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Development of a live pediatric vaccine against human respiratory
syncytial virus (RSV) is complicated by the need to immunize young
infants and the difficulty in balancing attenuation and immuno-
genicity. The ability to introduce desired mutations into infectious
virus by reverse genetics provides a method for identifying and
designing highly defined attenuating mutations. These can be intro-
duced in combinations as desired to achieve gradations of attenua-
tion. Attenuation is based on several strategies: multiple indepen-
dent temperature-sensitive point mutations in the polymerase, a
temperature-sensitive point mutation in a transcription signal, a set
of non–temperature-sensitive mutations involving several genes,
deletion of a viral RNA synthesis regulatory protein, and deletion
of viral IFN �/� antagonists. The genetic stability of the live vaccine
can be increased by judicious choice of mutations. The virus also can
be engineered to increase the level of expression of the protective
antigens. Protective antigens from antigenically distinct RSV strains
can be added or swapped to increase the breadth of coverage.
Alternatively, the major RSV protective antigens can be expressed
from transcription units added to an attenuated parainfluenza vac-
cine virus, making a bivalent vaccine. This would obviate the difficul-
ties inherent in the fragility and inefficient in vitro growth of RSV,
simplifying vaccine design and use.
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Viral reverse genetics involves producing infectious virus in cell
culture completely from cloned cDNAs (1, 2). By introducing
desired changes into the cDNA by standard recombinant DNA
methods, one can engineer the virus and produce “designer”
live viral vaccines. This article describes how human respiratory
syncytial virus (RSV) presents a particularly difficult challenge
to vaccine development, and how reverse genetics can be applied
to this problem.

RSV is the most important cause of serious acute respiratory
tract illness in infants and children worldwide (3, 4). Nearly every-
one worldwide has been infected at least once by the age of 2
years, with illness ranging from a cold to bronchiolitis or pneumo-
nia. This represents a tremendous disease burden; in the United
States alone, 75,000 to 125,000 infants are hospitalized yearly
for RSV disease (5). A safe and immunogenic RSV vaccine would
have a tremendous beneficial impact on human health worldwide
but is not yet available.
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RSV MOLECULAR BIOLOGY

RSV is an enveloped, RNA-containing, cytoplasmic virus that
is classified in the Paramyxovirus family of the nonsegmented
negative-strand viruses (Mononegavirus order) (3). Its genome
(Figure 1) is a single negative-sense strand of RNA of 15.2 kb
that is tightly coated by the viral nucleocapsid N protein. The
genome contains 10 genes that are transcribed sequentially from
the 3� end by a virally encoded polymerase to yield 10 separate
mRNAs. The production of each mRNA is guided by short
transcription signals (called gene-start and gene-end signals) that
flank each gene. RNA replication involves the production of a
complete positive-sense copy called the antigenome that serves,
in turn, as the template for progeny genomes.

The viral polymerase consists of the polymerase L protein,
phosphoprotein P, and transcription elongation factor M2-1 pro-
tein (3, 6). The mRNA that encodes the M2-1 protein has a
second open reading frame that encodes a small protein, M2-2,
which helps regulate RNA synthesis. The viral envelope is de-
rived from the plasma membrane of the host cell during budding
and contains three virally encoded transmembrane surface pro-
teins: the attachment G protein, the fusion F protein, and the
small hydrophobic SH protein of unknown function. There is
an internal matrix M protein involved in viral assembly and two
nonstructural proteins, NS1 and NS2, which have been shown
to antagonize the host cell IFN �/� system (7, 8). The G and F
proteins are the neutralization and major protective antigens.

An RSV vaccine likely would be administered at the same
time as live intranasal vaccines that are presently being devel-
oped against several related paramyxoviruses that are also impor-
tant agents of pediatric respiratory tract disease, namely, human
parainfluenza virus (HPIV) serotypes 1, 2, and 3 (HPIV1, 2,
and 3) and human metapneumovirus (9, 10). These are being
developed following some of the same general principles de-
scribed here.

RSV VACCINES

The peak of the most serious RSV disease is at 2–6 months of
age, and so vaccination should initiate within the first few weeks
of life. A major obstacle to developing a pediatric RSV vaccine
is that immune responses in the young infant are reduced com-
pared to older children and adults. One factor is immunologic
immaturity, an effect that is evident through the first year of life
and especially the first 6 months (11). A second factor is the
immunosuppressive effect of maternally derived serum antibod-
ies, with the greatest impact in the first few months of life (12).
In addition, evaluation of pediatric vaccines is multistep for
safety reasons, and involves progression from adults to seroposi-
tive children to seronegative children to RSV-naive infants of
1 to 2 months of age, approximating the target population (13, 14).

Research to develop a pediatric RSV vaccine presently is
focused on live attenuated strains for intranasal administration.
Live intranasal vaccines induce local mucosal as well as systemic
immunity. The intranasal route partially escapes the immuno-
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Figure 1. Respiratory syncytial virus (RSV) genome and gene
products. The electron micrographs (50) show an RSV virion
budding from the plasma membrane of an infected cell (left)
and a free virion (right), with the viral proteins indicated. The
viral genome is diagramed at the bottom. Each large shaded
rectangle indicates a gene encoding a separate mRNA. The two
overlapping open reading frames (ORF) of the M2 mRNA are
indicated. “Le” and “tr” refer to leader and trailer, respectively,
which are small extragenic regions at each end of the genome.
The leader region contains the genome promoter. The amino
acid lengths of the RSV proteins are: NS1, 139; NS2, 124; N,
391; P, 241; M, 256; SH, 64; G, 298; F, 574; M2-1, 194; M2-2,
90; L, 2,165.

suppressive effects of maternal serum antibodies (15). Clinical
experience with influenza virus vaccines indicates that primary
immunization with a live intranasal vaccine is more immunogenic
and more broadly protective than with an inactivated vaccine
(16). Finally, primary immunization of infants or experimental
animals with nonreplicating killed-virus or purified-protein RSV
vaccines can prime for immune-mediated enhanced disease upon
subsequent exposure to RSV (3). This unexpected phenomenon
was first observed in clinical trials of a formalin-inactivated RSV
vaccine in the 1960’s (3). Vaccine-enhanced RSV disease seems
to be peculiar to the use of killed-virus or purified-protein vac-
cines in primary immunization. It appears to be due to a combina-
tion of factors, including the induction of poorly neutralizing
antibodies due to denatured antigen, as well as induction of an
imbalanced cell-mediated response due to the inactivated nature
of the vaccine. Enhanced disease is not associated with infection
by natural exposure or with attenuated RSV vaccine candidates,
representing an important advantage of a live pediatric RSV
vaccine strategy.

A number of live-attenuated RSV vaccine candidates were de-
veloped over several decades by conventional methods (13, 17, 18).
The most promising set of candidates was developed by serial
passage at increasingly suboptimal temperature (cold passage
[cp]) followed by chemical mutagenesis and screening to identify
temperature-sensitive (ts) mutants. Preclinical and clinical analysis
of a cpRSV derivative and a number of further cptsRSV deriva-
tives showed that they were attenuated but retained an unaccept-
able level of residual virulence (13, 18). The most extensively
characterized candidate, called cpts248/404, caused nasal conges-
tion when evaluated in 1- to 2-month-old infants (13). However,
this study provided encouraging evidence that the vaccine virus
replicated and was immunogenic in this young age group and
induced protection against a second dose of vaccine virus admin-
istered 2 months later.

The experience over several decades of evaluating RSV vac-
cine candidates in seronegative chimpanzees (the animal model
that most closely resembles humans with regard to RSV replica-
tion and disease) and humans indicates that attenuation of RSV
correlates with a reduction in the level of virus replication, moni-
tored by measuring virus titers in nasal secretions. These studies
also showed that a moderate degree of replication is necessary
for a live RSV vaccine to be satisfactorily immunogenic. Thus,

a vaccine must achieve a balance between attenuation and immu-
nogenicity, and this window appears to be narrow.

REVERSE GENETICS

The laborious hit-or-miss conventional methods for developing
attenuated strains have now been superseded by reverse genet-
ics. The recovery of RSV from cDNA (Figure 2) requires co-
expression in cultured cells of five viral components from trans-
fected plasmids, namely (1) a complete copy of the viral RNA
genome and (2) the N, P, M2-1, and L proteins (1). These are

Figure 2. Recovery of infectious recombinant RSV entirely from cloned
cDNAs. The five cDNAs are indicated by shaded rectangles and encode
a positive-sense copy of the viral genome (antigenome) and mRNAs
for the N, P, L, and M2-1 proteins of the nucleocapsid/polymerase
complex. Expression of the cDNAs is under the control of a promoter
for bacteriophage T7 RNA polymerase (T7pr). The plasmid backbones
that bear the cDNAs are not shown. The indicated ribozyme encoded
at the downstream end of the antigenome executes self-cleavage to
produce a correct 3� end. The T7 RNA polymerase can be provided
intracellularly using one of the three indicated strategies.
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TABLE 1. APPLICATIONS OF REVERSE GENETICS TO DEVELOPING A RESPIRATORY SYNCYTIAL
VIRUS VACCINE

1. Develop a panel of defined attenuating mutations
a. Identify mutations in existing attenuated strains
b. Develop new mutations empirically

2. Assemble desired combinations of mutations
3. Increase genetic stability

a. Gene deletions
b. Increase the number of attenuating mutations
c. Choose “attenuating” codons that cannot readily revert

4. Increase the level of expression of the G and F protective antigens
a. Promoter-proximal G and F genes
b. The M2-2 deletion upregulates gene expression

5. Increased breadth of coverage against heterologous RSV strains with added or swapped genes
6. Use an attenuated HPIV vaccine virus to vector the protective antigens of RSV

Definition of abbreviations: HPIV � human parainfluenza virus; RSV � respiratory syncytial virus.

the constituents of the nucleocapsid and polymerase complex,
which is the minimum unit of infectivity for the mononegaviruses.
These cDNAs are engineered to be expressed by bacteriophage
T7 RNA polymerase. For the recovery of viruses that will be
evaluated in humans, the polymerase is supplied by a cotrans-
fected eukaryotic expression plasmid, and recovery is performed
in Vero cells that are approved for human product use. The
expressed viral components assemble and launch a productive
infection. This yields infectious recombinant virus that, there-
after, is indistinguishable from biologically derived virus except
for whatever mutations might have been intentionally intro-
duced. The applications of reverse genetics in designing an RSV
vaccine are outlined in Table 1.

IDENTIFYING MUTATIONS THAT ATTENUATE RSV

The first need is to develop a panel of mutations that attenuate
RSV. These would then be used to systematically engineer vac-
cine candidates. A necessary requirement of such mutations is
that they should not reduce virus yield in vitro, because RSV
does not replicate to high titer and a reduction in replication
fitness in vitro would interfere with vaccine manufacture. For
example, the biologically derived cpts viruses described above
could be grown efficiently in vitro at the reduced, permissive
temperature of 32 �C, whereas they were highly attenuated at
the higher human body temperature of 37�C.

The existing biologically derived vaccine candidates men-
tioned above proved to be a rich source of attenuating mutations.
Complete consensus genome sequences were determined for
cpRSV and six cptsRSV derivatives. Mutations involved in atten-
uation were identified by insertion into recombinant virus and
evaluation in experimental animals. CpRSV contained five
amino acid substitutions in three proteins (Val-267-Ile in N, Glu-
218-Ala and Thr-523-Ile in F, and Cys-319-Tyr and His-1690-
Tyr in L) that, in combination, are responsible for its attenuation
phenotype (19). Analysis of the other viruses identified six point
mutations, each of which is an independent ts and attenuation
mutation (20–22). Five of these mutations involved amino acid
substitutions in the L protein (mutation 248 involved the substitu-
tion Gln-831-Leu, mutation 530 involved Phe-521-Leu, mutation
955 involved Asn-43-Ile, mutation 1009 involved Met-1169-Val,
and mutation 1030 involved Tyr-1321-Asn). The sixth mutation
involved a nucleotide substitution in the gene-start transcription
signal of the M2 gene.

Additional attenuating mutations have been identified empir-
ically. One method was to identify and delete nonessential viral
accessory genes (23–28). Although deletion of many of the viral
genes would be expected to be lethal, it was possible to delete

the coding sequences for 5 of the 11 RSV proteins individually
or in various combinations and nonetheless recover infectious
virus; the five dispensable proteins are: NS1, NS2, SH, G, and
M2-2. Each of these gene-deletion viruses replicated in cell cul-
ture to a titer comparable to that of wild-type RSV, but each
was attenuated in experimental animals. In particular, evaluation
of the single-gene deletion viruses in seronegative chimpanzees
showed that they exhibited a range of attenuation (Figure 3). The
�SH and �NS2 viruses were less attenuated than the cpts248/404
benchmark virus (representing a vaccine candidate that needs
a small amount of additional attenuation) and would be suitable
to combine with other attenuating mutations. The �NS1 and
�M2-2 viruses were somewhat more attenuated than cpts248/
404 and are suitably attenuated for clinical evaluation without
further modification. Each of the viruses was highly immuno-
genic in chimpanzees and induced a high level of protection
against challenge with wild-type RSV. The remaining single-
gene-deletion virus, �G, was highly attenuated in mice (23), but
was not evaluated in chimpanzees—it will not be developed as
a vaccine candidate because G is a major protective antigen and
should be present in an RSV vaccine.

A number of other strategies are available to attenuate RSV;
these will be mentioned only briefly, as they are not part of
immediate plans to develop RSV vaccine candidates. One strat-
egy is to delete only part of a protein, as exemplified with the
M2-1 protein. M2-1 appears to be an essential protein, and dele-
tion of the complete gene has not been possible. However, it
was possible to recover virus in which up to 67 amino acids were
deleted from the C-terminus of M2-1 (29). These viruses were
attenuated in rodents.

Another strategy is to target a specific protein and replace
charged amino acids with a noncharged amino acid, such as alanine.
This is a common recombinant strategy to develop mutant pro-
teins. This was done with the L protein, and a number of such
mutations were successfully recovered in virus (30). Some of
these were attenuated, thus adding to panel of point mutations
available to attenuate RSV.

Another strategy for attenuation involves using host range-
restriction elements in bovine RSV (BRSV). BRSV is the bovine
counterpart of RSV and shares considerable antigenic and se-
quence relatedness (24). However, BRSV is highly attenuated
in primates, reflecting a natural host range restriction. Using
reverse genetics, the G and F genes of BRSV were replaced
by their counterparts of human RSV, thereby combining the
attenuated backbone of BRSV with the antigenic determinants
of human RSV (24). This initial construct retained too much
of the host range restriction of BRSV, and did not replicate
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Figure 3. Mean peak virus titers present in naso-
pharyngeal swabs (left panel) and tracheal la-
vages (right panel) of chimpanzees that had
been infected simultaneously by the intranasal
and intratracheal routes with the indicated re-
combinant wild-type or attenuated RSVs. The
cp248/404 virus is a recombinant version of
the biologically derived cpts248/404 virus that
retained mild residual virulence in RSV-naive in-
fants and serves as a benchmark. The dotted line
indicates the limit of detectability.

sufficiently well in chimpanzees to be immunogenic. In future
work, additional BRSV genes in this construct will be replaced
with their human RSV counterparts in an effort to increase the
replication and immunogenicity in primates. A similar strategy
has been successful for HPIV3, which has a bovine counterpart,
bovine parainfluenza virus (BPIV) type 3 that is attenuated in
primates. Combining the HPIV3 antigenic determinants with back-
bones containing one or more BPIV3 genes has generated sev-
eral attenuated derivatives suitable for clinical evaluation (31, 32).

The F protein of RSV and, indeed, of all paramyxoviruses is
synthesized as a precursor that must be cleaved by a cellular
protease in order to be active (3). The protease specificity and
the efficiency of cleavage are determined by the sequence at the
cleavage site (in the case of RSV, two cleavage sites are involved
[33]), representing a determinant of virulence. Engineering one
or both of these sites into forms that are less-easily cleaved
would be expected to attenuate the virus, although this strategy
remains to be investigated.

Mononegaviruses also can be attenuated by altering the order
of the viral genes in the genome (34). Gene transcription by this
type of virus has a polar gradient, such that genes that are
proximal to the 3� promoter are expressed more efficiently than
downstream genes. Because the natural gradient of gene expres-
sion likely is optimal for the virus, rearrangement of the genes
might yield suboptimal ratios of expression and attenuate the
virus. When tested with vesicular stomatitis virus (a relative of
rabies virus), this indeed proved to be the case, and attenuated
derivatives were successfully produced (34). This method could
be used for RSV provided that it does not reduce the yield of
virus in cell culture.

The RSV G protein is produced as the full-length membrane-
anchored form, as well as a truncated secreted form. The secreted
form may induce oversensitization of T helper subset 2 lympho-
cytes, a response implicated in immune-mediated pathology (35).
The G protein also contains a CX3C motif that appears to mimic
the activity of the chemokine fractalkine (36). This mimicry has
the potential to alter leukocyte trafficking, although exactly how
this affects RSV biology remains to be defined. These are exam-
ples of RSV structural features that can be deleted from infec-
tious virus by reverse genetics (23, 37) and might make vaccines
that are more attenuated and/or less reactogenic. However, we
first need a clear understanding of the roles and impact of these
features on RSV immunobiology and pathogenesis.

THE FIRST RECOMBINANT VACCINE CANDIDATES

Once a panel of attenuating mutations has been identified, they
can be inserted in desired combinations into the viral genome

to obtain attenuated derivatives. The first recombinant vaccine
candidate was made by combining the mutations found in the
biologically derived cpts248/404 virus—namely, the cp, 248, and
404 mutations—with deletion of the SH gene. The resulting
virus, rcp248/404�SH, seemed to be marginally more attenuated
than its cpts248/404 parent when evaluated in seronegative chim-
panzees (Figure 3) (note that the italicized “cp” and “ts” in the
names of the biologically derived mutants refer to phenotypes,
whereas the names of the recombinant viruses indicate mutations
but not phenotypes and are not italicized). However, when rcp248/
404�SH was evaluated in adults, seropositive children, and sero-
negative children, it was not distinguishable from its cpts248/404
parent (14). Thus, whereas the �SH mutation was attenuating
on its own in mice and chimpanzees, it did not make a significant
contribution to increasing the level of attenuation in humans in
the context of the cp, 248, and 404 mutations. This illustrates
that the level of attenuation of a given combination of mutations
is not necessarily the exact sum of the individual mutations, and
must be determined empirically.

The rcp248/404�SH virus was further modified by the inser-
tion of the 1030 point mutation into the L gene, yielding the
derivative rcp248/404/1030�SH (Figure 4) (14). This virus thus
had five attenuating genetic elements: cp, 248, 404, �SH, and
1030. This virus was more ts than its predecessor. It also proved
to be more attenuated when evaluated in seronegative children,
and was deemed sufficiently safe to be evaluated in 1- to
2-month-old infants (14). In this population, the vaccine virus
was infectious and well tolerated. A significant serum antibody
response was detected in 57% of infants aged 6–24 months but
in only 19% of those aged 1–2 months, reflecting the reduced
immune response characteristic of very young infants as noted
above. Nonetheless, replication of a second dose of vaccine ad-
ministered within 2 months was highly restricted (14). This indi-
cated that protective immunity had been induced even if the
specific correlates of immunity were not identified.

However, there was some evidence of genetic instability. The
rcp248/404/1030�SH virus is highly ts and does not form plaques
above 34–35 �C, compared with wild-type RSV that readily forms
plaques at 40 �C. Evaluation of 141 nasal wash viral specimens
from vaccines identified 45 (32%) that exhibited a 1–3 �C upward
shift in maximum plaquing temperature (14). Sequence analysis
of nine of these direct clinical specimens showed that six had
sustained reversion of a single attenuating mutation, either 248
or 1030 (14). The “shifted” viruses retained at least four of the
five attenuating genetic elements and remained highly attenu-
ated. Consistent with this, the shifted viruses were not associated
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Figure 4. Current live recombinant RSV vaccine candidates based on
attenuated RSV (A–D ) or on the attenuated bovine/human parainfluenza
virus (B/HPIV) type 3 virus expressing RSV F from an inserted gene
(drawn immediately over its site of insertion). RSV genes and ORFs are
represented by lightly shaded rectangles, BPIV3 genes are represented
by open rectangles, and HPIV3 genes are represented by darkly shaded
rectangles. Gene deletions are demarcated with dotted vertical lines. The
locations of attenuating cp, 248, 404, and 1030 mutations are indicated.

with illness or increased virus shedding in vaccines (14). How-
ever, it would be desirable to obtain a greater degree of genetic
stability.

INCREASED GENETIC/PHENOTYPIC STABILITY

One strategy for designing a vaccine virus with increased genetic/
phenotypic stability would be to include a highly attenuating
gene deletion, such as �NS1, �NS2, or �M2-2. A gene deletion
should be highly refractory to reversion, and the virtual lack of
RNA recombination for mononegaviruses is further assurance
against regaining a deleted gene (38).

A second expedient would be to put as many attenuating
mutations into a vaccine candidate as possible, consistent with
retaining a satisfactory level of immunogenicity. Adding more
attenuating mutations to a vaccine candidate does not always
increase its level of attenuation. This was exemplified by the
addition of the �SH mutation to the cp248/404 background, as
described above, in which the attenuating effect of �SH was
not additive to that of the cp248/404 backbone. However, the
presence of the �SH mutation would essentially preclude rever-
sion to wild-type virus, and its attenuating affect should become
unmasked if one or more of the other attenuating mutations
were lost.

The attenuation phenotype associated with amino acid point
mutations also can be “stabilized” by judicious choice of the
codon that is engineered into the vaccine candidate. Each of the
amino acid point mutations identified in the biologically derived
vaccine candidates described above involved a single nucleotide
substitution. Because the mutation rate of RSV and other mono-
negaviruses is approximately 10�4 (39), reversion can readily
occur. However, a strategy has been developed to optimize the
genetic stability of an amino acid point mutation, exemplified
with a ts attenuating point mutation in the L protein of HPIV1
(40). The first step is to construct recombinant viruses represent-

ing all 20 possible amino acid assignments at the locus of interest.
Among the assignments that yield viable virus, the next step is
to characterize their attenuation phenotype. Next, all of the
possible codons encoding attenuating versus nonattenuating as-
signments are examined on paper, taking into account the degen-
eracy of the genetic code. The aim is to identify an “attenuating”
codon that differs by two or preferably three nucleotides from
any possible “nonattenuating” codon. This provides for stabiliza-
tion of the phenotype, as the estimated frequency with which an
“attenuating” codon could change to a “nonattenuating” codon
decreases dramatically with the number of nucleotides necessary
(the estimated rate of single, double, or triple nucleotide substitu-
tion is 10�4, 10�8, or 10�12, respectively).

Increased phenotypic and genetic stability was confirmed for
the HPIV1 mutation by monitoring the stability of the ts pheno-
type and the sequence of the point mutation during passage in
vitro at increasing temperature: reversion was readily observed
when only a single change was needed, but was not observed
when three were needed. This strategy also offers the possibility
of optimization of the attenuation phenotype, because alterna-
tive amino acid substitutions sometimes offer increased (or de-
creased) attenuation phenotypes, which might provide for fine-
tuning. However, in some situations, as exemplified by a second
mutation in HPIV1 L (40), there were so many “nonattenuating”
codon possibilities that stabilization was limited. Also, stabiliza-
tion of a mutant locus does not preclude second-site mutations
that might alter phenotype. Given the high mutation rate and
genetic variability of RNA viruses, it is unrealistic to expect that
absolute genetic stability can be achieved for any vaccine virus.

IMPROVED VACCINE IMMUNOGENICITY?

Attenuated vaccine viruses typically are less immunogenic than
the wild-type parent, which likely is due, in large part, to reduced
replication and antigen production in vivo.

One strategy to increase the level of expression of G and F
protective antigens is to move their genes so as to be immediately
downstream of the viral promoter. This was done for F and G
individually and in combination, and resulted in two- to threefold
increase in their synthesis without changing the virulence of the
virus (41). Although this is a modest effect, it would be an
important improvement if it were reflected in a comparable
increase in immunogenicity in young infants. A permutation of
this strategy is to insert additional promoter-proximal copies of
the G and F genes while leaving the original copies in their
original locations. When this was done for recombinant human
metapneumovirus, there was an increase of 6- to 14-fold in the
expression of mRNA, although the effect on protein expression
remains to be investigated (42). It might also be possible to
achieve higher levels of expression by reconstructing the F and
G genes with codon choices optimized for efficient translation.

Another way to increase antigen expression was identified
serendipitously with the �M2-2 deletion (26). In cell culture,
this virus exhibits a substantial delay and decrease in RNA
replication—which likely is the basis for its attenuation in vivo—
and a substantial increase in gene transcription. Thus, M2-2
appears to be involved in the balance between transcription and
RNA replication. The increase in transcription was associated
with a concomitant increase in the expression of viral antigen,
including the G and F proteins. The phenotype of attenuation
coupled with increased gene expression is highly desirable for
a vaccine virus.

Deletion of the NS1 and/or NS2 genes offers another way to
increase immunogenicity. As noted above, these proteins inhibit
the host IFN �/� response, which otherwise stimulates the innate
and adaptive immune responses. Augmented IFN production as-
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sociated with the �NS1 and �NS2 mutations might provide for
increased immunogenicity. This would be highly desirable, and,
indeed, recombinant BRSV in which both the NS1 and NS2 genes
were deleted exhibited increased immunogenicity in calves (43).

BROADENING VACCINE COVERAGE BY ADDING AND
SWAPPING GENES

RSV has a single serotype with two antigenic subgroups (RSV-A
and -B). These have extensive sequence and antigenic hetero-
geneity in the G glycoprotein, whereas the F glycoprotein exhibits
a substantially greater level of sequence and antigenic conserva-
tion (3). Cross-protection between the HRSV antigenic sub-
groups is incomplete, and, ideally, both subgroups should be
represented in a vaccine, at least for the G protein. One strategy
to achieve this was to modify the present RSV-A recombinant
virus to express the RSV-B G protein from an added gene, such
that G of both subgroups is represented in a single virus (44).
Another strategy was to replace the G and F protective antigens
of the present recombinant RSV-A virus with their counterparts
from RSV-B (45). This virus replicated with wild-type-like effi-
ciency in chimpanzees, and could be attenuated with the panel
of mutations developed for the RSV-A background (45). Thus,
the resulting RSV vaccine would have two components: an atten-
uated RSV-A virus and an attenuated RSV-A/RSV-B chimera.
A third strategy would be to develop a complete recombinant
RSV-B virus and develop a panel of attenuating mutations based
on those identified for RSV-A.

NEW RECOMBINANT VACCINE CANDIDATES

The ability to produce vaccine candidates by reverse genetics
far outstrips the capacity to evaluate them clinically. Of necessity,
the process involves evaluating a few carefully chosen candidates
at a time. The five current candidates described below represent
a variety of strategies: point mutations in RNA synthetic machin-
ery, ts and non-ts mutations, deletion of IFN antagonists, alter-
ation of the viral RNA synthetic program, and the use of vectored
antigens.

One candidate (Figure 4A) is a version of the above-men-
tioned rcp248/404/1030�SH virus, in which the 248 and 1030
amino acid point mutations will be “stabilized” by the strategy
described above, a modification that is presently in progress. In
a respiratory virus, the ts phenotype is thought to preferentially
restrict replication in the lower, warmer respiratory tract, thereby
conferring increased safety.

A second candidate (Figure 4B) is virus in which the NS1
gene has been deleted; namely, r�NS1. As noted above, the
r�NS1 virus might be satisfactorily attenuated without further
modification—this can only be determined in clinical studies.
Deletion of this IFN antagonist might provide for increased
immunogenicity, as already noted. Conversely, this attenuation
strategy would be dependent on the host IFN system, raising
issues concerning the IFN competency of young infants as well
as natural diversity in the population.

A third vaccine candidate (Figure 4C) is the r�M2-2 virus,
lacking the M2-2 open reading frame of the M2 mRNA. This
virus was similar to r�NS1 in its degree of attenuation in chim-
panzees, and thus also might be satisfactorily attenuated without
further modification. As noted above, the increased expression
of viral protein associated with the �M2-2 mutation also might
provide for increased immunogenicity.

A fourth candidate (Figure 4D) is a mutant called r248�NS2.
This combines the �NS2 mutation, which, by itself, was insuffi-
ciently attenuating in chimpanzees, with a single attenuating
point mutation, 248, which will be “stabilized” as described

above. This virus combines the potential of increased immuno-
genicity associated with deletion of an IFN antagonist and the
greater restriction in the lower respiratory tract associated with
a ts mutation.

The fifth candidate (Figure 4E) involves using a B/HPIV3-
vectored vaccine, as described below.

VECTORING TO COMBINE PEDIATRIC VACCINE VIRUSES

One of the major challenges of preparing a live RSV vaccine is
that the virus does not grow robustly in cell culture and can
readily lose infectivity. This might prove to be a major obstacle
to vaccine formulation, storage, and administration. To obviate
these limitations, we took advantage of the substantially greater
growth and stability of the HPIVs to use them as vectors to
express the RSV G and F protective antigens from added tran-
scriptional units. The expression of RSV antigens from an attenu-
ated HPIV makes a bivalent pediatric vaccine virus.

For example, we used B/HPIV3, an attenuated HPIV3 vac-
cine candidate, as a vector to express RSV G and F individually
or in combination. B/HPIV3 consists of the attenuated BPIV3
backbone, in which the fusion F and hemagglutinin-neuramini-
dase HN protective antigen genes have been replaced with their
counterparts from HPIV3 (Figure 4E) (32). The magnitude of
expression of the vectored RSV genes in vitro was greater than
that of RSV, especially for the single-gene inserts. The resulting
viruses were suitably attenuated and highly immunogenic against
both viruses when evaluated in rhesus monkeys (46). The in-
serted genes were surprisingly stable and suitable for vaccine
manufacture. This bivalent vaccine would be suitable for admin-
istration to infants aged 1 to 5 months because vaccination
against both RSV and HPIV3 should begin at this time.

HPIV1 and HPIV2 also can serve as attenuated vectors for
expressing RSV G and F. Wild-type HPIV1 has already been
used to express the human metapneumovirus F protein (47),
and attenuated versions of HPIV1 and HPIV2 are being devel-
oped (48, 49). HPIV1 and HPIV2 infect and cause disease begin-
ning at approximately 6 months of age and, thus, these vectors
would be ideal for use beginning at 5 or 6 months of age. In this
capacity, HPIV1 or 2 vectors expressing RSV antigens could be
used to boost earlier immunization using attenuated RSV or
B/HPIV3-RSV. In summary, this strategy employs the more ro-
bust pediatric vaccine viruses (HPIV1, 2, and 3) to express the
protective antigens of a more fragile one (RSV).

CONCLUSIONS

Current strategies for developing a pediatric RSV vaccine are
focused on (1) live attenuated RSV strains and (2) RSV antigens
vectored from a live attenuated HPIV strain. Live attenuated
RSV strains have the advantage of being the closest facsimile
of natural RSV infection, which is known to provide resistance
against a subsequent infection without disease enhancement.
Conversely, a vectored vaccine would avoid the problems of
poor growth and fragility of RSV, and has other advantages, such
as increased antigen expression and the potential for improved
boosts. However, a vectored vaccine delivers only a subset of
RSV antigens. Whether this would affect efficacy and safety
remains to be determined. It also would be possible to combine
the two approaches: for example, an RSV/HPIV3 vaccine that
could be given beginning at 1 month of age could include both
a live attenuated RSV component and a B/HPIV3-vectored RSV
component.
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