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PRODUCTION OF ATTENUATED RESPIRATORY SYNCYTIAL
VIRUS VACCINES FROM CLONED NUCLEOTIDE SEQUENCES

Related Applications
The present application claims the benefit of and is

a continuation-in-part of U.S. Provisional application Nos.
60/047,634, filed May 23, 1997, 60/046,141, filed May 9, 1997,
and 60/021,773, filed July 15, 1996, each of which is

incorporated herein by reference.

Background of the Invention
Human respiratory syncytial virus (RSV) outranks all

other microbial pathogens as a cause of pneumonia and
bronchiolitis in infants under one year of age. Virtually all
children are infected by two years of age, and reinfection
occurs with appreciable frequency in older children and young
adults (Chanock et al., in Viral Infections of Humans, 3rd
ed., A.S. Evans, ed., Plenum Press, N.Y. (1989)). RSV is
responsible for more than one in five pediatric hospital
admissions due to respiratory tract disease, and causes an
estimated 91,000 hospitalizations and 4,500 deaths yearly in
the United States alone. Although most healthy adults do not
have serious disease due to RSV infection, elderly patients
and immunocompromised individuals often suffer severe and
possibly life-threatening infections from this pathogen.
Despite decades of investigation to develop
effective vaccine agents against RSV, no safe and effective
vaccine has yet been achieved to prevent the severe morbidity
and significant mortality associated with RSV infection.
Failure to develop successful vaccines relates in part to the
fact that small infants have diminished serum and secretory
antibody responses to RSV antigens. Thus, these individuals
suffer more severe infections from RSV, whereas cumulative
immunity appears to protect older children and adults against
more serious impacts of the virus. One antiviral compound,
ribavarin, has shown promise in the treatment of severely

infected infants, although there is no indication that it
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shortens the duration of hospitalization or diminishes the
infant’s need for supportive therapy.

The mechanisms of immunity in RSV infection have
recently come into focus. Secretory antibodies appear to be
most important in protecting the upper respiratory tract,
whereas high levels of serum antibodies are thought to have a
major role in resistance to RSV infection in the lower
respiratory tract. Purified human immunoglobulin containing a
high titer of neutralizing antibodies to RSV may prove useful
in some instances of immunotherapeutic approaches for serious
lower respiratory tract disease in infants and young children.
Immune globulin preparations, however, suffer from several
disadvantages, such as the possibility of transmitting
blood-borne viruses and difficulty and expense in preparation
and storage.

Formalin-inactivated virus vaccine was tested
against RSV in the mid-1960s, but failed to protect against
RSV infection or disease, and in fact exacerbated symptoms
during subsequent infection by the virus. (Kim et al., Am. J.
Epidemiol., 89:422-434 (1969), Chin et al., Am_J. Epidemiol.,
89:449-463 (1969); Kapikian et al., Am. J. Epidemiol.,
89:405-421 (1969)).

More recently, vaccine development for RSV has

focused on attenuated RSV mutants. Friedewald et al., J.
Amer. Med. Assoc. 204:690-694 (1968) reported a cold passaged
mutant of RSV (cpRSV) which appeared to be sufficiently

attenuated to be a candidate vaccine. This mutant exhibited a
slight increased efficiency of growth at 26°C compared to its
wild-type parental virus, but its replication was neither
temperature sensitive nor significantly cold-adapted. The
cold-passaged mutant, however, was attenuated for adults.
Although satisfactorily attenuated and immunogenic for infants
and children who had been previously infected with RSV (i.e.,
seropositive individuals), the cpRSV mutant retained a low
level virulence for the upper respiratory tract of
seronegative infants.

Similarly, Gharpure et al., J. Virol. 3:414-421

(1969) reported the isolation of temperature sensitive RSV
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(tsRSV) mutants which also were promising vaccine candidates.
One mutant, ts-1, was evaluated extensively in the laboratory
and in volunteers. The mutant produced asymptomatic infection
in adult volunteers and conferred resistance to challenge with
wild-type virus 45 days after immunization. Again, while
seropositive infants and children underwent asymptomatic
infection, seronegative infants developed signs of rhinitis
and other mild symptoms. Furthermore, instability of the ts
phenotype was detected, although virus exhibiting a partial or
complete loss of temperature sensitivity represented a small
proportion of virus recoverable from vaccinees, and was not
associated with signs of disease other than mild rhinitis.

These and other studies revealed that certain
cold-passaged and temperature sensitive RSV strains were
underattenuated and caused mild symptoms of disease in some
vaccinees, particularly seronegative infants, while others
were overattenuated and failed to replicate sufficiently to
elicit a protective immune response, (Wright et al., Infect.
Immun., 37:397-400 (1982)). Moreover, genetic instability of
candidate vaccine mutants has resulted in loss of their
temperature-sensitive phenotype, further hindering development
of effective RSV vaccines. See generally, Hodes et al., Proc.
Soc. Exp. Biol. Med. 145:1158-1164 (1974), McIntosh et al.,
Pediatr. Res. 8:689-696 (1974), and Belshe et al., J. Med.
Virol., 3:101-110 (1978).

Abandoning the attenuated RS virus vaccine approach,

investigators tested potential subunit vaccine candidates
using purified RS virus envelope glycoproteins from lysates of
infected cells. The glycoproteins induced resistance to RS
virus infection in the lungs of cotton rats, Walsh et al., J.
Infect. Dis. 155:1198-1204 (1987), but the antibodies had
very weak neutralizing activity and immunization of rodents
with purified subunit vaccine led to disease potentiation
(Murphy et al., Vaccine 8:497-502 (1990)).

Vaccinia virus recombinant-based vaccines which
express the F or G envelope glycoprotein have also been
explored. These recombinants express RSV glycoproteins which

are indistinguishable from the authentic viral counterpart,
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and small rodents infected intradermally with the vaccinia-RSV
F and G recombinant viruses developed high levels of specific
antibodies that neutralized viral infectivity. Indeed,
infection of cotton rats with vaccinia-F recombinants
stimulated almost complete resistance to replication of RSV in
the lower respiratory tract and significant resistance in the

upper tract. Olmsted et al., Proc. Natl. Acad. Sci. USA

83:7462-7466 (1986). However, immunization of chimpanzees
with vaccinia F and vaccinia G recombinant provided almost no
protection against RSV challenge in the upper respiratory
tract (Collins et al., Vaccine 8:164-168 (1990)) and
inconsistent protection in the lower respiratory tract (Crowe
et al., Vaccine 11:1395-1404 (1993).

The unfulfilled promises of attenuated RSV strains,
subunit vaccines, and other strategies for RSV vaccine
development underscores a need for new methods to identify
genetic targets for recombinant engineering of novel RSV
vaccines, and to develop methods for manipulating recombinant
RSV to incorporate genetic changes to yield new phenotypic
properties in viable, attenuated RSV recombinants. However,
manipulation of the genomic RNA of RSV and other
negative-sense RNA viruses has heretofore proven difficult.
Major obstacles in this regard include non-infectivity of
naked genomic RNA of these viruses, poor viral growth in
tissue culture, lengthy replication cycles, virion
instability, a complex genome, and a refractory organization
of gene products.

Methods for direct genetic manipulation of
nonsegmented, negative stranded RNA viruses have only recently
begun to be developed (for reviews, see Conzelmann, J. Gen.
Virol. 77:381-89 (1996); Palese et al., Proc. Natl. Acad. Sci.
U.S.A. 93:11354-58, (1996)). Successful rescue has been
achieved for infectious rabies virus, vesicular stomatitis
virus (VSV), measles virus, and Sendai virus from cDNA-encoded
antigenomic RNA in the presence of the nucleocapsid N,
phosphoprotein P, and large polymerase subunit L (Garcin et
al., EMBO J. 14:6087-6094 (1995); Lawson et al., Proc. Natl.
Acad. Sci. U.S.A. 92:4477-81 (1995); Radecke et al., EMBO J.
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14:5773-5784 (1995); Schnell et al., EMBO J. 13:4195-203
(1994) ; Whelan et al., Proc. Natl. Acad. Sci. U.S.A.
92:8388-92 (1995)). Successful rescue of RSV also reguires an
additional protein, the M2 ORF1l transcriptional elongation
factor (Collins et al., Proc. Natl. Acad. Sci. USA 92:11563-7
(1995)) .

Rescue of infectious RSV has been complicated by a
number of factors. Specifically, RSV possesses several
properties which distinguish it and other members of the genus
Pneumovirus from better characterized paramyxoviruses of the
genera Paramyxovirus, Rubulavirus and Morbillivirus. These
differences include a greater number of mRNAs, an unusual gene
order at the 3’ end of the genome, species-to-species
variability in the order of the glycoprotein and M2 genes, a
greater diversity in intergenic regions, an attachment protein
that exhibits mucin-like characteristics, extensive strain-to-
strain sequence diversity, and several proteins not found in
other nonsegmented negative stranded RNA viruses.

In view of the foregoing, an urgent need exists in
the art for tools and methods to engineer safe and effective
vaccines to alleviate the serious health problems attributable
to RSV, particularly illnesses among infants and children.
Quite surprisingly, the present invention satisfies these and

other related needs.

Summary Of The Invention
The present invention provides novel methods and

compositions for designing and producing isolated attenuated
respiratory syncytial virus (RSV). RSV of the invention are
either biologically derived from wild-type or selected RSV
mutant parental stocks or are recombinantly engineered to
incorporate phenotype-specific genetic changes. RSV designed
and selected for vaccine use have at least two and sometimes
at least three attenuating mutations. In one embodiment, at
least one attenuating mutation occurs in the RSV polymerase
gene and involves a nucleotide substitution specifying an
amino acid change in the polymerase protein resulting in a
temperature-sensitive (ts) phenotype. Exemplary biologically
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derived and recombinant RSV incorporate one or more nucleotide
substitutions in the large polymerase gene L resulting in an
amino acid change at amino acid Pheg,,, Glng,;, Met,,, or Tyr,,,,
as exemplified by the changes, Leu for Phe.,,, Leu for Gln,,,,
Val for Met,,,,, and Asn for Tyr,,,,. Alternately or
additionally, RSV of the invention may comprise a nucleotide
substitution in a different RSV gene, e.g., in the M2 gene.

Attenuating mutations may be selected in coding
portions of a RSV gene, or in a non-coding portion such as a
cis-regulatory sequence. Exemplary non-coding mutations
include single or multiple base changes in a gene start
sequence, as exemplified by a single or multiple base
substitution in the M2 gene start sequence at nucleotide 7605.
Preferably, two or three mutations are incorporated in a codon
specifying an attenuating mutation, e.g., in a codon
specifying a ts mutation at amino acid Pheg,,, Glng,;,, Met,,,, oOr
Tyr,;,;, thereby decreasing any likelihood of reversion from
the ts phenotype.

In other embodiments of the invention, biologically
derived or recombinant RSV are selected or engineered to
incorporate at least two attenuating ts mutations, e.g., in
the polymerase gene at amino acid Phe.,, and Met,,,, as
exemplified by the novel, biologically derived vaccine strain
cpts-530/1009, ATCC No. VR 2451, at Phe,,, and Tyr,,,,, as
exemplified by the biologically derived strain cpts-530/1030,
ATCC No. VR 2455, at Glng,,, and the M2 gene start mutation at
nt 7605, as exemplified by the biologically derived RSV strain
cpts-248/404, ATCC No. VR 2454, or at the M2 gene start
mutation at nt 7605, and Phe,,, as exemplified by the
recombinant RSV rA2cp/248/404/530.

Biologically derived RSV into which selected
attenuating mutations can be introduced include wild-type RSV,
a host range-restricted cold-passaged RSV, a cold adapted
mutant of host range-restricted cold-passaged RSV, or a
temperature sensitive strain. For example, the cold-passaged
respiratory syncytial virus can be the cpRSV strain, including
cpRSV into which at least two temperature-sensitive mutations

have been introduced. The attenuated RSV virus can be
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subgroup A, as exemplified by cpts RSV 248 (ATCC VR 2450),
cpts 248/404 (ATCC VR 2454), cpts 248/955 (ATCC VR 2453), cpts
RSV 530 (ATCC VR 2452), cpts 530/1009 (ATCC VR 2451), or cpts
530/1030 (ATCC VR 2455), or subgroup B, as exemplified by B-1
cpS2/2B5 (ATCC VR 2542) or B-1 cp-23, each deposited under the
terms of the Budapest Treaty with the American Type Culture
Collection (ATCC) of 12301 Parklawn Drive, Rockville, Maryland
20852, U.S.A., and granted the above identified accession
numbers.

In another aspect of the invention, an isolated
infectious recombinant RSV is provided which 1s generated from
a RSV genome or antigenome, a nucleocapsid (N) protein, a
nucleocapsid phosphoprotein (P), a large (L) polymerase
protein, and an RNA polymerase elongation factor. The RNA
polymerase elongation factor can be M2 (ORF1l) of RSV. The
isolated infectious RSV can be a viral or subviral particle.
The genome or antigenome can comprise a wild-type RSV
sequence, a biologically derived mutant sequence specifying an
attenuated phenotype, or a recombinant RSV sequence encoding a
wild-type RSV genome or antigenome or a recombinantly modified
RSV sequence comprising an engineered mutation or combination
of mutations not found in any biologically derived RSV strain.

The infectious RSV clone can incorporate coding or
non-coding nucleotide sequences from any RSV or RSV-like
virus, e.g., human, bovine or, murine RSV (pneumonia virus of
mice, or avian RSV (turkey rhinotracheitis virus, or from
another virus, e.g., parainfluenza virus (PIV). In exemplary
aspects, the recombinant RSV comprises a chimera of a human
RSV genomic or antigenomic sequence recombinantly joined with
a heterologous RSV sequence. Exemplary heterologous segquences
include RSV sequences from one human RSV strain combined with
sequences from a different human RSV strain (e.g., a chimera
of sequences from two or more strains selected from cpts RSV
248, cpts 248/404, cpts 248/955, cpts RSV 530, cpts 530/1009,
or cpts 530/1030), or subgroup (e.g. a combination of RSV
subgroup A and subgroup B sequences), from a nonhuman RSV, or

from another virus such as PIV.
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In one embodiment of the invention, recombinant RSV
are provided wherein the genome or antigenome is recombinantly
altered, e.g., compared to a wild-type or biologically derived
mutant sequence. Mutations incorporated within recombinantly
altered RSV clones may be selected based on their ability to
alter expression and/or function of a selected RSV protein,
yielding a desired phenotypic change, or for a variety of
other purposes. Desired phenotypic changes include, e.g.,
changes in viral growth in culture, temperature sensitivity,
plaque size, attenuation, and immunogenicity. For example, a
polynucleotide sequence encoding the genome or antigenome can
be modified by a nucleotide insertion, rearrangement, deletion
or substitution to specify attenuation, temperature-
sensitivity, cold-adaptation, small plaque size, host range
restriction, alteration in gene expression, or a change in an
immunogenic epitope.

In one aspect, recombinant RSV are provided wherein
at least one attenuating mutation occurs in the RSV polymerase
gene L and involves a nucleotide substitution specifying a
(ts) phenotype. Exemplary RSV clones incorporate a nucleotide
substitution resulting in an amino acid change in the
polymerase gene at Phe.,;, Glng,, Met,,,, or Tyr,,,,. Preferably,
two or three mutations are incorporated in a codon specifying
an attenuating mutation. Other exemplary RSV clones
incorporate at least two attenuating ts mutations.

Mutations occurring in biologically derived,
attenuated RSV can be introduced individually or in
combination into a full-length RSV clone, and the phenotypes
of rescued recombinant viruses containing the introduced
mutations can be readily determined. In exemplary
embodiments, amino acid changes displayed by attenuated,
biologically-derived viruses over a wild-type RSV, for example
changes exhibited by cold-passaged RSV (cpRSV) or a further
attenuated RSV strain such as a temperature-sensitive
derivative of cpRSV (cptsRSV), are incorporated within
recombinant RSV clones. These changes from a wild-type or
biologically derived mutant RSV sequence specify desired

characteristics in the resultant clones, e.g., an attenuated
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or further attenuated phenotype. These changes are preferably
introduced into recombinant virus using two or three
nucleotide changes compared to a corresponding wild type or
biologically derived mutant sequence, which has the effect of
stabilizing the mutation against genetic reversion.

The present invention also provides recombinant RSV
having multiple, phenotype-specific mutations introduced in
selected combinations into the genome or antigenome of an
infectious clone. This process, coupled with evaluation of
phenotype, provides mutant recombinant RSV having such desired
characteristics as attenuation, temperature sensitivity,
cold-adaptation, small plaque size, host range restriction,
etc. Mutations thus identified are compiled into a "menu" and
introduced in various combinations to calibrate a vaccine
virus to a selected level of attenuation, immunogenicity and
stability. In preferred embodiments, the invention provides
for supplementation of one or more mutations adopted from
biologically derived RSV, e.g., cp and ts mutations, with
additional types of mutations involving the same or different
genes. Target genes for mutation in this context include the
attachment (G) protein, fusion (F) protein, small hydrophobic
(SH), RNA binding protein (N), phosphoprotein (P), the large
polymerase protein (L), the transcription elongation factor
(M2), M2 ORF2, the matrix (M) protein, and two nonstructural
proteins, NS1 and NS2. Each of these proteins can be
selectively deleted, substituted or rearranged, in whole or in
part, alone or in combination with other desired
modifications, to achieve novel RSV recombinants. In one
aspect, the SH gene, is deleted to yield a recombinant RSV
having novel phenotypic characteristics, including enhanced
growth in vitro and/or attenuation in vivo. In a related
aspect, this gene deletion, or another selected, non-essential
gene or gene segment deletion, such as a NS1 or NS2 gene
deletion is combined in a recombinant RSV with one or more
mutations specifying an attenuated phenotype, e.g., a mutation
adopted directly (or in modified form, e.g., by introducing
multiple nucleotide changes in a codon specifying the
mutation) from a biologically derived attenuated RSV mutant.
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For example, the SH gene or NS2 gene may be deleted in
combination with one or more cp and/or ts mutations adopted
from cpts248/404, cpts530/1009, cpts530/1030, or another
selected mutant RSV strain, to yield a recombinant RSV having
increased yield of virus, enhanced attenuation, and genetic
resistance to reversion from an attenuated phenotype, due to
the combined effects of the different mutations.

In addition, a variety of other genetic alterations
can be produced in a recombinant RSV genome or antigenome for
incorporation into infectious recombinant RSV, alone or
together with one or more attenuating point mutations adopted
from a biologically derived mutant RSV. Heterologous genes
(e.g. from different RSV strains or subgroups or non-RSV
sources) may be inserted in whole or in part, the order of
genes changed, gene overlap removed, the RSV genome promoter
replaced with its antigenome counterpart, portions of genes
removed or substituted, and even entire genes deleted.
Different or additional modifications in the sequence can be
made to facilitate manipulations, such as the insertion of
unique restriction sites in various intergenic regions (e.g.,
a unique Stul site between the G and F genes) or elsewhere.
Nontranslated gene sequences can be removed to increase
capacity for inserting foreign sequences.

In exemplary embodiments, individual genes, gene
segments, or single or multiple nucleotides of one RSV may be
substituted by counterpart sequence(s) from a heterologous RSV
or other source. For example, a selected, heterologous gene
segment, such as one encoding a cytoplasmic tail,
transmembrane domain or ectodomain, an epitopic site or
region, a binding site or region, an active site or region
containing an active site, etc., of a selected protein from
one RSV, can be substituted for a counterpart gene segment in
another RSV to yield novel recombinants, for example
recombinants expressing a chimeric protein having a
cytoplasmic tail and/or transmembrane domain of one RSV fused
to an ectodomain of another RSV. In one embodiment, ¥ and/or
G protective antigens of one RSV strain or subgroup are

substituted into an RSV clone of a different strain or
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subgroup to produce a recombinant virus capable of stimulating
a cross-protective immune response against both strains or
subgroups in an immunized host. In additional aspects, a
chimeric RSV clone having a mutation involving alteration of a
gene or gene segment, e.g., a substituted, heterologous F
and/or G gene or gene segment, is further modified by
introducing one or more attenuating ts or cp point mutations
adopted from a biologically derived mutant RSV strain, e.g.,
cpts248/404, cpts530/1009, or cpts530/1030. In yet additional
aspects, one or more human RSV coding or non-coding
polynucleotides are substituted with a counterpart sequence
from bovine or murine RSV, alone or in combination with one or
more selected cp or ts mutations, to yield novel attenuated
vaccine strains. In one embodiment, a chimeric bovine-human
RSV incorporates a substitution of the human RSV NP gene or
gene segment with a counterpart bovine NP gene or gene
segment, which chimera can optionally be constructed to
incorporate a SH gene deletion, one or more cp or ts point
mutations, or various combinations of these and other
mutations disclosed herein.

Alternatively, the polynucleotide molecule encoding
the RSV genome or antigenome can be modified to encode non-RSV
sequences, e.g., a cytokine, a T-helper epitope, a restriction
site marker, or a protein of a microbial pathogen (e.g.,
virus, bacterium or fungus) capable of eliciting a protective
immune response in the intended host.

In another aspect of the invention, novel methods
are provided for introducing the aforementioned structural and
phenotypic changes into a recombinant RSV to yield infectious,
attenuated vaccine viruses. In one embodiment, an expression
vector is provided which comprises an isolated polynucleotide
molecule encoding a RSV genome or antigenome. Also provided
is the same or different expression vector comprising one or
more isolated polynucleotide molecules encoding N, P, L and
RNA polymerase elongation factor proteins. The vector(s)
is/are coexpressed in a cell or cell-free lysate, thereby
producing an infectious RSV particle. The RSV genome or
antigenome and the N, P, L and RNA polymerase elongation
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factor proteins can be coexpressed by the same or different
expression vectors. In some instances the N, P, L and RNA
polymerase elongation factor proteins are each encoded on
different expression vectors. The polynucleotide molecule
encoding the RSV genome or antigenome is from a human, bovine
or murine RSV sequence, or can be a chimera of different RSV
or non-RSV sequences, for example a polynucleotide containing
sequences from a subgroup A RSV operably joined with sequences
from a subgroupe B RSV, or containing RSV sequences operably
joined with PIV sequences. The RSV genome or antigenome can
be modified from a wild-type or biologically derived mutant
RSV strain by insertion, rearrangement, deletion or
substitution of one or more nucleotides, including point
mutations, site-specific nucleotide changes, and changes
involving entire genes or gene segments. These alterations
typically specify a selected phenotypic change in the
resulting recombinant RSV, such as a phenotypic change that
results in attenuation, temperature-sensitivity, cold-
adaptation, small plaque size, host range restriction,
alteration in gene expression, or a change in an immunogenic
epitope.

In other embodiments the invention provides a cell
or cell-free lysate containing an expression vector which
comprises an isolated polynucleotide molecule encoding a RSV
genome oOr antigenome and an expression vector which comprises
one or more isolated polynucleotide molecules that encodes N,
P, L and RNA polymerase elongation factor proteins of RSV.
Upon expression the genome or antigenome and N, P, L, and RNA
polymerase elongation factor proteins combine to produce an
infectious RSV particle, such as viral or subviral particle.

The attenuated RSV of the invention is capable of
eliciting a protective immune response in an infected human
host, yet is sufficiently attenuated so as to not cause
unacceptable symptoms of severe respiratory disease in the
immunized host. The attenuated virus may be present in a cell
culture supernatant, isolated from the culture, or partially

or completely purified. The virus may also be lyophilized,
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and can be combined with a variety of other components for
storage or delivery to a host, as desired.

The invention further provides novel vaccines
comprising a physiologically acceptable carrier and/or
adjuvant and an isolated attenuated RSV strain. 1In one
embodiment, the vaccine is comprised of infectious RSV having
at least two and sometimes three or more attenuating
mutations, at least one of which results in a
temperature-sensitive substitution at amino acid Phe.,,, Gln,,,,
Met,,,, or Tyr,,,, in the respiratory syncytial virus polymerase
gene. In other embodiments, the vaccine comprises a
recombinant, attenuated RSV. The vaccine can be formulated in
a dose of 10° to 10° PFU of attenuated virus. The vaccine may
comprise attenuated virus of either antigenic subgroup A or B,
or virus of both subgroups A and B can be combined in vaccine
formulations for more comprehensive coverage against prevalent
RSV infections.

In other aspects the invention provides a method for
stimulating the immune system of an individual for more
comprehensive coverage against prevalent RSV or to induce
protection against RSV. The method comprises administering a
vaccine formulated in an immunologically sufficient amount of
an attenuated respiratory syncytial virus of the invention.

In one embodiment, the vaccine comprises infectious RSV having
multiple attenuating mutations, at least one of which
specifies a ts substitution at amino acid Phey,,, Gln,,,, Met,,
or Tyr,;,,, in the L gene. In alternate embodiments, the
vaccine comprises a recombinant, attenuated RSV. The virus
will typically be administered with an acceptable carrier
and/or adjuvant. The method may include administering
attenuated virus of subgroup A and/or subgroup B to the
individual, in an amount of 10° to 10° PFU to the upper
respiratory tract by spray, droplet, aerosol, or the like.
Generally the attenuated virus is administered intranasally to
an individual seronegative for antibodies to said virus, or to
an individual who possesses transplacentally acquired maternal

anti-RSV antibodies.
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Brief Description Of The Drawings
Fig. 1 is a graph demonstrating the substantially

complete correlation between the replication of a series of
subgroup A respiratory syncytial viruses in the lungs of mice
with their replication in the chimpanzee.

Figs. 2 and 3 show the construction of cDNA encoding
RSV antigenome RNA, where Fig. 2 shows the structures of the
cDNA and the encoded antigenome RNA (not to scale). For the
purposes of the present Figures, and in all subsequent
Examples hereinbelow, the specific c¢cDNAs and viruses used were
of strain A2 of subgroup A RSV. The diagram of the antigenome
includes the following features: the 5’-terminal nonviral G
triplet contributed by the T7 promoter, the four sequence
markers at positions 1099 (which adds one nt to the length),
1139, 5611, and 7559 (numbering referring to the first base of
the new restriction site), the ribozyme and tandem T7
terminators, and the single nonviral 3’-phosphorylated U
residue contributed to the 3’ end by ribozyme cleavage (the
site of cleavage is indicated with an arrow). Note that the
nonviral 5’'-GGG and 3’'-U residues are not included in length
values given here and thereafter for the antigenome. However,
the nucleotide insertion at position 1099 is included, and
thus the numbering for cDNA-derived antigenome is one
nucleotide greater downstream of this position than for
biologically derived antigenome. The 5’ to 3’ positive-sense
sequence of D46 (the genome itself being negative-sense) is
depicted in SEQ ID NO: 1, where the nucleotide at position
four can be either C or G. Also note that the sequence
positions assigned to restriction sites in this Figure and
throughout are intended as a descriptive guide and do not
alone define all of the nucleotides involved. The length
values assigned to restriction fragments here and throughout
also are descriptive, since length assignments may vary based
on such factors as sticky ends left following digestion.
Cloned cDNA segments representing in aggregate the complete
antigenome are also shown. The box illustrates the removal of
the BamHI site from the plasmid vector, a modification that
facilitated assembly: the naturally occurring BamHI-Sall
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fragment (the BamHI site is shown in the top line in positive
sense, underlined) was replaced with a PCR-generated
BglII-Sall fragment (the BglII site is shown in the bottom
line, underlined; its 4-nt sticky end, shown in italics, is
compatible with that of BamHI). This resulted in a single nt
change (middle line, underlined) which was silent at the amino
acid level. Fig. 3 shows the sequence markers contained in
the cDNA-encoded antigenome RNA, where sequences are positive
sense and numbered relative to the first nt of the leader
region complement as 1; identities between strains A2 and
18537, representing RSV subgroups A and B, respectively, are
indicated with dots; sequences representing restriction sites
in the cDNA are underlined; gene-start (GS) and gene-end (GE)
transcription signals are boxed; the initiation codon of the N
translational open reading frame at position 1141 is
italicized, and the restriction sites are shown underneath
each sequence. In the top sequence, a single C residue was
inserted at position 1099 to create an Afl1II site in the NS2-N
intergenic region, and the AG at positions 1139 and 1140
immediately upstream of the N translational open reading frame
were replaced with CC to create a new Ncol site. 1In the
middle sequence, substitution of G and U at positions 5612 and
5616, respectively, created a new Stul site in the G-F
intergenic region. In the bottom sequence, a C replacement at
position 7560 created a new Sphl site in the F-M2 intergenic
region.

Fig. 4 illustrates structures of cDNAs
(approximately to scale) involved in the insertion of
mutations, assembly of complete antigenome constructs, and
recovery of recombinant virus. Four types of mutations were
inserted into the pUCl18- or pUCll9-borne cDNA subclones shown
in the bottom row, namely six silent restriction sites in the
L gene (underlined over the D53 diagram on the top), two HEK
changes in the F gene (H), five cp changes (cp), and the
mutations specific to the various biological mutagenesis
steps: 248, 404, 530, 1009, and 1030 (as indicated). The
mutagenized subclones were inserted into the D50 (representing

the RSV antigenome from the leader to the beginning of the M2-
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L overlap with the T7 promoter immediately upstream of the
leader) or D39 (representing the RSV antigenome from the M2-L
overlap to the trailer with the ribozyme and T7 terminators
immediately downstream of the trailer) intermediate plasmids
shown in the middle row. The appropriate D50 and D39 were
assembled into full-length D53 antigenome cDNA as shown on the
top row (RTT indicates the location of the hammer-head
ribozyme followed by two T7 transcription terminators) .

Fig. 5 provides maps of six mutant antigenome cDNAs
which were used to recover recombinant RSV. The ts phenotypes
of the recombinants are summarized on the right of the figure.

Fig. 6 shows construction of D46/1024CAT cDNA
encoding an RSV antigenome containing the CAT ORF flanked by
RSV transcription signals (not to scale, RSV-specific segments
are shown as filled boxes and CAT sequence as an open box).
The source of the CAT gene transcription cassette was RSV-CAT
minigenome cDNA 6196 (diagram at top). The RSV-CAT minigenome
contains the leader region, GS and GE signals, noncoding (NC)
RSV gene sequences, and the CAT ORF, with Xmal restriction
endonuclease sites preceding the GS signal and following the
GE signal. The nucleotide lengths of these elements are
indicated, and the sequences (positive-sense) surrounding the
Xmal sites are shown above the diagram. A 8-nucleotide XmalI
linker was inserted into Stul site of the parental plasmid D46
to construct the plasmid D46/1024. D46 is the complete
antigenome cDNA and is equivalent to D53; the difference in
nomenclature is to denote that these represent two different
preparations. The Xma-Xmal fragment of the plasmid 6196 was
inserted into the plasmid D46/1024 to construct the plasmid
D46/1024CAT. The RNA encoded by the D46 cDNA is shown at the
bottom, including the three 5’-terminal nonviral G residues
contributed by the T7 promoter and the 3‘'-terminal
phosphorylated U residue contributed by cleavage of the
hammerhead ribozyme; the nucleotide lengths given for the
antigenome do not include these nonviral nucleotides. The L
gene 1is drawn offset to indicate the gene overlap.

Fig. 7 is a diagram (not to scale) of the parental

wild type D46 plasmid encoding an RSV antigenome (top), and
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the D46/6368 derivative in which the SH gene has been deleted
(bottom). The RSV genes are shown as open rectangles with the
GS and GE transcription signals shown as filled boxes on the
upstream and downstream ends, respectively. The T7 phage
promoter (left) and hammerhead ribozyme and T7 terminators
used to generate the 3’ end of the RNA transcript (right) are
shown as small open boxes. The Scal and Pacl fragment of D46
was replaced with a short synthetic fragment, resulting in
D46/6368. The sequence flanking the SH gene in D46, and the
sequence of the engineered region in D46/6368, are each shown
framed in a box over the respective plasmid map. The sequence
of the Scal-Pacl fragment in D46, and its replacement in
D46/6368, are shown in bold and demarcated with arrows facing
upward. The M GE, SH GS, SH GE and G GS sites are indicated
with overlining. The new M-G intergenic region in D46/6368 is
labeled 65 in the diagram at the bottom to indicate its
nucleotide length. The positive-sense T7 transcript of the
SH-minus D46/6368 construct is illustrated at the bottom; the
three 5’-terminal nonviral G residues contributed by the T7
promoter and the 3’'-terminal U residue are shown (Collins, et
al. 1995, Proc. Natl. Acad. Sci. USA 92:11563-11567,

incorporated herein by reference). These nonviral nucleotides

are not included in length measurements.

Fig. 8 provides results of RT-PCR analysis of total
intracellular RNA from cells infected with the D46 wild type
or D46/6368 SH-minus virus to confirm the deletion in the SH
locus. RT was performed with a positive-sense primer that
anneals upstream of the SH gene, and the PCR employed in
addition a negative-sense primer that anneals downstream of
the SH gene. Lanes: (1 and 5) markers consisting of the 1 Kb
DNA ladder (Life Technologies, Gaithersburg, MD); (2) D46/6368
RNA subjected to RT-PCR; (3) D46 RNA subjected to RT-PCR; (4)
D46/6368 RNA subjected to PCR alone. PCR products were
electrophoresed on a 2.5% agarose gel and stained with
ethidium bromide. Nucleotides lengths of some marker DNA
fragments are shown to the right.

Fig. 9 shows Northern blot hybridization of RNAs
encoded by the D46 wild type and D46/6368 SH-minus virus.
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Total intracellular RNA was isolated from infected cells and
subjected to oligo(dT) chromatography without a prior
denaturation step, conditions under which the selected RNA
also includes genomic RNA due to sandwich hybridization. RNAs
were electrophoresed on formaldehyde-agarose gels and blotted
onto nitrocellulose membrane. Replicate blots were hybridized
individually with [?*?P]}-labeled DNA probes of the M, SH, G, F,
M2, or L genes, as indicated. Lanes: (1) D46/6368 RNA; (2) D46
RNA; (3) uninfected HEp-2 cell RNA. Positions of the genomic
RNA (gen.), mRNAs (large letters) and read-through transcripts
(small letters) are shown on the left. The positions of the
read-through transcripts P-M and M-G (M probe) coincide, as
well as the positions of G-F and F-M2 transcripts (F probe).
The positions of the 0.24-9.5 kb RNA ladder molecular weight
markers (Life Technologies), which was run in parallel and
visualized by hybridization with [??P]-labeled DNA of phage
lambda, are shown on the right.

Fig. 10 shows SDS-PAGE of [?**S]-labeled RSV proteins
synthesized in HEp-2 cells infected with the D46 wild type or
D46/6368 SH-minus virus. Proteins were subjected to
immunoprecipitation with antiserum raised against purified
virions and analyzed by electrophoresis in pre-cast gradient
4% - 20% Tris-glycine gels (Novex, San Diego, CA). Positions
of viral proteins are indicated to the left; positions and
molecular masses (in kilodaltons) of marker proteins
(Kaleidoscope Prestained Standards, Bio-Rad, Richmond, Ca),
are shown to the right.

Figs. 11-13 provide growth curves for D46 wild type
and D46/6368 SH-minus viruses in HEp-2 cells (Fig. 11), 293
cells (Fig. 12), and AGMK-21 cells (Fig. 13). Triplicate cell
monolayers in 25-cm® culture flasks were infected with 2 PFU
per cell of either virus, and incubated at 37°C. Aliquots
were taken at indicated time points, stored at -70°C, and
titrated in parallel by plaque assay with antibody staining.
Each point shown is the average titer of three infected cell
monolayers.

Figs. 14 and 15 show kinetics of virus replication

in the upper (Fig. 14) and lower (Fig. 15) respiratory tract
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of mice inoculated intranasally with the D46 wild type virus,
D46/6368 SH-minus virus, or the biologically-derived
cpts248/404 virus. Mice in groups of 24 were inoculated
intranasally with 10° PFU of the indicated virus. Six mice
from each group were sacrificed on the indicated day and the
nasal turbinates and lung tissues were removed and
homogenized, and levels of infectious virus were determined by
plague assay on individual specimens and mean log,, titers were
determined.

Fig. 16 shows a comparison of the transcription
products and gene order of SH-minus virus compared to its wild
type counterpart. The upper panel summarizes an analysis of
the amounts of certain mRNAs produced by the SH-minus virus
compared with the wild type parent recombinant virus.
Intracellular mRNAs were isolated from cells infected with the
SH-minus or wild type virus and analyzed by Northern blot
hybridization with gene-specific probes. The amount of
hybridized radioactivity was quantitated, and the relative
abundance of each individual mRNA produced by the SH-minus
virus versus its wild type parent is shown. The lower panel
shows the gene order of the wild type virus from the M gene
(position 5 in the gene order) to the L gene (position 10).
This is compared to that of the SH-minus virus, in which the
positions in the gene order of the G, F, M2 and L genes are
altered due to deletion of the SH gene.

Fig. 17 depicts the D46 antigenome plasmid which was
modified by deletion of the SH gene in such a way as to not
insert any heterologous sequence into the recombinant virus.
The sequence flanking the SH gene depicted at the top. The
MGE, M-SH intergenic (IG), SH GS, SH GE and SH-G IG sequences
are shown. The area which was removed by the deletion is
underlined, with the deletion points indicated with upward
pointing triangles. The antigenome resulting from this
deletion is D46/6340.

Fig. 18 depicts the introduction of tandem
translation stop codons into the translational open reading
frame (ORF) encoding the NS2 protein. Plasmid D13 contains
the left end of the antigenome cDNA, including the T7 promoter
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(shaded box), the leader region, and the NS1, NS2, N, P, M and
SH genes. Only the cDNA insert of D13 is shown. The AatII-
Afl1I11 fragment containing the T7 promoter and NS1 and NS2
genes was subcloned into a pGem vector, and site-directed
mutagenesis was used to modify the NS2 ORF in the region
illustrated by the sequence. The wild type sequence of codons
18 to 26 is shown (the encoded amino acids are indicated
below), and the three nucleotides above are the three
substitutions which were made to introduce two termination
codons (ter) and an Xhol site (underlined) as a marker. The
resulting cDNA and subsequent recovered virus are referred to
as NS2-knockout (KO).

Fig. 19 compares production of infectious virus by
wild type RSV (D53) versus NS2-knockout RSV in HEp-2 cells.
Triplicate monolayers were infected with either virus at an
input moi of three pfu/cell, and samples were taken at the
indicated intervals and gquantitated by plagque assay and
immunostaining.

Fig. 20 depicts alteration of gene-end (GE) signals
of the NS1 and NS2 genes. The cDNA insert of plasmid D13,
representing the left hand end of the antigenome cDNA from the
T7 promoter (shaded) to the Pacl site at position 4623, 1is
shown. The AatI-AflII fragment containing the T7 promoter and
the NS1 and NS2 genes was subcloned into a pGem vector. It
was modified by site-directed mutagenesis simultaneously at
two sites, namely the NS1 and NS2 GE signals were each
modified to be identical to that found in nature for the N
gene. The sequences of the wild type NS1 and NS2 GE signals
are shown (and identified by sequence position relative to the
complete antigenome sequence), and the nucleotide
substitutions are shown above the line. The dash in the wild
type sequence of the NS2 GE signal indicates that the mutation
increased the length of the GE signal by one nucleotide.

Fig. 21 depicts the deletion of the polynucleotide
sequence encoding the NS1 protein. The left hand part of the
D13 cDNA is shown at the bottom: D13 contains the left hand
part of the antigenome cDNA, from the leader to the end of the

SH gene, with the T7 promoter immediately upstream of the
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leader. The sequence on either side of the deletion point
(upward arrow) is shown on top. The deletion spans from
immediately before the translational start site of the NS1 ORF
to immediately before that of the NS2 ORF. Thus, it has the
effect of fusing the NS1 GS and upstream noncoding region to
the NS2 ORF. This precludes the disruption of any cis-acting
sequence elements which might extend into the NS1 gene due to
its leader-proximal location.

Fig. 22 depicts the deletion of the polynucleotide
sequence encoding the NS2 mRNA. As described above, the left
hand part of the D13 cDNA is shown along with the sequence on
either side of the deletion point (upward arrow). The
deletion spans from immediately downstream of the NS1 gene to
immediately downstream of the NS2 gene. Thus, the seguence
encoding the NS2 mRNA has been deleted in its entirety, but no
other sequence has been disrupted. The resulting cDNA and
subsequent recovered recombinant virus are referred to as
ANS2.

Fig. 23 depicts the ablation of the translational
start site for the secreted form of the G protein. The 298-
amino acid G protein is shown as an open rectangle with the
signal-anchor sequence filled in. The amino acid sequence for
positions 45 to 53 is shown overhead to illustrate two
nucleotide substitutions which change amino acid 48 from
methionine to isoleucine and amino acid 49 from isoleucine to
valine. The former mutation eliminates the translational
start site for the secreted form. The two mutations also
create an Mfel site, which provides a convenient method for
detecting the mutation. The resulting cDNA and subsequent
recovered virus are referred to as M48I (methionine-48 to
isoleucine-48) .

Fig. 24 shows the results of a comparison of
production of infectious virus by wild type RSV (D53) versus
that of two isolates of recovered D53/M481 membrane G mutant

virus.
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Description Of The Specific Embodiments

The present invention provides biologically derived
and recombinant RSV suitable for vaccine use in humans.
Attenuated RSV described herein are produced by introducing
and/or combining specific attenuating mutations into
incompletely attenuated strains of RSV, such as a temperature
sensitive (ts) or cold-passaged (cp) RS virus, or into wild-
type virus, e.g. RSV strain A2. The mutations in biologically
derived RSV may occur naturally or may be introduced into
selected RSV strains by well known mutagenesis or similar
procedures. For example, incompletely attenuated parental RSV
strains can be produced by chemical mutagenesis during virus
growth in cell cultures to which a chemical mutagen has been
added, by selection of virus that has been subjected to
passage at suboptimal temperatures in order to introduce
growth restriction mutations, or by selection of a mutagenized
virus that produces small plagques (sp) in cell culture, as
generally described herein and in USSN 08/327,263,
incorporated herein by reference.

By "biologically derived RSV" is meant any RSV not
produced by recombinant means. Thus, biologically derived RSV
include naturally occurring RSV of all subgroups and strains,
including, e.g., naturally occurring RSV having a wild-type
genomic sequence and RSV having genomic variations from a
reference wild-type RSV sequence, e.g., RSV having a mutation
specifying an attenuated phenotype. Likewise, biologically
derived RSV include RSV mutants derived from a parental RSV
strain by, inter alia, artificial mutagenesis and selection
procedures.

To produce a satisfactorily attenuated RS virus of
the invention, mutations are preferably introduced into a
parental viral strain which has been incompletely or partially
attenuated, such as the ts-1 or ts-4 mutant, or cpRSV. For
virus of subgroup A, the incompletely attenuated parental
virus is preferably ts-1 or ts-1NG or cpRSV, which are widely
known mutants of the A2 strain of subgroup A, or derivatives
or subclones thereof. 1In other embodiments the specific

mutations which are associated with attenuated phenotypes are
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identified and introduced into strains suitable for vaccine
use. The strains into which the specific attenuating
mutations are introduced can be wild-type virus or can be
already partially attenuated, in which case the additional
mutation(s) further attenuate the strain, e.g., to a desired
level of restricted replication in a mammalian host while
retaining sufficient immunogenicity to confer protection in
vaccinees.

Partially attenuated mutants of the subgroup A or B
virus can be produced by biologically cloning wild-type virus
in an acceptable cell substrate and developing cold-passaged
mutants thereof, subjecting the virus to chemical mutagenesis
to produce ts mutants, or selecting small plaque or similar
phenotypic mutants thereof (see, e.g., Murphy et al.,
International Publication WO 93/21310, incorporated herein by
reference). For virus of subgroup B, an exemplary, partially
attenuated parental virus is cp 52/2B5, which is a mutant of
the Bl strain of subgroup B. The various selection techniques
may be combined to produce partially attenuated mutants from
non-attenuated subgroup A or B strains which are useful for
further derivatization as described herein. Further,
mutations specifying attenuated phenotypes may be introduced
individually or in combination in incompletely attenuated
subgroup A or B virus to produce vaccine virus having
multiple, defined attenuating mutations that confer a desired
level of attenuation and immunogenicity in vaccinees.

Once a desired, partially attenuated parental strain
is selected, further attenuation sufficient to produce a
vaccine acceptable for use in humans according to the present
invention may be accomplished in several ways as described
herein. For example, a cpRSV mutant can be further
mutagenized in several ways. In one embodiment the procedure
involves subjecting the partially attenuated virus to passage
in cell culture at progressively lower, attenuating
temperatures. For example, whereas wild-type virus is
typically cultivated at about 34-37°C, the partially
attenuated mutants are produced by passage in cell cultures

(e.g., primary bovine kidney cells) at suboptimal
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temperatures, e.g., 20-26°C. Thus, in one method of the
present invention the cp mutant or other partially attenuated
strain, e.g., ts-1 or sp, is adapted to efficient growth at a
lower temperature by passage in MRC-5 or Vero cells, down to a
temperature of about 20-24°C, preferably 20-22°C. This
selection of mutant RS virus during cold-passage substantially
eliminates any residual virulence in the derivative strains as
compared to the partially attenuated parent. Alternatively,
specific mutations can be introduced into a recombinant
version via mutagenesis or other methods to further mutagenize
a cp mutant, e.g., mutations responsible for ts, sp or ca.

In one embodiment of the invention the incompletely
attenuated RSV strains are subjected to chemical mutagenesis
to introduce ts mutations or, in the case of viruses which are
already ts, additional ts mutations sufficient to confer
increased stability of the ts phenotype on the attenuated
derivative. Means for the introduction of ts mutations into
RS virus include replication of the virus in the presence of a
mutagen such as 5-fluorouridine or 5-fluorouracil in a
concentration of about 10 to 10° M, preferably about 10 M,
exposure of virus to nitrosoguanidine at a concentration of
about 100 ug/ml, according to the general procedure described
in, e.g., Gharpure et al., J. Virol. 3:414-421 (1969) and
Richardson et al., J. Med. Virol. 3:91-100 (1978), or genetic

introduction of specific ts mutations. Other chemical
mutagens can also be used. Attenuation can result from a ts
mutation in almost any RS virus gene, and as identified herein
ts mutations are typically associated with the polymerase (L)
gene.

The level of temperature sensitivity of replication
in exemplary attenuated RSV of the invention is determined by
comparing its replication at a permissive temperature with
that at several restrictive temperatures. The lowest
temperature at which the replication of the virus is reduced
100-fold or more in comparison with its replication at the
permissive temperature is termed the shutoff temperature. 1In
experimental animals and humans, both the replication and

virulence of RSV correlate with the mutant’s shutoff
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temperature. Replication of mutants with a shutoff
temperature of 39°C is moderately restricted, whereas mutants
with a shutoff of 38°C replicate less well and symptoms of
illness are mainly restricted to the upper respiratory tract.
A virus with a shutoff temperature of 35 to 37°C will
typically be fully attenuated in humans. Thus, the attenuated
RSV of the invention which is ts will have a shutoff
temperature in the range of about 35 to 39°C, and preferably
from 35 to 38°C. The addition of a ts mutation to a partially
attenuated strain produces multiply attenuated virus useful in
the vaccine compositions of the present invention.

A number of attenuated RSV strains as candidate
vaccines for intranasal administration have been developed
using multiple rounds of chemical mutagenesis to introduce
multiple mutations into a virus which had already been
attenuated during cold-passage (e.g., Connors et al., Virology
208: 478-484 (1995); Crowe et al., Vaccine 12: 691-699 (1994);
and Crowe et al., Vaccine 12: 783-790 (1994), incorporated
herein by reference). Evaluation in rodents, chimpanzees,
adults and infants indicate that certain of these candidate
vaccine strains are relatively stable genetically, are highly
immunogenic, and may be satisfactorily attenuated. Nucleotide
sequence analysis of some of these attenuated viruses, as
exemplified hereinbelow, indicates that each level of
increased attenuation is associated with specific nucleotide
and amino acid substitutions. The present invention provides
the ability to distinguish between silent incidental mutations
versus those responsible for phenotype differences by
introducing the mutations, separately and in various
combinations, into the genome or antigenome of infectious RSV
clones. This process coupled with evaluation of phenotype
characteristics of parental and derivative virus identifies
mutations responsible for such desired characteristics as
attenuation, temperature sensitivity, cold-adaptation, small
plagque size, host range restriction, etc. Mutations thus
identified are compiled into a "menu" and are then be
introduced as desired, singly or in combination, to calibrate

a vaccine virus to an appropriate level of attenuation,
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immunogenicity, genetic resistance to reversion from an
attenuated phenotype, etc., as desired.

The specific mutations which have been introduced
into RSV by serial random chemical mutagenesis to create
further attenuated RSV having a ts phenotype are identified by
sequence analysis and comparison to the parental background,
e.g., a cpRSV background. 1In an exemplary embodiment,
substitution within the polymerase (L) gene of nucleotide
10,989 (A changed to T, resulting in gln to leu amino acid
substitution at amino acid residue 831) to create cptsRSV 248,
or at nucleotide 10,060 (C changed to A, resulting in a phe to
leu amino acid substitution at amino acid residue 521) yielded
cptsRSV 530. These combined attenuating mutations specify a
greater attenuation phenotype than determined for the parental
CPpRSV. cptsRSV 248 has a shutoff temperature of 38°C, it is
attenuated, immunogenic, and fully protective against wild-
type RSV challenge in seronegative chimpanzees, and it is more
stable genetically during replication in vivo than previously
evaluated RSV mutants. The attributes of genetic resistance
to phenotypic reversion, and restriction of replication in
vivo, alsc indicate that this exemplary strain is a desirable
parental strain into which additional mutations are
introduced.

In another exemplary embodiment, the cptsRSV 248
mutant was subjected to chemical mutagenesis, and a series of
further attenuated mutants, e.g., having increased temperature
sensitivity or small plagque phenotype characteristics over the
parental strain, were produced. One such mutant, designated
cptsRSV 248/404, is characterized by a reduced shutoff
temperature of 36°C which is the consequence of an additional
mutation at nucleotide 7605 (T changed to C), with this being
in a noncoding highly conserved gene start cis-acting
regulatory sequence and not resulting in an amino acid change.

In another embodiment of the invention, RSV mutants
are produced having two or more attenuating mutations. For
example, the multiply attenuated virus cptsRSV 530, which has
a shutoff temperature of 39°C, was subjected to chemical

mutagenesis to introduce one or more additional mutations
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specifiying an attenuating phenotype in a non-attenuated
background. 1In one example, the clone cptsRSV 530/1009 was
isolated and determined to have a shutoff temperature of 36°C
due to a single nucleotide substitution at 12,002 (A changed
to G, resulting in a met to val amino acid substitution at
amino acid residue 1169), also in the polymerase (L) gene.

The present invention also provides infectious RSV
produced by recombinant methods, e.g., from cDNA. 1In one
embodiment, infectious RSV is produced by the intracellular
coexpression of a cDNA that encodes the RSV genome or
antigenome RNA, together with those viral proteins necessary
to generate a transcribing, replicating nucleocapsid,
preferably one or more sequences that encode majcr
nucleocapsid (N) protein, nucleocapsid phosphoprotein (P),
large (L) polymerase protein, and a transcriptional elongation
factor M2 ORF1l protein.

The ability to produce infectious RSV from cDNA
permits the introduction of specific engineered changes,
including site specific attenuating mutations and a broad
spectrum of other recombinant changes, into the genome of a
recombinant virus to produce safe, effective RSV vaccines.

The infectious, recombinant RSV cf the invention are
employed herein for identification of specific mutation(s) in
biologically derived, attenuated RSV strains, for example
mutations which specify ts, ca, att and other phenotypes.
Accordingly, the invention permits incorporation of
biologically derived mutations, along with a broad range of
other desired changes, into recombinant RSV vaccine strains.
For example, the capability of producing virus from cDNA
allows for incorporation of mutations occurring in attenuated
RSV vaccine candidates to be introduced, individually or in
various selected combinations, into a full-length cDNA clone,
and the phenotypes of rescued recombinant viruses containing
the introduced mutations to be readily determined. In
exemplary embodiments, amino acid changes identified in
attenuated, biologically-derived viruses, for example in a
cold-passaged RSV (cpRSV), or in a further attenuated strain

derived therefrom, such as a temperature-sensitive derivative
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of cpRSV (cptsRSV), are incorporated within recombinant RSV
clones. These changes from a wild-type or biologically
derived mutant RSV sequence specify desired characteristics in
the resultant clones, e.g., an attenuated or further
attenuated phenotype compared to a wild-type or incompletely
attenuated parental RSV phenotype.

By identifying and incorporating specific,
bioclogically derived mutations associated with desired
phenotypes, e.g., a cp or ts phenotype, into infectious RSV
clones, the invention provides for other, site-specific
modifications at, or within the region of, the identified
mutation. Whereas most attenuating mutations produced in
biologically derived RSV are single nucleotide changes, other
site specific mutations can also be incorporated by
recombinant techniques into biclogically derived or
recombinant RSV. As used herein, site-specific mutations
include insertions, substitutions, deletions or rearrangements
of from 1 to 3, up to about 5-15 or more altered nucleotides
(e.g., altered from a wild-type RSV sequence, from a sequence
of a selected mutant RSV strain, or from a parent recombinant
RSV clone subjected to mutagenesis). Such site-specific
mutations may be incorporated at, or within the region of, a
selected, biologically derived point mutation. Alternatively,
the mutations can be introduced in various other contexts
within an RSV clone, for example at or near a cis-acting
regulatory sequence or nucleotide sequence encocding a protein
active site, binding site, immunogenic epitope, etc. Site-
specific RSV mutants typically retain a desired attenuating
phenotype, but may exhibit substantially altered phenotypic
characteristics unrelated to attenuation, e.g., enhanced or
broadened immunogenicity, or improved growth. Further
examples of desired, site-specific mutants include recombinant
RSV designed to incorporate additional, stabilizing nucleotide
mutations in a codon specifying an attenuating point mutation.
Where possible, two or more nucleotide substitutions are
introduced at codons that specify attenuating amino acid
changes in a parent mutant or recombinant RSV clone, yielding

a biologically derived or recombinant RSV having genetic
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resistance to reversion from an attenuated phenotype. In
other embodiments, site-specific nucleotide substitutions,
additions, deletions or rearrangements are introduced upstream
(N-terminal direction) or downstream (C-terminal direction),
e.g, from 1 to 3, 5-10 and up to 15 nucleotides or more 5’ or
3’, relative to a targeted nucleotide position, e.g., to
construct or ablate an existing cis-acting regulatory element.

In addition to single and multiple point mutations
and site-specific mutations, changes to recombinant RSV
disclosed herein include deletions, insertions, substitutions
or rearrangements of whole genes or gene segments. These
mutations affect small numbers of bases (e.g., from 15-30
bases, up to 35-50 bases or more), or large blocks of
nucleotides (e.g., 50-100, 100-300, 300-500, 500-1,000 bases)
depending upon the nature of the change (i.e., a small number
of bases may be changed to insert or ablate an immunogenic
epitope or change a small gene segment, whereas large block (s)
of bases are involved when genes or large gene segments are
added, substituted, deleted or rearranged.

In additional aspects, the invention provides for
supplementation of mutations adopted from bioclogically derived
RSV, e.g., cp and ts mutations which occur mainly in the L
gene, with additional types of mutations involving the same or
different genes in a recombinant RSV clone. RSV encodes ten
mRNAs and ten or eleven proteins. Three of these are
transmembrane surface proteins, namely the attachment G
protein, fusion F protein involved in penetration, and small
hydrophobic SH protein. G and F are the major viral
neutralization and protective antigens. Four additional
proteins are associated with the wviral nucleocapsid, namely
the RNA binding protein N, the phosphoprotein P, the large
polymerase protein L, and the transcription elongation factor
M2 ORF1l. The matrix M protein is part of the inner virion and
probably mediates association between the nucleocapsid and the
envelope. Finally, there are two nonstructural proteins, NSl
and NS2, of unknown function. These proteins can be
selectively altered in terms of its expression level, or can

be added deleted, substituted or rearranged, in whole or in
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part, alone or in combination with other desired
modifications, in a recombinant RSV to obtain novel infectious
RSV clones.

Thus, in addition to, or in combination with,
attenuating mutations adopted from biologically derived RSV
mutants, the present invention also provides entirely new
methods of attenuation based on recombinant engineering of
infectious RSV clones. 1In accordance with this aspect of the
invention, a variety of alterations can now be produced in an
isolated polynucleotide sequence encoding the RSV genome or
antigenome for incorporation into infectious recombinant RSV.
More specifically, to achieve desired structural and
phenotypic changes in recombinant RSV, the invention allows
for introduction of modifications which delete, substitute,
introduce, or rearrange a selected nucleotide or plurality of
nucleotides from a parent RSV sequence, as well as mutations
which delete, substitute, introduce or rearrange whole gene(s)
or gene segment (s), within an infectious RSV clone.

Desired modifications of infectious recombinant RSV
are typically selected to specify a desired phenotypic change,
e.g., a change in viral growth, temperature sensitivity,
ability to elicit a host immune response, attenuation, etc.
These changes can be brought about by, e.g., mutagenesis of a
parent RSV clone to ablate, introduce or rearrange a specific
gene (s) or gene region(s) (e.g., a gene segment that encodes a
protein structural domain, such as a cytoplasmic,
transmembrane or extracellular domain, an immunogenic epitope,
binding region, active site, etc.). Genes of interest in this
regard include all of the genes of the RSV genome:
3'-NS1-NS2-N-P-M-SH-G-F-M2-L-5', as well as heterologous genes
from other RSV, other viruses and a variety of other non-RSV
sources as indicated herein. Also provided are modifications
which simply alter or ablate expression of a selected gene,
e.g., by introducing a termination codon within a selected RSV
coding sequence; changing the position of an RSV gene relative
to an operably linked promoter; introducing an upstream start
codon to alter rates of expression; modifying (e.g., by

changing position, altering an existing sequence, or
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substituting an existing sequence with a heterologous
sequence) GS and/or GE transcription signals to alter
phenotype (e.g., growth, temperature restrictions on
transcription, etc.); and various other deletions,
substitutions, additions and rearrangements that specify
quantitative or qualitative changes in viral replication,
transcription of selected gene(s), or translation of selected
protein(s) .

As described herein, cDNA-based methods are used to
construct a series of recombinant viruses offering improved
characteristics of attenuation and immunogenicity for use as
vaccine agents. Among desired phenotypic changes in this
context are resistance to reversion from an attenuated
phenotype, improvements in attenuation in culture or in a
selected host environment, immunogenic characteristics (e.g.,
as determined by enhancement, or diminution, of an elicited
immune response), upregulation or downregulation of
transcription and/or translation of selected viral products,
etc. Foreign genes may be inserted in whole or in part, the
order of genes changed, gene overlap removed, the RSV genome
promoter replaced with its antigenome counterpart, portions of
genes (e.g., the cytoplasmic tails of glycoprotein genes)
added (e.g., to duplicate an existing sequence or incorporate
a heterologcus sequence), removed or substituted, and even
entire genes deleted.

In one aspect of the invention, a selected gene
segment, such as one encoding a selected protein or protein
region (e.g., a cytoplasmic tail, transmembrane domain or
ectodomain, an epitopic site or region, a binding site or
region, an active site or region containing an active site,
etc.) from one RSV, can be substituted for a counterpart gene
segment from the same or different RSV or other source, to
yield novel recombinants having desired phenotypic changes
compared to wild-type or parent RSV strains. For example,
recombinants of this type may express a chimeric protein
having a cytoplasmic tail and/or transmembrane domain of one
RSV fused to an ectodomain of another RSV. Other exemplary

recombinants of this type express duplicate protein regions,
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such as duplicate immunogenic regions. As used herein,
"counterpart" genes, gene segments, proteins or protein
regions, are typically from heterologous sources (e.g., from
different RSV genes, or representing the same (i.e.,
homologous or allelic) gene or gene segment in different RSV
strains). Typical counterparts selected in this context share
gross structural features, e.g., each counterpart may encode a
comparable structural "domain," such as a cytoplasmic domain,
transmembrane domain, ectodomain, binding site or region,
epitopic site or region, etc. Counterpart domains and their
encoding gene segments embrace an assemblage of species having
a range of size and amino acid (or nucleotide) sequence
variations, which range is defined by a common biological
activity among the domain or gene segment variants. For
example, two selected protein domains encoded by counterpart
gene segments within the invention may share substantially the
same qualitative activity, such as providing a membrane
spanning function, a specific binding activity, an
immunological recognition site, etc. More typically, a
specific biological activity shared between counterparts,
e.g., between selected protein segments or proteins, will be
substantially similar in quantitative terms, 1.e., they will
not vary in respective quantitative activity profiles by more
than 30%, preferably by no more than 20%, more preferably by
no more than 5-10%.

Counterpart genes and gene segments, as well as
other polynucleotides involved in producing recombinant RSV
within the invention, preferably share substantial sequence
identity with a selected polynucleotide reference sequence,
e.g., with another selected counterpart sequence. As used
herein, a "reference sequence" is a defined sequence used as a
basis for a sequence comparison, for example, a segment of a
full-length cDNA or gene, or a complete cDNA or gene sequence.
Generally, a reference sequence is at least 20 nucleotides in
length, frequently at least 25 nucleotides in length, and
often at least 50 nucleotides in length. Since two
polynucleotides may each (1) comprise a sequence (i.e., a

portion of the complete polynucleotide sequence) that is
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similar between the two polynucleotides, and (2) may further
comprise a sequence that is divergent between the two
polynucleotides, sequence comparisons between two (or more)
polynucleotides are typically performed by comparing sequences
of the two polynucleotides over a "comparison window" to
identify and compare local regions of sequence similarity. A
"comparison window", as used herein, refers toc a conceptual
segment of at least 20 contiguous nucleotide positions wherein
a polynucleotide sequence may be compared to a reference
sequence of at least 20 contiguous nucleotides and wherein the
portion of the polynucleotide sequence in the comparison
window may comprise additions or deletions (i.e., gaps) of 20
percent or less as compared to the reference sequence (which
does not comprise additions or deletions) for optimal
alignment of the two sequences. Optimal alignment of
sequences for aligning a comparison window may be conducted by
the local homology algorithm of Smith & Waterman, Adv. Appl.
Math. 2:482 (1981), by the homology alignment algorithm of
Needleman & Wunsch, J. Mol. Biol. 48:443 (1970), by the search
for similarity method of Pearson & Lipman, Proc. Natl. Acad.
Sci. USA 85:2444 (1988) (each of which is incorporated by

reference), by computerized implementations of these
algorithms (GAP, BESTFIT, FASTA, and TFASTA in the Wisconsin
Genetics Software Package Release 7.0, Genetics Computer
Group, 575 Science Dr., Madison, WI, incorporated herein by
reference), or by inspection, and the best alignment (i.e.,
resulting in the highest percentage of sequence similarity
over the comparison window) generated by the various methods
is selected. The term "sequence identity" means that two
polynucleotide sequences are identical (i.e., on a nucleotide-
by-nucleotide basis) over the window of comparison. The term
"percentage of sequence identity" is calculated by comparing
two optimally aligned sequences over the window of comparison,
determining the number of positions at which the identical
nucleic acid base (e.g., A, T, C, G, U, or I) occurs in both
sequences to yield the number of matched positions, dividing
the number of matched positions by the total number of

positions in the window of comparison (i.e., the window size),
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and multiplying the result by 100 to yield the percentage of
sequence identity. The terms "substantial identity" as used
herein denotes a characteristic of a polynucleotide sequence,
wherein the polynucleotide comprises a sequence that has at
least 85 percent sequence identity, preferably at least 90 to
95 percent sequence identity, more usually at least 99 percent
sequence identity as compared to a reference sequence over a
comparison window of at least 20 nucleotide positions,
frequently over a window of at least 25-50 nucleotides,
wherein the percentage of sequence identity is calculated by
comparing the reference sequence to the polynucleotide
sequence which may include deletions or additions which total
20 percent or less of the reference sequence over the window
of comparison. The reference sequence may be a subset of a
larger sequence.

In addition to these polynucleotide sequence
relationships, proteins and protein regions encoded by
recombinant RSV of the invention are also typically selected
to have conservative relationships, i.e., to have substantial
sequence identity or sequence similarity, with selected
reference polypeptides. As applied to polypeptides, the term
"sequence identity" means peptides share identical amino acids
at corresponding positions. The term "sequence similarity"
means peptides have identical or similar amino acids (i.e.,
conservative substitutions) at corresponding positions. The
term "substantial sequence identity" means that two peptide
sequences, when optimally aligned, such as by the programs GAP
or BESTFIT using default gap weights, share at least 80
percent sequence identity, preferably at least 90 percent
sequence identity, more preferably at least 95 percent
sequence identity or more (e.g., 99 percent seéuence
identity). The term "substantial similarity" means that two
peptide sequences share corresponding percentages of sequence
similarity. Preferably, residue positions which are not
identical differ by conservative amino acid substitutions.
Conservative amino acid substitutions refer to the
interchangeability of residues having similar side chains.

For example, a group of amino acids having aliphatic side
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chains is glycine, alanine, valine, leucine, and isoleucine; a
group of amino acids having aliphatic-hydroxyl side chains is
serine and threonine; a group of amino acids having amide-
containing side chains is asparagine and glutamine; a group of
amino acids having aromatic side chains is phenylalanine,
tyrosine, and tryptophan; a group of amino acids having basic
side chains is lysine, arginine, and histidine; and a group of
amino acids having sulfur-containing side chains is cysteine
and methionine. Preferred conservative amino acids
substitution groups are: valine-leucine-isoleucine,
phenylalanine-tyrosine, lysine-arginine, alanine-valine, and
asparagine-glutamine. Stereoisomers (e.g., D-amino acids) of
the twenty conventional amino acids, unnatural amino acids
such as a,a-disubstituted amino acids, N-alkyl amino acids,
lactic acid, and other unconventional amino acids may also be
suitable components for polypeptides of the present invention.
Examples of unconventional amino acids include: 4-
hydroxyproline, y-carboxyglutamate, €-N,N,N-trimethyllysine,
€-N-acetyllysine, O-phosphoserine, N-acetylserine, N-
formylmethionine, 3-methylhistidine, 5-hydroxylysine, w-N-
methylarginine, and other similar amino acids and imino acids
(e.g., 4-hydroxyproline). Moreover, amino acids may be
modified by glycosylation, phosphorylation and the like.

In alternative aspects of the invention, the
infectious RSV produced from cDNA-expressed genome Or
antigenome can be any of the RSV or RSV-like strains, e.g.,
human, bovine, murine, etc., or of any pneumovirus, e.g.,
pneumonia virus of mice or turkey rhinotracheitis virus. To
engender a protective immune response, the RSV strain may be
one which is endogenous to the subject being immunized, such
as human RSV being used to immunize humans. The genome or
antigenome of endogenous RSV can be modified, however, to
express RSV genes or gene segments from a combination of
different sources, e.g., a combination of genes or gene
segments from different RSV species, subgroups, or strains, or
from an RSV and another respiratory pathogen such as PIV (see,
e.g., Hoffman et al., J. Virol. 71:4272-4277 (1997); Durbin et
al., Virology (1997) (In Press); Murphy et al., U.S. Patent
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Application Serial No. 60/047,634 entitled RECOVERY OF
INFECTIOUS PARAINFLUENZA VIRUS FROM CLONED NUCLEOTIDE
SEQUENCES, filed May 23, 1997, incorporated herein by
reference, and the following plasmids for producing infectious
PIV clones: p3/7(131) (ATCC 97990) ; p3/7(131)2G (ATCC 97889) ;
and p218(131) (ATCC 97991); each deposited under the terms of
the Budapest Treaty with the American Type Culture Collection
(ATCC) of 12301 Parklawn Drive, Rockville, Maryland 20852,
U.S.A., and granted the above identified accession numbers.

In certain embodiments of the invention, recombinant
RSV are provided wherein individual internal genes of a human
RSV are replaced with, e.g., a bovine murine or other RSV
counterpart, or with a counterpart or foreign gene from
another respiratory pathogen such as PIV. Substitutions,
deletions, etc. of RSV genes or gene segments in this context
can include part or all of one or more of the NS1, NS2, N, P,
M, SH, M2 (ORFl), M2 (ORF2) and L genes, or non-immunogenic
parts of the G and F genes. Also, human RSV cis-acting
sequences, such as promoter or transcription signals, can be
replaced with, e.g., their bovine RSV counterpart.
Reciprocally, means are provided to generate live attenuated
bovine RSV by inserting human attenuating genes or cis-acting
sequences into a bovine RSV genome or antigenome background.

Recombinant RSV bearing heterologous genes or cis-
acting elements are selected for host range restriction and
other desired phenotypes favorable for vaccine use. 1In
exemplary embodiments, bovine RSV sequences are selected for
introduction into human RSV based on available descriptions of
bovine RSV structure and function, as provided in, e.g.,
Pastey et al., J. Gen. Viol. 76:193-197 (1993); Pastey et al.,
Virus Res. 29:195-202 (1993); Zamora et al., J. Gen. Virol.
73:737-741 (1992); Mallipeddi et al., J. Gen. Virol. 74:2001-
2004 (1993); Mallipeddi et al., J. Gen. Virol. 73:2441-2444
(1992); and Zamora et al., Virus Res. 24:115-121 (1992), each

of which is incorporated herein by reference, and in
accordance with the methods and compositions disclosed herein.
In other embodiments, mutations of interest for introduction
within recombinant RSV are modeled after a tissue
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culture-adapted nonpathogenic strain of pneumonia virus of
mice (the murine counterpart of human RSV) which lacks a
cytoplasmic tail of the G protein (Randhawa et al., Virology
207:240-245 (1995)). Accordingly, in one aspect of the
invention the cytoplasmic and/or transmembrane domains of one
or more of the human RSV glycoproteins, F, G and SH, are
added, deleted, modified, or substituted with a heterologous,
counterpart sequence (e.g., a sequence from a cytoplasmic, or
transmembrane domain of a F, G, or SH protein of bovine RSV or
murine pneumonia virus) to achieve a desired attenuation. As
another example, a nucleotide sequence at or near the cleavage
site of the F protein, or the putative attachment domain of
the G protein, can be modified by point mutations, site-
specific changes, or by alterations involving entire genes or
gene segments to achieve novel effects on viral growth in
tissue culture and/or infection and pathogenesis in
experimental animals.

Thus, infectious recombinant RSV intended for
administration to humans can be a human RSV that has been
modified to contain genes from, e.g., a bovine or murine RSV
or a PIV, such as for the purpose of attenuation. For
example, by inserting a gene or gene segment from PIV, a
bivalent vaccine to both PIV and RSV is provided.
Alternatively, a heterologous RSV species, subgroup or strain,
or a distinct respiratory pathogen such as PIV, may be
modified, e.g., to contain genes that encode epitopes or
proteins which elicit protection against human RSV infection.
For example, the human RSV glycoprotein genes can be
substituted for the bovine glycoprotein genes such that the
resulting bovine RSV, which now bears the human RSV surface
glycoproteins and would retain a restricted ability to
replicate in a human host due to the remaining bovine genetic
background, elicits a protective immune response in humans
against human RSV strains.

The ability to analyze and incorporate other types
of attenuating mutations into infectious RSV for vaccine
development extends to a broad assemblage of targeted changes
in RSV clones. For example, deletion of the SH gene yields a
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recombinant RSV having novel phenotypic characteristics,
including enhanced growth. 1In the present invention, an SH
gene deletion (or any other selected, non-essential gene or
gene segment deletion), is combined in a recombinant RSV with
one or more additional mutations specifying an attenuated
phenotype, e.g., a point mutation adopted from a biologically
derived attenuated RSV mutant. In exemplary embodiments, the
SH gene or NS2 gene is deleted in combination with one or more
cp and/or ts mutations adopted from cpts248/404, cpts530/1009,
cpts530/1030, or another selected mutant RSV strain, to yield
a recombinant RSV having increased yield of virus, enhanced
attenuation, and genetic to phenotypic reversion, due to the
combined effects of the different mutations. 1In this regard,
any RSV gene which is not essential for growth, for example
the SH, NP, NS1 and NS2 genes, can be ablated or otherwise
modified to yield desired effects on virulence, pathogenesis,
immunogenicity and other phenotypic characters. For example,
ablation by deletion of a non-essential gene such as SH
results in enhanced viral growth in culture. Without wishing
to be bound by theory, this effect is likely due in part to a
reduced nucleotide length of the viral genome. In the case of
one exemplary SH-minus clone, the modified viral genome is
14,825 nt long, 398 nucleotides less than wild type. By
engineering similar mutations that decrease genome size, e.g.,
in other coding or noncoding regions elsewhere in the RSV
genome, such as in the P, M, F and M2 genes, the invention
provides several readily obtainable methods and materials for
improving RSV growth.

In addition, a variety of other genetic alterations
can be produced in a recombinant RSV genome or antigenome for
incorporation into infectious recombinant RSV, alone or
together with one or more attenuating point mutations adopted
from a biologically derived mutant RSV. Heterologous genes
(e.g. from different RSV strains or types or non-RSV sources)
may be inserted in whole or in part, the order of genes
changed, gene overlap removed, the RSV genome promoter
replaced with its antigenome counterpart, portions of genes

removed or substituted, and even entire genes deleted.



10

15

20

25

30

35

WO 98/02530 PCT/US97/12269 .
39

Different or additional modifications in the sequence can be
made to facilitate manipulations, such as the insertion of
unique restriction sites in various intergenic regions (e.g.,
a unique Stul site between the G and F genes) cr elsewhere.
Nontranslated gene sequences can be removed to increase
capacity for inserting foreign sequences.

In exemplary embodiments, individual genes, gene
segments, or single or multiple nucleotides of one RSV may be
substituted by counterpart sequence(s) from a heterologous RSV
or other source. For example, a selected, heterologous gene
segment, such as one encoding a cytoplasmic tail,
transmembrane domain or ectodomain, an epitopic site or
region, a binding site or region, an active site or region
containing an active site, etc., of a selected protein from
one RSV, can be substituted for a counterpart gene segment in
ancther RSV to yield novel recombinants, for example
recombinants expressing a chimeric protein having a
cytoplasmic tail and/or transmembrane domain of one RSV fused
to an ectodomain of another RSV. Useful genome segments in
this regard range from about 15-35 nucleotides in the case of
gene segments encoding small functional domains of proteins,
e.g., epitopic sites, to about 50, 75, 100, 200-500, and 500-
1,500 or more nucleotides for gene segments encoding larger
domains or protein regions. In one embodiment, F and/or G
protective antigens of one RSV strain or subgroup are
substituted into an RSV clone of a different strain or
subgroup to produce a recombinant virus capable of stimulating
a cross-protective immune response against both strains or
subgroups in an immunized host. 1In additional aspects, a
chimeric RSV clone having a mutation involving alteration of a
gene or gene segment, e.g., a substituted, heterologous F
and/or G gene or gene segment, is further modified by
introducing one or more attenuating ts or cp point mutations
adopted from a bioclogically derived mutant RSV strain, e.g.,
cpts248/404, cpts530/1009, or cpts530/1030.

In yet additional aspects, one or more human RSV
coding or non-coding polynucleotides are substituted with a

counterpart sequence from bovine or murine RSV, alone or in
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combination with one or more selected cp or ts mutations, to
yield novel attenuated vaccine strains. In one embodiment, a
chimeric bovine-human RSV incorporates a substitution of the
human RSV NP gene or gene segment with a counterpart bovine NP
gene or gene segment, which chimera can optionally be
constructed to incorporate a SH, NP, NS1, NS2 or other gene
deletion, one or more cp or ts point mutations, or various
combinations of these and other mutations disclosed herein.
The replacement of a human RSV coding sequence (e.g., of NSi,
NS2, NP, etc.) or non-coding sequence (e.g., a promoter, gene-
end, gene-start, intergenic or other cis-acting element) with
a counterpart bovine or murine RSV sequence yields attenuated
recombinants having a variety of possible attenuating effects.
For example, a host range effect may arise from a heterologous
RSV gene not functioning efficiently in a human cell, from
incompatibility of the heterologous sequence or protein with a
biologically interactive human RSV sequence or protein (e.g.,
a sequence or protein that ordinarily cooperates with the
substituted sequence or protein for viral transcription,
translation, assembly, etc.), among other useful attenuating
effects.

In yet another aspect of the invention, insertion of
foreign genes or gene segments, and in some cases of noncoding
nucleotide sequences, into the RSV genome results in a desired
increase in genome length causing yet additional, desired
phenotypic effects. Increased genome length results in
attenuation of the resultant RSV, dependent in part upon the
length of the insert. 1In addition, the expression of certain
proteins from a gene inserted into recombinant RSV will result
in attenuation of the virus due to the action of the protein.
This has been described for IL-2 expressed in vaccinia virus
(e.g. Flexner et al., Nature 33:-259-62 (1987)) and also would
be expected for gamma interferon.

Deletions, insertions, substitutions and other
mutations involving changes of whole viral genes or gene
segments in recombinant RSV of the invention yield highly
stable vaccine candidates, which are particularly important in

the case of immunosuppressed individuals. Many of these
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mutations will result in attenuation of resultant vaccine
strains, whereas others will specify different types of
desired phenotypic changes. For example, certain viral genes
are known which encode proteins that specifically interfere
with host immunity (see, e.g., Kato et al., EMBO. J. 16:578-87
(1997), incorporated herein by reference). Ablation of such
genes in vaccine viruses is expected to reduce virulence and
pathogenesis and/or improve immunogenicity.

Also provided within the invention are genetic
modifications in a recombinant RSV which alter or ablate the
expression of a selected gene or gene segment without removing
the gene or gene segment from the RSV clone, e.g., by
introducing a termination codon within a selected coding
sequence; changing the position of a gene or introducing an
upstream start codon to alter its rate of expression; changing
GS and/or GE transcription signals to alter phenotype (e.g.,
growth, temperature restrictions on transcription, etc.)
Preferred mutations in this context include mutations directed
toward cis-acting signals, which can be identified, e.g., by
mutational analysis of RSV minigenomes. For example,
insertional and deletional analysis of the leader and trailer
and flanking sequences identified viral promoters and
transcription signals and provided a series of mutations
associated with varying degrees of reduction of RNA
replication or transcription. Saturation mutagenesis (whereby
each position in turn is modified to each of the nucleotide
alternatives) of these cis-acting signals also has identified
many mutations which reduced (or in one case increased) RNA
replication or transcription. Any of these mutations can be
inserted into the complete antigenome or genome as described
herein. Evaluation and manipulation of trans-acting proteins
and cis-acting RNA sequences using the complete antigenome
cDNA is assisted by the use of RSV minigenomes (see, e.g.,
Grosfeld et al., J. Virol. 69: 5677-5686 (1995), incorporated
herein by reference), whose helper-dependent status is useful
in the characterization of those mutants which are too
inhibitory to be recovered in replication-independent

infectious virus.
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Other mutations within RSV of the present invention
involve replacement of the 3’ end of genome with its
counterpart from antigenome, which 1is associated with changes
in RNA replication and transcription. In addition, the

intergenic regions (Collins et al., Proc. Natl. Acad. Sci. USA

83:4594-4598 (1986), incorporated herein by reference) can be
shortened or lengthened or changed in sequence content, and
the naturally-occurring gene overlap (Collins et al., Proc.
Natl. Acad. Sci., USA 84:5134-5138 (1987), incorporated herein
by reference) can be removed or changed to a different
intergenic region by the methods described herein.

In one exemplary embodiment, the level of expression
of specific RSV proteins, such as the protective F and G
antigens, can be increased by substituting the natural
sequences with ones which have been made synthetically and
designed to be consistent with efficient translation. In this
context, it has been shown that codon usage can be a major
factor in the level of translation of mammalian viral proteins
(Haas et al., Current Biol. 6:315-324 (1996)). Examination of
the codon usage of the mRNAs encoding the F and G proteins of
RSV, which are the major protective antigens, shows that the
usage is consistent with poor expression. Thus, codon usage
can be improved by the recombinant methods of the invention to
achieve improved expression for selected genes.

In another exemplary embodiment, a sequence
surrounding a translational start site (preferably including a
nucleotide in the -3 position) of a selected RSV gene is
modified, alone or in combination with introduction of an
upstream start codon, to modulate RSV gene expression by
specifying up- or down-regulation of translation.

Alternatively, or in combination with other RSV
modifications disclosed herein, RSV gene expression can be
modulated by altering a transcriptional GS signal of a
selected gene(s) of the virus. 1In one exemplary embodiment,
the GS signal of NS2 is modified to include a defined mutation
(e.g., the 404 (M2) mutation described hereinbelow) to

superimpose a ts restriction on viral replication.
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Yet additional RSV clones within the invention
incorporate modifications to a transcriptional GE signal. For
example, RSV clones are provided which substitute or mutate
the GE signal of the NS1 and NS2 genes for that of the N gene,
resulting in decreased levels of readthrough mRNAs and
increased expression of proteins from downstream genes. The
resulting recombinant virus exhibits increased growth kinetics
and increased plaque size, providing but one example of
alteration of RSV growth properties by modification of a cis-
acting regulatory element in the RSV genome.

In another exemplary embodiment, expression of the G
protein is increased by modification of the G mRNA. The G
protein is expressed as both a membrane bound and a secreted
form, the latter form being expressed by translational
initiation at a start site within the G translational open
reading frame. The secreted form can account for as much as
one-half of the expressed G protein. Ablation of the internal
start site (e.g., by sequence alteration, deletion, etc.),
alone or together with altering the sequence context of the
upstream start site yields desired changes in G protein
expression. Ablation of the secreted form of G also will
improve the quality of the host immune response to exemplary,
recombinant RSV, because the soluble form of G is thought to
act as a "decoy" to trap neutralizing antibodies. Also,
soluble G protein has been implicated in enhanced
immunopathology due to its preferential stimulation of a Th2-
biased response.

In alternative embodiments, levels of RSV gene
expression are modified at the level of transcription. 1In one
aspect, the position of a selected gene in the RSV gene map
can be changed to a more promoter-proximal or promotor-distal
position, whereby the gene will be expressed more or less
efficiently, respectively. According to this aspect,
modulation of expression for specific genes can be achieved
vielding reductions or increases of gene expression from two-
fold, more typically four-fold, up to ten-fold or more
compared to wild-type levels. 1In one example, the NS2 gene

(second in order in the RSV gene map) is substituted in
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position for the SH gene (sixth in order), yielding a
predicted decrease in expression of NS2. Increased expression
of selected RSV genes due to positional changes can be
achieved up to 10-fold, 30-fold, 50-fold, 100-fold or more,
often attended by a commensurate decrease in expression levels
for reciprocally, positionally substituted genes.

In other exemplary embodiments, the F and G genes
are transpositioned singly or together to a more promoter-
proximal or promoter-distal site within the (recombinant) RSV
gene map to achieve higher or lower levels of gene expression,
respectively. These and other transpositioning changes yield
novel RSV clones having attenuated phenotypes, for example due
to decreased expression of selected viral proteins involved in
RNA replication.

In more detailed aspects of the invention, a
recombinant RSV is provided in which expression of a viral
gene, for example the NS2 gene, is ablated at the
translational level without deletion of the gene or of a
segment thereof, by, e.g., introducing two tandem
translational termination codons into a translational open
reading frame (ORF). This yields viable virus in which a
selected gene has been silenced at the level of translation,
without deleting its gene. These forms of "knock-out" virus
exhibit reduced growth rates and small plaque sizes in tissue
culture. Thus, the methocds and compositions cf the invention
provide yet additional, novel types of RSV attenuating
mutations which ablate expression of a viral gene that is not
one of the major viral protective antigens. In this context
"knockout" virus phenotypes produced without deletion of a
gene or gene segment can be alternatively produced by deletion
mutagenesis, as described herein, to effectively preclude
correcting mutations that may restore synthesis of a target
protein. Several other gene "knock-outs" for RSV can be made
using alternate designs. For example, insertion of
translation termination codons into ORFs, or disruption of the
RNA editing sites, offer alternatives to silencing or
attenuating the expression of selected genes. Methods for

producing these and other knock-outs are well known in the art
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(as described, for example, in Kretzschmar et al., Virology
216:309-316 (1996); Radecke et al., Virology 217:418-412
(1996); and Kato et al., EMBO J. 16:178-587 (1987); and
Schneider et al., Virology 277:314-322 (1996), each
incorporated herein by reference) .

In yet other embodiments, RSV useful in a vaccine
formulation can be conveniently modified to accommodate
antigenic drift in circulating virus. Typically the
modification will be in the G and/or F proteins. The entire G
or F gene, or the segments encoding particular immunogenic
regions thereof, is incorporated into the RSV genome or
antigenome cDNA by replacement of the corresponding region in
the infectious clone or by adding one or more copies of the
gene such that several antigenic forms are represented.
Progeny virus produced from the modified RSV cDNA are then
used in vaccination protocols against the emerging strains.
Further, inclusion of the G protein gene of RSV subgroup B as
a gene addition will broaden the response to cover a wider
spectrum of the relatively diverse subgroup A and B strains
present in the human population.

An infectious RSV clone of the invention can also be
engineered according to the methods and compositions disclosed
herein to enhance its immunogenicity and induce a level of
protection greater than that provided by infection with a
wild-type RSV or an incompletely attenuated parental virus or
clone. For example, an immunogenic epitope from a
heterologous RSV strain or type, or from a non-RSV source such
as PIV, can be added by appropriate nucleotide changes in the
polynucleotide sequence encoding the RSV genome or antigenome.
Alternatively, recombinant RSV can be engineered to identify
and ablate (e.g., by amino acid insertion, substitution or
deletion) epitopes associated with undesirable
immunopathologic reactions. In other embodiments, an
additional gene is inserted into or proximate to the RSV
genome or antigenome which is under the control of an
independent set of transcription signals. Genes of interest
include those encoding cytokines (e.g., IL-2 through IL-15,
especially IL-2, IL-6 and IL-12, etc.), gamma-interferon, and
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include those encoding cytokines (e.g., IL-2 through IL-15,
especially IL-2, IL-6 and IL-12, etc.), gamma-interferon, and
proteins rich in T helper cell epitopes. The additional
protein can be expressed either as a separate protein or as a
chimera engineered from a second copy of one of the RSV
proteins, such as SH. This provides the ability to modify and
improve the immune response against RSV both quantitatively
and qualitatively.

In another aspect of the invention the recombinant
RSV can be employed as a vector for protective antigens of
other respiratory tract pathogens, such as parainfluenza virus
(PIV), e.g., by incorporating sequences encoding those
protective antigens from PIV into the RSV genome or antigenome
used to produce infectious vaccine virus, as described herein.
The cloning of PIV cDNA and other disclosure is described in
United States Provisional Patent Application entitled
PRODUCTION OF PARAINFLUENZA VIRUS FROM CLONED NUCLEOTIDE
SEQUENCES, filed May 23, 1997, Serial No. 60/047,575 and
incorporated herein by reference. 1In alternate embodiments, a
modified RSV is provided which comprises a chimera of a RSV
genomic or antigenomic sequence and at least one PIV sequence,
for example a polynucleotide containing sequences from both
RSV and PIV1, PIV2, PIV3 or bovine PIV. For example,
individual genes of RSV may be replaced with counterpart genes
from human PIV, such as the HN and/or F glycoprotein genes of
PIV1l, PIV2, or PIV3. Alternatively, a selected, heterologous
gene segment, such as a cytoplasmic tail, transmembrane domain
or ectodomain of HN or F of HPIV1, HPIV2, or HPIV3 can be
substituted for a counterpart gene segment in, e.g., the same
gene in an RSV clone, within a different gene in the RSV
clone, or into a non-coding sequence of the RSV genome or
antigenome. In one embodiment, a gene segment from HN or F of
HPIV3 is substituted for a counterpart gene segment in RSV
type A, to yield constructs encoding chimeric proteins, e.g.
fusion proteins having a cytoplasmic tail and/or transmembrane
domain of RSV fused to an ectodomain of RSV to yield a novel
attenuated virus, and/or a multivalent vaccine immunogenic
against both PIV and RSV.
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In addition to the above described modifications to
recombinant RSV, different or additional modifications in RSV
clones can be made to facilitate manipulations, such as the
insertion of unique restriction sites in various intergenic
regions (e.g., a unique Stul site between the G and F genes)
or elsewhere. Nontranslated gene sequences can be removed to
increase capacity for inserting foreign sequences.

Introduction of the foregoing, defined mutations
into an infectious RSV clone can be achieved by a variety of
well known methods. By "infectious clone" is meant cDNA or
its product, synthetic or otherwise, which can be transcribed
into genomic or antigenomic RNA capable of serving as template
to produce the genome of an infectious virus or subviral
particle. Thus, defined mutations can be introduced by
conventional techniques (e.g., site-directed mutagenesis) into
a cDNA copy of the genome or antigenome. The use of
antigenome or genome cDNA subfragments to assemble a complete
antigenome or genome cDNA as described herein has the
advantage that each region can be manipulated separately
(smaller cDNAs are easier to manipulate than large ones) and
then readily assembled into a complete cDNA. Thus, the
complete antigenome or genome cDNA, or any subfragment
thereof, can be used as template for oligonucleotide-directed
mutagenesis. This can be through the intermediate of a
single-stranded phagemid form, such as using the Muta-gene®
kit of Bio-Rad Laboratories (Richmond, CA) or a method using
the double-stranded plasmid directly as template such as the
Chameleon mutagenesis kit of Stratagene (La Jolla, CA) or by
the polymerase chain reaction employing either an
oligonucleotide primer or template which contains the
mutation(s) of interest. A mutated subfragment can then be
assembled into the complete antigenome or genome cDNA. A
variety of other mutagenesis techniques are known and
available for use in producing the mutations of interest in
the RSV antigenome or genome cDNA. Mutations can vary from
single nucleotide changes to replacement of large cDNA pieces

containing one or more genes Or genome regions.
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Thus, in one illustrative embodiment mutations are
introduced by using the Muta-gene phagemid in vitro
mutagenesis kit available from Bio-Rad. In brief, cDNA
encoding a portion of an RSV genome or antigenome is cloned
into the plasmid pTZ18U, and used to transform CJ236 cells
(Life Technologies). Phagemid preparations are prepared as
recommended by the manufacturer. Oligonucleotides are
designed for mutagenesis by introduction of an altered
nucleotide at the desired position of the genome or
antigenome. The plasmid containing the genetically altered
genome or antigenome fragment is then amplified and the
mutated piece is then reintroduced into the full-length genome
or antigenome clone.

The ability to introduce defined mutations 1into
infectious RSV has many applications, including the analyses
of RSV molecular biology and pathogenesis. For example, the
functions of the RSV proteins, including the NS1, NS2, SH,

M2 (ORF1) and M2 (ORF2) proteins, can be investigated and
manipulated by introducing mutations which ablate or reduce
their level of expression, or which yield mutant protein. 1In
one exemplary embodiment hereinbelow, RSV virus was
constructed in which expression of a viral gene, namely the SH
gene, was ablated by deletion of the mRNA coding sequence and
flanking transcription signals. Surprisingly, not only could
this virus be recovered, but it grew efficiently in tissue
culture. In fact, its growth was substantially increased over
that of the wild type, based on both yield of infectious virus
and on plaque size. This improved growth in tissue culture
from the SH deletion and other RSV derivatives of the
invention provides useful tools for developing RSV vaccines,
which overcome the problem of RSV’s poor yield in tissue
culture that had complicated production of vaccine virus in
other systems. These deletions are highly stable against
genetic reversion, rendering the RSV clones derived therefrom
particularly useful as vaccine agents.

The invention also provides methods for producing an
infectious RSV from one or more isolated polynucleotides,

e.g., one or more cDNAs. According to the present invention
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cDNA encoding a RSV genome or antigenome is constructed for
intracellular or in vitro coexpression with the necessary
viral proteins to form infectious RSV. By "RSV antigenome" is
meant an isolated positive-sense polynucleotide molecule which
serves as the template for the synthesis of progeny RSV
genome. Preferably a cDNA is constructed which is a
positive-sense version of the RSV genome, corresponding to the
replicative intermediate RNA, or antigenome, so as to minimize
the possibility of hybridizing with positive-sense transcripts
of the complementing sequences that encode proteins necessary
to generate a transcribing, replicating nucleocapsid, i.e.,
sequences that encode N, P, L and M2(ORFl) protein. 1In an RSV
minigenome system, genome and antigenome were equally active
in rescue, whether complemented by RSV or by plasmids,
indicating that either genome or antigenome can be used and
thus the choice can be made on methodologic or other grounds.

A native RSV genome typically comprises a negative-
sense polynucleotide molecule which, through complementary
viral mRNAs, encodes eleven species of viral proteins, i.e.,
the nonstructural species NS1 and NS2, N, P, matrix (M), small
hydrophobic (SH), glycoprotein (G), fusion (F), M2 (ORF1),
M2 (ORF2), and L, substantially as described in Mink et al.,
Virology 185: 615-624 (1991), Stec et al., Virology 183: 273-
287 (1991), and Connors et al., Virol. 208:478-484 (1995),
incorporated herein by reference. For purposes of the present
invention the genome or antigenome of the recombinant RSV of
the invention need only contain those genes or portions
thereof necessary to render the viral or subviral particles
encoded thereby infectious. Further, the genes or portions
thereof may be provided by more than one polynucleotide
molecule, i.e., a gene may be provided by complementation or
the like from a separate nucleotide molecule.

By recombinant RSV is meant a RSV or RSV-like viral
or subviral particle derived directly or indirectly from a
recombinant expression system or propagated from virus or
subviral particles produced therefrom. The recombinant
expression system will employ a recombinant expression vector

which comprises an operably linked transcriptional unit
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comprising an assembly of at least a genetic element or
elements having a regulatory role in RSV gene expression, for
example, a promoter, a structural or coding sequence which is
transcribed into RSV RNA, and appropriate transcription
initiation and termination sequences.

To produce infectious RSV from cDNA-expressed genome
or antigenome, the genome or antigenome is coexpressed with
those RSV proteins necessary to (i) produce a nucleocapsid
capable of RNA replication, and (ii) render progeny
nucleocapsids competent for both RNA replication and
transcription. Transcription by the genome nucleocapsid
provides the other RSV proteins and initiates a productive
infection. Alternatively, additional RSV proteins needed for
a productive infection can be supplied by coexpression.

An RSV antigenome may be constructed for use in the
present invention by, e.g., assembling cloned cDNA segments,
representing in aggregate the complete antigenome, by
polymerase chain reaction (PCR; described in, e.g., U.S.
Patent Nos. 4,683,195 and 4,683,202, and PCR Protocols: A
Guide to Methods and Applications, Innis et al., eds.,
Academic Press, San Diego (1990), incorporated herein by
reference) of reverse-transcribed copies of RSV mRNA or genome
RNA. For example, cDNAs containing the lefthand end of the
antigenome, spanning from an appropriate promoter (e.g., T7
RNA polymerase promoter) and the leader region complement to
the SH gene, are assembled in an appropriate expression
vector, such as a plasmid (e.g., pBR322) or various available
cosmid, phage, or DNA virus vectors. The vector may be
modified by mutagenesis and/or insertion of synthetic
polylinker containing unique restriction sites designed to
facilitate assembly. For example, a plasmid vector described
herein was derived from pBR322 by replacement of the PstI-
EcoRl fragment with a synthetic DNA containing convenient
restriction enzyme sites. Use of pBR322 as a vector
stabilized nucleotides 3716-3732 of the RSV sequence, which
otherwise sustained nucleotide deletions or insertions, and
propagation of the plasmid was in bacterial strain DH10B to

avoid an artifactual duplication and insertion which otherwise
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occurred in the vicinity of nt 4493. For ease of preparation
the G, F and M2 genes can be assembled in a separate vector,
as can be the L and trailer sequences. The righthand end
(e.g., L and trailer sequences) of the antigenome plasmid may
contain additional sequences as desired, such as a flanking
ribozyme and tandem T7 transcriptional terminators. The
ribozyme can be hammerhead type (e.g., Grosfeld et al., J.
Virol. 69:5677-5686 (1995)), which would yield a 3’ end
containing a single nonviral nucleotide, or can any of the
other suitable ribozymes such as that of hepatitis delta virus
(Perrotta et al., Nature 350:434-436 (1991)) which would yield
a 3’ end free of non-RSV nucleotides. A middle segment (e.g.,
G-to-M2 piece) is inserted into an appropriate restriction
site of the leader-to-SH plasmid, which in turn is the
recipient for the L-trailer-ribozyme-terminator piece,
yielding a complete antigenome. In an illustrative example
described herein, the leader end was constructed to abut the
promoter for T7 RNA polymerase which included three
transcribed G residues for optimal activity; transcription
donates these three nonviral G’s to the 5’ end of the
antigenome. These three nonviral G residues can be omitted to
yvield a 5’ end free of nonviral nucleotides. To generate a
nearly-correct 3' end, the trailer end was constructed to be
adjacent to a hammerhead ribozyme, which upon cleavage would
donate a single 3’-phosphorylated U residue to the 3’ end of
the encoded RNA.

In certain embodiments of the invention,
complementing sequences encoding proteins necessary to
generate a transcribing, replicating RSV nucleocapsid are
provided by one or more helper viruses. Such helper viruses
can be wild type or mutant. Preferably, the helper virus can
be distinguished phenotypically from the virus encoded by the
RSV cDNA. For example, it is desirable to provide monoclonal
antibodies which react immunologically with the helper virus
but not the virus encoded by the RSV cDNA. Such antibodies
can be neutralizing antibodies. In some embodiments, the
antibodies can be used in affinity chromatography to separate

the helper virus from the recombinant virus. To aid the
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procurement of such antibodies, mutations can be introduced
into the RSV cDNA to provide antigenic diversity from the
helper virus, such as in the HN or F glycoprotein genes.

A variety of nucleotide insertions and deletions can
be made in the RSV genome or antigenome. The nucleotide
length of the genome of wild type human RSV (15,222
nucleotides) is a multiple of six, and members of the
Paramyxovirus and Morbillivirus genera typically abide by a
"rule of six," i.e., genomes (or minigenomes) replicate
efficiently only when their nucleotide length is a multiple of
six (thought to be a requirement for precise spacing of
nucleotide residues relative to encapsidating NP protein) .
Alteration of RSV genome length by single residue increments
had no effect on the efficiency of replication, and sequence
analysis of several different minigenome mutants following
passage showed that the length differences were maintained
without compensatory changes. Thus, RSV lacks the strict
requirement of genome length being a multiple of six, and
nucleotide insertions and deletions can be made in the RSV
genome or antigenome without defeating replication of the
recombinant RSV of the present invention.

Alternative means to construct cDNA encoding the
genome or antigenome include by reverse transcription-PCR
using improved PCR conditions (e.g., as described in Cheng et
al., Proc. Natl. Acad. Sci. USA 91:5695-5699 (1994); Samal et
al., J. Virol 70:5075-5082 (1996), each incorporated herein by

reference) to reduce the number of subunit cDNA components to

as few as one or two pieces. In other embodiments different
promoters can be used (e.g., T3, SP6) or different ribozymes
(e.g., that of hepatitis delta virus. Different DNA vectors
(e.g., cosmids) can be used for propagation to better
accommodate the large size genome or antigenome.

The N, P and L proteins, necessary for RNA
replication, require an RNA polymerase elongation factor such
as the M2 (ORF1l) protein for processive transcription. Thus
M2 (ORF1l) or a substantially equivalent transcription
elongation factor for negative strand RNA viruses is required

for the producticn of infectious RSV and is a necessary
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component of functional nucleocapsids during productive
infection. The need for the M2 (ORFl) protein is consistent
with its role as a transcription elongation factor. The need
for expression of the RNA polymerase elongation factor protein
for negative strand RNA viruses is a feature of the present
invention. M2(ORF1l) can be supplied by expression of the
complete M2-gene, although in this form the second ORF2 may
also be expressed and have an inhibitory effect on RNA
replication. Therefore, for production of infectious virus
using the complete M2 gene the activities of the two ORFs
should be balanced to permit sufficient expression of M(ORF1)
to provide transcription elongation activity yet not so much
of M(ORF2) to inhibit RNA replication. Alternatively, the
ORF1 protein is provided from a cDNA engineered to lack ORF2
or which encodes a defective ORF2. Efficiency of virus
production may also be improved by co-expression of additional
viral protein genes, such as those encoding envelope
constituents (i.e., SH, M, G, F proteins).

Isolated polynucleotides (e.g., cDNA) encoding the
genome or antigenome and, separately, the N, P, L and M2 (ORF1)
proteins, are inserted by transfection, electroporation,
mechanical insertion, transduction or the like, into cells
which are capable of supporting a productive RSV infection,
e.g., HEp-2, FRhL-DRBS2, MRC, and Vero cells. Transfection of
isolated polynucleotide sequences may be introduced into
cultured cells by, for example, calcium phosphate-mediated
transfection (Wiglerxr et al., Cell 14: 725 (1978); Corsaro and
Pearson, Somatic Cell Genetics 7: 603 (1981); Graham and Van

der Eb, Virology 52: 456 (1973)), electroporation (Neumann et
al., EMBO J. 1: 841-845 (1982)), DEAE-dextran mediated
transfection (Ausubel et al., (ed.) Current Protocols in

Molecular Biology, John Wiley and Sons, Inc., NY (1987),
cationic lipid-mediated transfection (Hawley-Nelson et al.,
Focus 15:73-79 (1993)) or a commercially available
transfection regent, e.g., LipofectACE® (Life Technologies)
(each of the foregoing references are incorporated herein by

reference) .
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The N, P, L and M2(ORF1l) proteins are encoded by one
or more expression vectors which can be the same or separate
from that which encodes the genome or antigenome, and various
combinations thereof. Additional proteins may be included as
desired, encoded by its own vector or by a vector encoding a
N, P, L, or M2(ORF1l) protein or the complete genome or
antigenome. Expression of the genome or antigenome and
proteins from transfected plasmids can be achieved, for
example, by each cDNA being under the control of a promoter
for T7 RNA polymerase, which in turn is supplied by infection,
transfection or transduction with an expression system for the
T7 RNA polymerase, e.g., a vaccinia virus MVA strain
recombinant which expresses the T7 RNA polymerase (Wyatt et
al., Virology, 210:202-205 (1995), incorporated herein by
reference). The viral proteins, and/or T7 RNA polymerase, can
also be provided from transformed mammalian cells, or by
transfection of preformed mRNA or protein.

Alternatively, synthesis of antigenome or genome can
be done in vitro (cell-free) in a combined transcription-
translation reaction, followed by transfection into cells.

Or, antigenome or genome RNA can be synthesized in vitro and
transfected into cells expressing RSV proteins.

To select candidate vaccine viruses from the host of
biologically derived and recombinant RSV strains provided
herein, the criteria of wviability, attenuation and
immunogenicity are determined according to well known methods.
Viruses which will be most desired in vaccines of the
invention must maintain viability, have a stable attenuation
phenotype, exhibit replication in an immunized host (albeit at
lower levels), and effectively elicit production of an immune
response in a vaccinee sufficient to confer protection against
serious disease caused by subsequent infection from wild-type
virus. Clearly, the heretofore known and reported RS virus
mutants do not meet all of these criteria. Indeed, contrary
to expectations based on the results reported for known
attenuated RSV, viruses of the invention are not only viable
and more attenuated then previous mutants, but are more stable

genetically in vivo than those previously studied mutants,
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retaining the ability to stimulate a protective immune
response and in some instances to expand the protection
afforded by multiple modifications, e.g., induce protection
against different viral strains or subgroups, or protection by
a different immunologic basis, e.g., secretory versus serum
immunoglobulins, cellular immunity, and the like. Prior to
the invention, genetic instability of the ts phenotype
following replication in vivo has been the rule for ts viruses
(Murphy et al., Infect. Immun. 37:235-242 (1982)).

To propagate a RSV virus for vaccine use and other
purposes, a number of cell lines which allow for RSV growth
may be used. RSV grows in a variety of human and animal
cells. Preferred cell lines for propagating attenuated RS
virus for vaccine use include DBS-FRhL-2, MRC-5, and Vero
cells. Highest virus yields are usually achieved with
epithelial cell lines such as Vero cells. Cells are typically
inoculated with virus at a multiplicity of infection ranging
from about 0.001 to 1.0 or more, and are cultivated under
conditions permissive for replication of the virus, e.g., at
about 30-37°C and for about 3-5 days, or as long as necessary
for virus to reach an adequate titer. Virus is removed from
cell culture and separated from cellular components, typically
by well known clarification procedures, e.g., centrifugation,
and may be further purified as desired using procedures well
known to those skilled in the art.

RSV which has been attenuated as described herein
can be tested in various well known and generally accepted in
vitro and 1in vivo models to confirm adequate attenuation,
resistance to phenotypic reversion, and immunogenicity for
vaccine use. In in vitro assays, the modified virus (e.g., a
multiply attenuated, biologically derived or recombinant RSV)
is tested for temperature sensitivity of virus replication,
i.e. ts phenotype, and for the small plaque phenotype.
Modified viruses are further tested in animal models of RSV
infection. A variety of animal models have been described and
are summarized in Meignier et al., eds., Animal Models of

Respiratory Syncytial Virus Infection, Merieux Foundation
Publication, (1991), which is incorporated herein by
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reference. A cotton rat model of RS infection is described in
U.S. 4,800,078 and Prince et al., Virus Res. 3:193-206 (1985),
which are incorporated herein by reference, and is believed to
be predictive of attenuation and efficacy in humans. A
primate model of RSV infection using the chimpanzee is
predictive of attenuation and efficacy in humans, and is
described in detail in Richardson et al., J. Med. Virol.
3:91-100 (1978); Wright et al., Infect. Immun., 37:397-400
(1982) ; Crowe et al., Vaccine 11:1395-1404 (1993), which are

incorporated herein by reference.

The interrelatedness of data derived from rodents
and chimpanzees relating to the level of attenuation of RSV
candidates can be demonstrated by reference to Fig. 1, which
is a graph correlating the replication of a spectrum of
respiratory syncytial subgroup A viruses in the lungs of mice
with their replication in chimpanzees. The relative level of
replication compared to that of wt RSV is substantially
identical, allowing the mouse to serve as a model in which to
initially characterize the level of attenuation of the vaccine
RSV candidate. The mouse and cotton rat models are especially
useful in those instances in which candidate RS viruses
display inadequate growth in chimpanzees. The RSV subgroup B
viruses are an example of the RS viruses which grow poorly in
chimpanzees.

Moreover, the therapeutic effect of RSV
neutralizing antibodies in infected cotton rats has been shown
to be highly relevant to subsequent experience with
immunotherapy of monkeys and humans infected with RSV.

Indeed, the cotton rat appears to be a reliable experimental
surrogate for the response of infected monkeys, chimpanzees
and h<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>