2 genes were moved to positions 9 and 10 so that the gene order in the recombinant virus construct
was 3’ N-P-M-SH-G-F-M2-L-NS1-NS2. This recombinant construct 1s named RSV 6120/NS12LTr. The
polynucleotide sequence of this construct 1s shown in SEQ ID NO: 4. Some embodiments comprise a
polynucleotide sequence that 1s at least 70%, 73%, 80%, 83%, 90%, 91%, 92%, 93%, 94%, 93%, 96 %,
Y71%, 98%, 99% and 100%, and any number 1n between, 1dentical to SEQ ID NO: 4.

In some embodiments, the recombinant RSV comprises a RSV genome comprising the 6120 and

NS 12Ltr mutations as described herein, and a positive-sense sequence denoted by a sequence that 1s at



10

13

20)

23

30

35

CA 03007474 2018-06-05

WO 2017/100756 PCT/US2016/066142

least 90%, at least 95%, and/or at least 99% i1dentical to SEQ ID NO: 4 (6120/NS12Ltr).

In some embodiments, the RSV genome or antigenome comprises one or more mutations in the
NS1 and/or NS2 gene, 1n addition to the shift in the position of the NS1/NS2 genes (for example to
positions 7 and 8, or 9 and 10, respectively). The mutation may be a point mutation, a substitution or a
deletion. The deletion may be partial or complete. Some exemplary embodiments are described in
Examples 3 and 6 and shown in FIGs. 7 and 8. These include the constructs 6120/NS12M2F/ANS2
(SEQ ID NO: 6) and 6120/NS12Ltr/ANS2 (SEQ ID NO: 8). Design and construction of these constructs
1s described in Examples 5 and 6.

In some embodiments, the recombinant RSV comprises a RSV genome comprising the 6120,
NS12FM?2, and ANS2 mutations as described herein, and a positive-sense sequence denoted by a
sequence that 1s at least 90%, at least 95%, and/or at least 99% identical to SEQ ID NO: 6
(6120/NS12FM2/ANS?2).

In some embodiments, the recombinant RSV comprises a RSV genome comprising the 6120,
NS12Ltr, and ANS2 mutations as described herein, and a positive-sense sequence denoted by a sequence
that 1s at least 90%, at least 95%, and/or at least 99% identical to SEQ ID NO: 8 (6120/NS12Ltr/ANS2).

In several embodiments, the genome of the recombinant RSV comprises the one or more
mutations as discussed herein, and any remaining sequence difference of the genome of the recombinant
RSV compared to the genomic sequence of D46 RSV (GenBank accession number KT992094, which 1s
incorporated by reference herein) 1s biologically insignificant (for example, the remaining sequence
differences do not include changes to the wild-type genomic sequence that modify a known cis-acting
signal or change amino acid coding, or measurably affect in vitro replication or plaque size of the virus).

In another exemplary embodiment, the antigenome cDNA may be modified to contain a reporter
gene, for instance a gene encoding enhanced green fluorescent protein (GFP). The GFP gene could be
inserted between the RSV P and M genes (Munir et al 2008 J Virol 82:8780-8796), or as the first gene 1n
the genome (Zhang et al 2002 J Virol 76:3654-5666), or between any pair of genes. The insertion of a
GFP gene 1n the first gene position had little or no effect on RSV replication or pathogenesis 1n cell lines
and 1n an in vitro human airway epithelium (HAE) culture (Zhang et al 2002 J Virol 76:5654-5666), and
the same appeared to be the case for GFP inserted between the P and M genes (Munir et al 2008 J Virol
82:8780-8796). One purpose of expressing GFP from the viral genome 1s to facilitate monitoring
infection 1n initial experiments, because it allows visualization of infections in live cells without
interfering with the infection. GFP 1s often used in this fashion 1n 1nitial experiments. Note that, when
used, GFP 1s not included 1n the gene position numbering 1n this disclosure. While GFP expression can
be helpful 1n 1nitial pre-clinical studies, 1t typically would not be included 1in products for human use.
Some exemplary embodiments are described herein. These are RSV 6120/NS12FM2/GFP (SEQ ID NO:
1), 6120/NS12Ltr/GFP (SEQ ID NO: 3), 6120/NS12M2F/ANS2/GFP (SEQ ID NO: J) and
6120/NS12Ltr/ANS2/GFP (SEQ ID NO: 7). Design and construction of these constructs 1s described in
Examples 1, 2, 5 and 6 and shown in FIGs. 1, 2, 7 and 8.
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Additional mutations may be introduced to construct additional viral strains with desired
characteristics. For example, the added mutations may specify different magnitudes of attenuation, and
thus give incremental 1ncreases 1n attenuation. Thus, candidate vaccine strains may be further attenuated
by incorporation of at least one, and preferably two or more different attenuating mutations, for example
mutations 1dentified from a panel of known, biologically derived mutant RSV strains. A number of such
mutations are discussed here as examples. From this exemplary panel a large “menu’ of attenuating
mutations can be created, in which the NS1 and/or NS2 gene shift mutation may be combined with any
other mutation(s) within the panel for calibrating the level of attenuation and other desirable phenotypes.
Additional attenuating mutations may be 1dentified in non-RSV negative stranded RNA viruses and
incorporated in RSV mutants of the invention by mapping the mutation to a corresponding, homologous
site 1n the recipient RSV genome or antigenome and mutating the existing sequence in the recipient to the
mutant genotype (either by an identical or conservative mutation). Additional useful mutations can be
determined empirically by mutational analysis using recombinant minigenome systems and infectious
virus as described in the references incorporated herein. Attenuation also can be achieved by codon-pair-
deoptimization, which does not depend on 1dentification of specific attenuating lesions, but rather alters
gene expression by general mechanisms such reducing the efficiency of mRNA translation, among other
effects (Le Nouen et al 2014 Proc Natl Acad Sc1 USA 111:13169-13174). A number of exemplary
additional mutations are described below. These are for exemplary purposes only and are not meant to
limat the scope of the present invention.

The recombinant RSV constructs of the present invention comprising the NS1 and/or NS2 gene
shift exhibit reduced expression of the NS1 and/or NS2 gene as compared to an RSV having the NS1 and
NS2 genes 1n their native positions 1 and 2. The term “expression” as used herein refers to 1s intended to
encompass the entire process of protein production, including transcription, translation, post-translational
modification, and physical stability required to form and accumulate a functional protein.

The recombinant RSV constructs exhibit reduced inhibition of host interferon response 1.¢., the
cells carrying such viruses exhibit increased expression of host interferon mRNAS and/or proteins, and/or
decreased viral inhibition of interferon-mediated effects. In interferon competent cells 1.e. cultured cells
that can produce interferons in response to viral infection, e.g., human airway epithelial A549 cells,
ATCC CCL-185, the recombinant RSV constructs of the present invention are increasingly susceptible to
restriction. On the other hand, 1n interferon incompetent cells 1.e. cultured cells that cannot produce
interferons 1n response to viral infection, e.g., African green monkey Vero cells, ATCC CCL-81, the
recombinant RSV constructs of the present invention retains replication efficiency.

The ability of a live RSV vaccine candidate to replicate efficiently in Vero cells 1s beneficial
because this 1s a cell substrate often used for vaccine manufacture. This 1s relevant 1n the case of the NS1
and NS2 genes because deletion of either or both from RSV results in more rapid and more extensive
apoptosis when cells are infected with the NS-deletion viruses, compared to wild type RSV (Bitko, et al.
2007. J Virol 81:1786-1795). Embodiments of the disclosed recombinant RSV provide the ability to

reduce the expression (and interferon antagonism) of NS1 and/or NS2 without completely losing
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expression, and this provides the advantage of unrestricted growth in Vero cells. In addition, shifting of
the NS1 and NS2 genes to higher gen positions 1in the RSV genome provides a means to derive a range of

incrementally-increasing attenuation phenotypes.

Additional mutations

In some embodiments, RSV genome or antigenome comprises one or more mutations 1n one or
more of the N, P, M, SH, G, F, M2 (M2-1 ORF or M2-2 ORF) and L genes, 1n addition to the shift in the
position of the NS1/NS2 genes (for example to positions 7 and 8, or 9 and 10, respectively). For example,
the RSV genome or antigenome may comprise a mutation in the M2-2 ORF of the M2 gene which
ablates or reduces the expression of the M2-2 protein, in addition to the shift in the position of the
NS1/NS2 genes (for example to positions 7 and 8, or 9 and 10, respectively). Such mutation may
comprise one or more point mutations, a partial deletion of the M2-2 ORF, or a complete deletion of the
M2-2 protein.

In some embodiments, the recombinant RSV strains of the present invention comprises a deletion
of the non-translated sequences 1n genes, 1n the intergenic regions, and in the trailer region, 1in addition to
the shift in the position of the NS1/NS2 genes (for example to positions 7 and 8, or 9 and 10,
respectively). In one embodiment, such deletion occurs in the downstream end of the SH gene, resulting
in a mutation called the “6120 Mutation” herein. It mnvolves deletion of 112 nucleotides of the
downstream non-translated region of the SH gene and the introduction of five translationally-silent point
mutations in the last three codons and the termination codon of the SH gene (Bukreyev, er al. 2001. ]
Virol 75:12128-12140). The 6120 mutation stabilizes the antigenomic cDNA in bacteria so that it can be
more easily manipulated and prepared. In wt RSV, this mutation was previously found to confer a 5-fold
increase in replication efficiency in vitro (Bukreyev, et al. 2001. J Virol 75:12128-12140), whereas 1t was
not thought to increase replication efficiency in vivo.

In some embodiments the recombinant RSV strains may comprise the “cp” mutation, in addition
to the shift in the position of the NS1/NS2 genes (for example to positions 7 and 8, or 9 and 10,
respectively). This mutation refers to a set of five amino acid substitutions in three proteins (N (V2671), F
(E218A and T323I), and L (C319Y and H1690Y)) that together (on their own) confer an approximate 10-
fold reduction 1n replication in seronegative chimpanzees, and a reduction in illness (Whitehead, ez al.
1998. J Virol 72:4467-4471). The cp mutation was previously shown to be associated with a moderate
attenuation phenotype (Whitehead, et al. 1999. J Virol 72:4467-4471).

In addition, previous analysis of 6 biological viruses that had been derived by chemical
mutagenesis of cpRSV and selected for the temperature-sensitive (ts) phenoptype yielded a total of 6
independent mutations that each conferred a ts attenuation phenotype and could be introduced in the
recombinant viruses of the present invention, in addition to the shift in the position of the NS1/NS2 genes
(for example to positions 7 and 8, or 9 and 10, respectively). Five of these were amino acid substitutions

in the L protein, which were named based on virus number rather than sequence position: "9535" (N43I),

“3307 (F521L), “248” (Q831L), “1009” (M1169V), and “1030” (Y1321N) (Juhasz, er al. 1999. Vaccine
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17:1416-1424; Collins, et al. 1999. Adv Virus Res 34:423-451; Firestone, et al. 1996. Virology 225:419-
422; Whitehead, et al. 1999. ] Virol 73:871-877). The sixth mutation (called "404") was a single
nucleotide change in the gene-start transcription signal of the M2 gene (GGGGCAAATA, SEQ ID NO:
25 to GGGGCAAACA, SEQ ID NO: 26, mRNA-sense) (Whitehead, et al. 1998. Virology 247:232-239).
Reverse genetics was recently used to increase the genetic stability of the 248 and 1030 mutations
(Luongo, et al. 2009. Vaccine 27:5667-35676; Luongo, et al. 2012. J Virol 86:10792-10804). Another
attenuating mutation comprises a deletion of codon 1313 1n the L protein and combining it with an
[1314L substitution to confer increased genetic stability (Luongo, et al. 2013. J Virol 87:1985-1996).

In some embodiments, the recombinant RSV strains may comprise one or more changes in the F

protein, e.g. the “HEK” mutation, which comprises two amino acid substitutions in the F protein namely

K66E and Q101P (described 1in Connors, er al. 1993. Virology 208:478-484; Whitehead, er al. 1998. ]
Virol 72:4467-44°71), in addition to the shift in the position of the NS1/NS2 genes (for example to
positions 7 and 8, or 9 and 10, respectively). The introduction of the HEK amino acid assignments into
the strain A2 F sequence of this disclosure results in an F protein amino acid sequence that 1s 1dentical to
that of an early-passage (human embryonic kidney cell passage 7, HEK-7) of the original clinical 1solate
of strain A2 ( Connors, et al. 1993. Virology 208:478-484; Whitehead, et al. 1998. J Virol 72:4467-
44°71). It results in an F protein that 1s much less fusogenic and 1s thought to represent the phenotype of
the original A2 strain clinical 1solate (Liang er al. J Virol 2015 89:9499-9510). The HEK F protein also
forms a more stable trimer (Liang ez al. J Virol 2015 89:9499-9510). This may provide a more authentic
and immunogenic form of the RSV F protein, possibly enriched for the highly immunogenic pre-fusion
conformation (McLellan et al. Science 2013 340(6136):1113-7; Science 2013 342(6138):592-8.). Thus,
mutations can be introduced with effects additional to effects on the magnitude of virus replication.

In some embodiments the recombinant strains may comprise one or more changes in the L
protein, e.g. the stabilized 1030 or the “1030s” mutation which comprises 1321 K(AAA)/S1313(TCA)
(Luongo, et al. 2012. J Virol 86:10792-10804), 1n addition to the shift in the position of the NS1/NS2
genes (for example to positions 7 and 8, or 9 and 10, respectively).

In some embodiments the recombinant strains may comprise one or more changes in the N
protein, €.g. an amino substitution such as T24A, or in the NS protein, e.g. an amino acid substitution
such as K51R, 1n addition to the shift in the position of the NS1/NS2 genes (for example to positions 7
and 8, or 9 and 10, respectively).

In some embodiments, the viral strains comprise a deletion in the SH gene, 1n addition to the
shift in the position of the NS1/NS2 genes (for example to positions 7 and 8, or 9 and 10, respectively).
For example, 1n some embodiments, the viral strains comprise a 419 nucleotide deletion at position 4197-
4615 (4198-4616 of SEQ ID NO: 1), denoted herein as the “ASH” mutation. This deletion results in the
deletion of M gene-end, M/SH intergenic region, and deletion of the SH ORF.

The F and/or G protein amino acid sequences of the disclosed recombinant RSV strains can be
modified to represent currently-circulating strains (1n addition to the shift in the position of the NS1/NS2

genes, for example to positions 7 and 8, or 9 and 10, respectively), which can be particularly relevant in
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the case of the divergent G protein, or to represent early-passage clinical 1solates. Deletions or
substitutions may be introduced 1nto the G protein to obtain improved immunogenicity or other desired
properties. For example, the CX3C fractalkine motif in the G protein might be ablated to improve
immunogenicity (Chirkova et al. J Virol 2013 87:13466-13479). In some embodiments, the nucleotide
sequence encoding the G protein of the RSV may be replaced with nucleotide sequence GOO1 from the
clinical 1solate A/Maryland/001/11 (*G001”). In some embodiments, the nucleotide sequence encoding
the F protein of the RSV may be replaced with the nucleotide sequence FOO1 from the clinical 1solate
A/Maryland/001/11 (*FOO017).

In some embodiments, a native or naturally occurring nucleotide sequence encoding a protein of
the RSV may be replaced with a codon optimized sequence designed for increased expression 1n a
selected host, 1n particular the human, in addition to the shift in the position of the NS1/NS2 genes (for
example to positions 7 and 8, or 9 and 10, respectively). Alternatively, a sequence can be designed to be
suboptimal on the codon or codon-pair level.

In addition to the above described mutations, recombinant RSV according to the invention can
incorporate heterologous, coding or non-coding nucleotide sequences from any RSV or RSV-like virus,
e.g., human, bovine, ovine, murine (pneumonia virus of mice), or avian (turkey rhinotracheitis virus)
pneumovirus, or from another enveloped virus, e. g., parainfluenza virus (PIV). Exemplary heterologous
sequences include RSV sequences from one human RSV strain combined with sequences from a
different human RSV strain. In yet additional aspects, one or more human RSV coding or non-coding
polynucleotides are substituted with a counterpart sequence from a heterologous RSV or non-RSV virus
to yield novel attenuated vaccine strains. Alternatively, the recombinant RSV may incorporate sequences
from two or more, wild-type or mutant human RSV subgroups, for example a combination of human
RSV subgroup A and subgroup B sequences. RSV exists as two antigenic subgroups, A and B, which
have substantial sequence and antigenic differences, 1n particular for the G protein. It 1s common for A
and B strains to alternate predominance 1n 1- to 2-year cycles, suggesting that the antigenic differences
are sufficient to facilitate re-infection by a heterologous subgroup strain (Hall et al 1990 J Infect
162:1283-1290; Wattis 1991 J Infect Dis 163:464-469; Peret et al 1998 J Gen Virol 79:2221-2229).
Therefore, the recombinant RSV may incorporate sequences from the heterologous subgroup 1n order to
increase the breadth of protection. For example, the F and/or G proteins of an attenuated RSV of one
subgroup might be swapped with those of the second subgroup 1in order to make a new vaccine matched
to the heterologous subgroup (Whitehead et al 1999 J Virol 73:9773-9780). As another example, the G
protein of the heterologous subgroup can be expressed as an additional gene. In this way, an RSV
vaccine could be designed with one or more components that represent both antigenic subgroups.

In addition to the recombinant RSVs having the particular mutations described herein, the
disclosed viruses may be modified further as would be appreciated by those skilled in the art. For
example, the recombinant RSVs may have one or more of its proteins deleted or otherwise mutated or a
heterologous gene from a different organism may be added to the genome or antigenome so that the

recombinant RSV expresses or incorporates that protein upon infecting a cell and replicating.
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Furthermore, those skilled 1n the art will appreciate that other previously defined mutations known to
have an effect on RSV may be combined with one or more of any of the mutations described herein to
produce a recombinant RSV with desirable attenuation or stability characteristics.

In some embodiments, the disclosed recombinant RSV vaccine strains can be produced using a
recombinant DNA-based technique called reverse genetics (Collins, et al. 1995. Proc Natl Acad Sc1 USA
92:11563-11567). This system allows de novo recovery of infectious virus entirely from cDNA 1n a
qualified cell substrate under defined conditions. Reverse genetics provides a means to introduce
predetermined mutations into the RSV genome via the cDNA 1intermediate. Specific attenuating
mutations were characterized 1n preclinical studies and combined to achieve the desired level of
attenuation. Derivation of vaccine viruses from cDNA minimizes the risk of contamination with
adventitious agents and helps to keep the passage history brief and well documented. Once recovered, the
engineered virus strains propagate in the same manner as a biologically derived virus. As a result of
passage and amplification, the vaccine viruses do not contain recombinant DNA from the original
recovery.

The Examples 1n the present disclosure utilized RSV strain A2 of antigenic subgroup A, which 1s
the most widely used experimental strain and also 1s the parent of numerous live attenuated RSV vaccine
candidates that have been evaluated 1n clinical studies. Given that a variety of additional RSV strains
exist (e.g., RSV B1, RSV Long, RSV Line 19), those skilled 1n the art will appreciate that certain strains
of RSV may have nucleotide or amino acid insertions or deletions that alter the position of a given
residue. For example, if a protein of another RSV strain had, in comparison with strain A2, two
additional amino acids 1n the upstream end of the protein, this would cause the amino acid numbering of
downstream residues relative to strain A2 to increase by an increment of two. However, because these
strains share a large degree of sequence 1dentity, those skilled in the art would be able to determine the
location of corresponding sequences by simply aligning the nucleotide or amino acid sequence of the A2
reference strain with that of the strain in question. Therefore, 1t should be understood that the amino acid
and nucleotide positions described herein, though specifically enumerated 1n the context of this
disclosure, can correspond to other positions when a sequence shift has occurred or due to sequence
variation between virus strains. In the comparison of a protein, or protein segment, or gene, Oor genome,
or genome segment between two or more related viruses, a “corresponding” amino acid or nucleotide
residue 1s one that is thought to be exactly or approximately equivalent in function in the different
species.

Unless context indicates otherwise, the numbering used 1n this disclosure 1s based on the
sequence of the wild-type RSV A2 strain (GenBank accession number M74568) and viral genomic
sequences described are 1n positive-sense.

In some embodiments of the present invention, the recombinant RSV strains were derived from
the recombinant version of strain A2 that 1s called D46. The complete sequence of D46 1s shown 1in US
patent 6,790,449 and 1s being made available as GenBank accession number KT992094. (In some

instances and publications, the parent virus and sequence 1s called D33 rather than D46, a book-keeping
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difference that refers to the strain of bacteria used to propagate the antigenomic cDNA and has no other
known significance or effect. For the purposes of this disclosure, D46 and D33 are interchangeable.) The
nucleotide sequence of D46 differs from the sequence of RSV A2 strain M74568 in 25 nucleotide
positions, which includes a 1-nucleotide 1nsert at position 1099.

With regard to sequence numbering of nucleotide and amino acid sequence positions for the
described viruses, a convention was used whereby each nucleotide or amino acid residue 1n a given viral
sequence retained the sequence position number that 1t has in the original 15,222-nucleotide biological wt
strain A2 virus (Genbank accession number M74568), irrespective of any modifications. Thus, although
a number of genomes contain deletions and/or 1nsertions that cause changes in nucleotide length, and in
some cases amino acid length, the numbering of all of the other residues (nucleotide or amino acid) in the
genome and encoded proteins remains unchanged. It also 1s recognized that, even without the expedient
of this convention, one skilled in the art can readily 1dentify corresponding sequence positions between
viral genomes or proteins that might differ in length, guided by sequence alignments as well as the
positions of open reading frames, well-known RNA features such as gene-start and gene-end signals, and
amino acid sequence features.

Recombinant viruses may be evaluated in cell culture, rodents and non-human primates for
infectivity, replication kinetics, yield, efficiency of protein expression, and genetic stability using the
methods known 1n the art. While these semi-permissive systems may not reliably detect every difference
in replication, substantial differences 1n particular may be detected. Also recombinant strains may be
evaluated successively 1n adults, seropositive children, and seronegative children. In some cases, where a
previous similar strain has already been shown to be well-tolerated 1n seronegative children, a new strain
may be evaluated directly 1n seronegative children. Evaluation may be done, for example, in groups of 10
vaccine recipients and 5 placebo recipients, which 1s a small number that allows simultaneous evaluation
of multiple candidates. Candidates may be evaluated in the period immediately post-immunization for
vaccine virus infectivity, replication kinetics, shedding, tolerability, immunogenicity, and genetic
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