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Respiratory syncytial virus (RSV) cpts530/1030 is an attenuated, temperature-sensitive subgroup A vaccine

candidate derived previously from cold-passaged RSV (¢cpRSV) by two sequential rounds of chemical mutagen-
esis and biological selection. Here, cpts530/1030 was shown to be highly attenuated in the upper and lower respira-
tory tracts of seronegative chimpanzees. However, evaluation in seropositive children showed that it retains
sufficient replicative capacity and virulence to preclude its direct use as a live attenuated vaccine. Nucleotide
sequence analysis of the genome of cpts530/1030 showed that it had acquired two nucleotide substitutions (com-
pared to its cpts530 parent), both of which were in the L gene: a silent mutation at nucleotide position 8821
(amino acid 108) and a missense mutation at nucleotide position 12458 resulting in a tyrosine-to-asparagine
change at amino acid 1321, herein referred to as the 1030 mutation. It also contained the previously identified
530 missense mutation at nucleotide 10060 in the L gene. The genetic basis of attenuation of cpts530/1030 was
defined by the introduction of the 530 and 1030 mutations into a cDNA clone of ¢cpRSV, from which recom-
binant RSV was derived and analyzed to determine the contribution of each mutation to the temperature
sensitivity (¢s) and attenuation (a#f) phenotypes of cpts530/1030. The 530 mutation, derived from cpts530, was
previously shown to be responsible for the #s and aff phenotypes of that virus. In the present study, the 1030
mutation was shown to be responsible for the increased temperature sensitivity of cpzs530/1030. In addition, the
1030 mutation was shown to be responsible for the increased level of attenuation of cpts530/1030 in the upper
and lower respiratory tracts of mice. The 530 and 1030 mutations were additive in their effects on the zs and
att phenotypes. It was possible to introduce the 1030 mutation, but not the 530 mutation, into an attenuated
vaccine candidate with residual reactogenicity in very young infants, namely, cpts248/404, by use of reverse
genetics. The inability to introduce the 530 mutation into the cpts248/404 virus was shown to be due to its in-
compatibility with the 248 missense mutation at the level of L protein function. The resulting rA2cp248/404/
1030 mutant virus was more temperature sensitive and more attenuated than the cpts248/404 parent vi-
rus, making it a promising new RSV vaccine candidate created by use of reverse genetics to improve upon an

existing vaccine virus.

Respiratory syncytial virus (RSV), a single-stranded, nega-
tive-sense RNA virus of the family Paramyxoviridae, remains
the most important viral cause of bronchiolitis and pneumonia
in young children and infants (5). Currently, attenuated mu-
tants of RSV are being developed for use as live-virus vaccines
to be administered during the first month of life to prevent
serious lower respiratory tract disease. To be effective, such
vaccine candidates must achieve a delicate balance between
attenuation and immunogenicity. This balance has been diffi-
cult to achieve, and a variety of live attenuated RSV vaccine
candidates which have been evaluated in human infants and
children were found to be either underattenuated (16, 18) or
overattenuated and thus insufficiently immunogenic (15, 27).
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Nonetheless, live attenuated RSV vaccines still represent prom-
ising vaccine candidates because of their ability to (i) immunize
in the presence of passively derived RSV antibodies (9), (ii)
induce both local immunity and systemic immunity, and (iii)
elicit a protective immune response without the disease en-
hancement which was observed following immunization with
formalin-inactivated RSV (2) and which also appears to be
associated with immunization of experimental animals with
purified RSV antigen (13, 21).

To achieve the goal of developing a satisfactorily attenuated
RSV vaccine strain, the genetic basis for the attenuation and
temperature sensitivity has been determined for several vac-
cine candidates, namely, cold-passaged RSV (cpRSV), cpts248/
404, and cpts530 (14, 25, 26). As previously reported, the nu-
cleotide sequence of the genome for each of these viruses was
determined and compared to that of its A2 parent strain.
The individual contribution of each of the identified mutations
to the overall temperature sensitivity and attenuation of the
virus was defined. From this research effort and other efforts to
create new attenuating mutations, such as deletion of the SH
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TABLE 1. Introduction of the 530 and 1030 mutations into full-length antigenome cDNA clones to create recombinant RSV

Mutati Nucleotide Restriction marker i b Amino acid Amino acid change
utation Gene S . Sequence changes' .
position (cleavage site) position (wt—mut)
530 L 10061 Add Nrul (10066) wt: CGT@& TAT CT GAG 521 Phe—Leu
mut: CGT TAT CGC GAG
L — 1
1030 L 12459 Lose Hpal (12454) wt: CTT GGG [TTA AC TAT 1321 Tyr—Asn
mut: CTT GG TA ACA|AAT

“ The nucleotide position shown is for the nucleotide change (see footnote b) leading to an amino acid substitution in the biologically derived mutant of wt RSV.

The numbering is relative to that for the recombinant virus and is 1 nt greater than
insertion in the NS2-N intergenic region (3).

® Nucleotide changes (positive sense) are boxed. Restriction enzyme recognition
is presented in coding triplets, and each single nucleotide change in the biologicall
first boxed nucleotide change in the 530 mutant, which was silent, was introduced

gene (1), a menu of attenuating mutations is being assembled.
The intent is to use the technique of reverse genetics with
combinations of the well-characterized mutations from this
menu to create novel vaccine candidates which are satisfacto-
rily attenuated and immunogenic and retain these properties
following replication in susceptible human infants and chil-
dren.

In the present study, the genetic basis for the attenuation
and temperature sensitivity of RSV vaccine candidate cpts530/
1030 was investigated. As previously described, this virus was
derived from ¢pRSV by two sequential treatments with the
mutagen S-fluorouracil. The first round of mutagenesis and
biological selection produced the cpts530 virus, which is tem-
perature sensitive and attenuated in mice (8), and the sec-
ond round produced the ¢pts530/1030 virus, which exhibits
increased temperature sensitivity and attenuation (9). In
this paper, we report that nucleotide sequence analysis of
¢cpts530/1030 showed that it had acquired, in addition to the
mutations of its ¢pts530 parent (14), a unique missense muta-
tion in the L gene, referred to as the 1030 mutation. This
mutation was shown to contribute to the temperature sensitiv-
ity (ts) and attenuation (aft) phenotypes of cpts530/1030, with
the 530 and 1030 mutations being additive in their effects.
Importantly, the addition of the 1030 mutation to a recombi-
nant version of vaccine candidate cpts248/404, the most prom-
ising candidate identified to date, produced a virus that was
more temperature sensitive and more attenuated. This finding
illustrates the feasibility of adding mutations to an underat-
tenuated vaccine candidate to generate a vaccine with the
desired level of attenuation.

MATERIALS AND METHODS

Cells and viruses. Wild-type (wt) RSV strain A2 HEK-7 and its biologically
derived mutants, cpts530, cpts530/1030, and cpts248/404, were grown in HEp-2 or
Vero cells as previously described (6-8). Cell monolayer cultures were main-
tained in Opti-MEM I (Life Technologies, Inc., Gaithersburg, Md.) supple-
mented with 4% fetal bovine serum (Summit Biotechnology, Fort Collins, Colo.)
and 0.05 mg of gentamicin (Quality Biological, Inc., Gaithersburg, Md.) per ml.
Virus suspensions for clinical trials were produced in Vero cells and found to be
free of adventitious agents by Louis Potash (Dyncorp/PRI, Rockville, Md.).
When necessary, the viruses were diluted in L-15 medium (BioWhittaker, Walk-
ersville, Md.) immediately prior to use. The modified vaccinia virus Ankara
recombinant expressing the bacteriophage T7 RNA polymerase (MVA/T7 pol)
was provided by L. Wyatt and B. Moss and grown in primary chicken embryo
cells (28).

Studies with chimpanzees. Evaluation of the replication of ¢pts530/1030 in the
upper and lower respiratory tracts of chimpanzees was performed as previously
described (9). Briefly, a pair of 2-year-old RSV-seronegative chimpanzees was
inoculated by both the intranasal and the intratracheal routes with 10* PFU of
¢cpts530/1030 in a 1.0-ml dose at each site. For virus quantitation following
inoculation, nasopharyngeal swab samples were collected daily for 10 days, and
tracheal lavage samples were collected on days 2, 4, 6, 8, and 10. Virus titers were
determined by a plaque assay on HEp-2 cell monolayers. The extent of rhinor-

that for the biologically derived virus because the recombinant virus contains a 1-nt

sites which were modified for use as genetic markers are bracketed. The sequence
ly derived virus resulting in a missense mutation is indicated with an asterisk. The
to decrease the likelihood of same-site reversion to the wt codon. mut, mutant.

rhea, a marker of upper respiratory tract disease, was estimated daily and as-
signed a score of 0 to 4 (0, none; 1, trace; 2, mild; 3, moderate; and 4, severe).
Twenty-eight days following inoculation, chimpanzees were challenged intrana-
sally and intratracheally with 10* PFU of wt RSV strain A2 in a 1.0-ml dose.
Samples were collected as described above, and virus titers were determined.

Clinical studies with humans. The guidelines for human experimentation set
by the Joint Committee for Clinical Investigation of The Johns Hopkins Uni-
versity School of Medicine were followed for conducting clinical studies with
infants and children. The cpts530/1030 vaccine candidate was evaluated in ran-
domized, double-blind, placebo-controlled phase I trials with RSV-seropositive
infants and children 15 to 59 months of age at The Johns Hopkins University
Center for Immunization Research. Pretrial serum antibody screening, intrana-
sal vaccination, and nasal wash sample collection and processing were performed
as previously described (16). Study participants were evaluated at The Johns
Hopkins University Center for Immunization Research for respiratory and fe-
brile illnesses as previously described (16, 17).

Sequence analysis. Three overlapping reverse transcription (RT)-PCR frag-
ments representing the complete genome of cpts530/1030 were generated from
virion-derived RNA by use of the SuperScript preamplification system (Life
Technologies) and the Advantage cDNA polymerase mix (Clontech Laborato-
ries, Palo Alto, Calif.). Fragments 1, 2, and 3 were amplified from nucleotides
(nt) 28 to 5131, 5067 to 10751, and 10413 to 15179, respectively. Fragments 2 and
3 were cloned into pUC119 prior to sequence analysis. The complete nucleotide
sequence of each clone was determined for both strands by automated Tag
dideoxy terminator cycle sequencing (ABI, Foster City, Calif.) from an M13
random library constructed for each cDNA plasmid insert from sonicated DNA.
Uncloned PCR fragment 1 was used directly for construction of an M13 random
library. Nucleotides that were found to differ from the published sequences of
parent viruses ¢pRSV (6) and ¢p530 (14) were confirmed with a second, inde-
pendent RT-PCR fragment, thereby eliminating clone-specific differences arising
from errors introduced during RT and PCR amplification. Clones containing the
3’ leader region were prepared by polyadenylation of purified viral RNA fol-
lowed by RT-PCR, and clones containing the 5’ trailer region were prepared
from viral RNA by reverse transcription, terminal transferase tailing, and PCR
(11). The 3'- and 5’-end clones were sequenced with Sequenase 2.0 (U.S. Bio-
chemical Corp., Cleveland, Ohio).

Site-directed mutag is and bly of ¢cDNA clones. The two nucleotide
substitutions specific to ¢pts530 and cpts530/1030, referred to as the 530 and 1030
mutations, were introduced singly or together into a modified cDNA represent-
ing the ¢pRSV parent genome as previously described (26). The sequence
changes shown in Table 1 were made with subclones of the L gene by site-
directed mutagenesis (19) and then introduced into the full-length cpRSV cDNA
(D53cp) to create constructs suitable for generating recombinant RSV. The 530
and 1030 mutations were each tagged by the presence or absence of an adjacent
restriction enzyme cleavage site which was designed to be translationally silent.
All sequence changes were confirmed by nucleotide sequencing. In the final
D53cp-based cDNA constructs, the presence of the 530 or 1030 mutation, as well
as the 13 other mutations found in D53cp (26), was confirmed by restriction
enzyme analysis.

To construct full-length cDNA clones of rA2cp248/404 (25) bearing the 530
and/or 1030 mutations, subclones of the L gene derived from D53cp248/404 were
mutagenized as described previously (25) and cloned back into D53cp248/404 to
create three novel constructs: D53cp248/404/530, D53cp248/404/1030, and
D53cp248/404/530/1030. The presence of the mutations in cDNA constructs was
confirmed by nucleotide sequencing and restriction enzyme analysis.

Production of recombinant RSV. Transfection and recovery of recombinant
RSV were performed as previously described (3). Briefly, HEp-2 cell monolayers
infected with MVA/T7 pol were transfected with a full-length cDNA clone along
with the pTM1-based N, P, L, and M2-1 expression plasmids by use of Lipofec-
tACE reagent (Life Technologies). Following 3 days of incubation at 32°C,
clarified cell culture supernatants were passaged in fresh HEp-2 cell monolayers
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TABLE 2. Mutant virus ¢pts530/1030 is highly attenuated in the upper and lower respiratory tracts of chimpanzees
Mean peak virus titer Rhinorrhea
Inoculum? No. of Reference (log,o PFU/ml) in: score No. of days
chimpanzees with cough
Nasal wash Tracheal lavage Peak Mean”
A2 (wt) 2 7,8 5.0=*0.35 5.5 £0.40 3.0 1.6 1.0
cpRSV 2 7,8 4.7 = 0.40 2.9 +0.10 1.0 0.6 0.0
cpts530 4 9 4.1 =*0.44 1.1 =£0.50 2.0 0.5 1.0
cpts530/1030 2 This study 2.5 +0.01 0.8 =0.14 0.0 0.0 0.0

“ Chimpanzees were inoculated simultaneously by the intranasal and intratracheal routes with 10* PFU of the indicated virus at each site. Nasal wash samples were
collected daily for 10 days, and tracheal lavage samples were collected on days 2, 5, 6, 8, and 10.

® Mean of the scores obtained during the 8 days of peak virus shedding.

for the purpose of virus amplification. Virus present in HEp-2 cell culture
supernatants 5 days later was quantified by plaque titration with monoclonal
antibody-horseradish peroxidase staining as described previously (21). To ensure
a homogeneous virus population, recombinant viruses were biologically cloned
by three successive plaque purifications and then amplified two or three times in
HEp-2 cell monolayers to produce virus suspensions suitable for characteriza-
tion.

L gene functional assay. Four L gene expression plasmids based on pTM1-L
were constructed to test the effect of mutations on L gene function in a minig-
enome system. These pTM1-L-based plasmids were constructed to contain L
genes from the following sources: (i) wt RSV, as present in cDNA clone D53
(26); (ii) cDNA D53 sites, which contains six translationally silent restriction site
markers in the L gene (26); (iii) cDNA D53cp248/404, which contains the cp, 248,
and 404 mutations (25); and (iv) D53cp248/404/530, as constructed in the present
study. The ability of the L proteins expressed from these plasmids to support the
replication of an RSV minigenome carrying a luciferase reporter gene (4) was
assayed. Briefly, MVA-T7 pol-infected HEp-2 cell monolayers were transfected
with minigenome C2L (4), the N, P, and M2-1 expression plasmids, and either wt
or mutant plasmid pTM1-L. Following 3 days of incubation at 32°C, cells were
harvested, lysed, and assayed for luciferase activity (20).

Virus characterization. The presence of the introduced mutations in the ge-
nome of each recombinant virus was confirmed by RT-PCR and restriction
enzyme analysis as previously described (25).

The ts phenotype of each recombinant virus was evaluated by determining the
efficiency of plaque formation at various temperatures as previously described
(10). Plaque titration was performed with HEp-2 cell monolayers incubated for
5 days at 32, 35, 36, 37, 38, or 39°C in temperature-controlled water baths.
Plaques were enumerated by immunostaining as indicated above.

The replication of each recombinant virus in the upper and lower respiratory
tracts of mice was evaluated as described previously (8, 25). Briefly, respiratory
pathogen-free, 12-week-old BALB/c mice in groups of five were inoculated
intranasally under methoxyflurane anesthesia on day 0 with 10° PFU of RSV
delivered in a 0.1-ml dose. On day 4, mice were sacrificed by carbon dioxide
inhalation and nasal turbinates and lung tissues were harvested. Clarified tissue
homogenates were assayed by virus plaque titration; titers are expressed as mean
log,, PFU per gram of tissue = standard error.

RESULTS

Replication of ¢pts530/1030 in chimpanzees. The cpts530/
1030 virus was previously shown to be attenuated in mice (9).

Prior to initiating clinical studies with humans, the level of
replication of ¢pts530/1030 in two young, seronegative chim-
panzees was evaluated. The cpts530/1030 virus was adminis-
tered simultaneously by intranasal and intratracheal instilla-
tion. Nasal swab and tracheal lavage samples were collected
over the next 10 days, RSV titers were determined, and the
results were compared to those in previous studies with parent
virus ¢pts530 and wt strain A2 (9) (Table 2). The mean peak
RSV titer of cpts530/1030 was reduced 40-fold in the upper
respiratory tract compared to that of ¢pts530. In the lower
respiratory tract, replication of cpts530 was already reduced by
more than 10*-fold, and further restriction of replication was
not observed with cpts530/1030. Significantly, cpts530/1030, un-
like cpts530 or wt RSV, did not induce rhinorrhea or cough in
either of the animals tested. Chimpanzees receiving cpts530/
1030 were completely protected against subsequent challenge
with wt RSV, as indicated by the failure to recover challenge
virus from the upper and lower respiratory tracts (data not
shown). Thus, the 1030 mutation acquired by cpts530/1030
rendered it more attenuated in the upper respiratory tract and
decreased its ability to cause disease in this pair of chimpan-
zees.

Response of seropositive infants and children to cpts530/
1030. Encouraged by the level of attenuation of ¢pts530/1030 in
mice and chimpanzees, we initiated clinical trials with seropos-
itive humans. For the purpose of comparison, the clinical eval-
uation of cpts530/1030 is presented in Table 3 in the context of
the evaluation of other attenuated viruses in seropositive chil-
dren (16). The cpts530/1030 virus infected 50% of the subjects
tested. Upper respiratory tract illness was observed in 25% of
the vaccinees but not in placebo recipients who were studied
concomitantly. In addition, a single child experienced lower
respiratory tract illness which likely was caused by an adeno-
virus isolated from the child. The frequency and magnitude of

TABLE 3. Responses of seropositive infants and children to cpts248/955, cpts530/1030, or cpts530/1009 mutant virus or placebo?

Virus isolation (nasal wash) % with indicated illness

RSV or placebo Study Dose No. of subjects - - -

administered (log,, PFU) (% infected) % Sheddlng Mean * SE peak titer shed Fever URI LRI

virus (log,o PFU/ml)

cpts248/955 1¢ 5.0 13 (62) 38 2.7 = 0.64 15 7 0
cpts530/1030 2 5.0 12 (50) 42 1.6 =044 25 25 84
cpts530/1009 3¢ 5.0 13 (31) 0 =0.6 15 0 0
Placebo 1 0.0 9(0) 0 =0.6 44 0 0
Placebo 2 0.0 6 (0) 0 =0.6 0 0 0
Placebo 3 0.0 7(0) 0 =0.6 14 0 0

“ RSV-seropositive children and infants, 15 to 59 months old, were enrolled in these studies. Seropositive subjects had an RSV serum plaque reduction neutralizing
antibody titer of >1:40. URI, upper respiratory tract illness; LRI, lower respiratory tract illness.

b Calculated for infected subjects only.
¢ See reference 16.

@ Associated with the isolation of adenovirus and thus not likely due to the RSV vaccine.



874 WHITEHEAD ET AL. J. VIrROL.

TABLE 4. The 530 and 1030 mutations independently confer the #s and atf phenotypes

Presence (+) or absence (—) Mean virus titer (log;, PFU/ml) Mean = SE titer

Virus? of the following mutation: at temp (°C) of”: Stl:;;tlzﬁ (log,o PFU/g) in®:
op 530 1030 2 35 36 37 38 39 (O Nasal turbinates Lungs
A2 (wt) (HEK-7) - - - 47 46 44 44 45 43 >39 4.4+ 0.07 5.0 + 0.06
rA2cp + — — 6.0 59 6.0 5.7 5.6 4.8° >39 3.8 +0.11 4.1 = 0.10
rA2cp530 + + - 55 54 5.2 4.9 4.8 <0.7 39 2.4 +0.12 3.9 +0.05
cptsS30 + + — 55 54 5.4 4.9 5.2 <0.7 39 3.3+0.04 4.2 +0.04
rA2cp1030 + - + 55 56 5.3 4.6° 2.2° <07 38 2.4 +0.19 2.9+ 0.07
rA2cp530/1030 + + + 5.6 470 <07 <07 <0.7 <0.7 36 <2.0 =£0.00 <1.7 £ 0.00
cpts530/1030 + + + 45 35 <07 <07 <0.7 <0.7 36 <2.0 = 0.00 <1.7 = 0.00

“ Recombinant (r) viruses each contained the “HEK” F gene mutations and the six silent L gene “sites” mutations (26). A2 (wt) (HEK-7), cpts530, and cpts530/1030

were biologically derived viruses.
’ Boldfacing indicates the virus titer at the shutoff temperature.

¢ Defined as the lowest restrictive temperature at which a 100-fold or greater reduction in titer was observed.
4 Mice in groups of five were administered 10° PFU of the indicated virus intranasally under light anesthesia on day 0 and sacrificed on day 4.

¢ Pinpoint plaque size.
/Small plaque size.

¢pts530/1030 virus shedding were similar to those observed in
studies of the cpts248/955 virus, which was previously found to
be insufficiently attenuated for seronegative vaccinees (16);
therefore, the cpts530/1030 virus was not further evaluated in
seronegative humans.

Sequence analysis of ¢cpts530/1030. Although the results de-
scribed above indicated that the cpts530/1030 virus itself would
not be a satisfactory vaccine, it was possible that mutations
contained in this virus might be useful additions to recombi-
nant versions of other vaccine candidates to achieve a further
increment in attenuation. Therefore, the genome of cpts530/
1030 was sequenced in its entirety. This analysis confirmed the
presence of each of the five ¢p mutations and the 530 missense
mutation which were present in the cpts530 parent. Two addi-
tional mutations, both in the L gene coding sequence, were
identified: a silent mutation at nucleotide position 8821 (amino
acid 108) and a missense mutation at nucleotide position
12458. The T-to-A (positive-sense) missense mutation, herein
designated the 1030 mutation, resulted in a tyrosine-to-aspar-
agine change at amino acid 1321 in the L protein. Because this
single mutation is the only significant genetic difference be-
tween cpts530 and cpts530/1030, it seemed reasonable to as-
sume that the #s and a#t phenotypic differences between these
viruses could be attributed to the presence of this mutation.

Recombinant RSV. The role of the 530 and 1030 missense
mutations in specifying the #s and att phenotypes of cpts530/
1030 was evaluated by their introduction into recombinant
¢pRSV, which contains the genetic background from which the
cpts530 and cpts530/1030 viruses were originally derived. As
previously described, this recombinant cpRSV, designated
rA2cp, contains the five identified cp mutations, the six L gene
restriction site markers (designated “sites” mutations), and the
two F gene mutations (designated “HEK” mutations) required
to bring the coding region of the recombinant wt clone into
agreement with that of the human embryonic kidney (HEK)
cell-passaged progenitor of cpRSV (26). Three recombinant
viruses containing the 530 and 1030 mutations, singly or in
combination, were generated for analysis. The mutations
were introduced singly into rA2cp to produce rA2cp530 and
rA2cpl1030 and were introduced together to produce
rA2cp530/1030. By use of RT-PCR and restriction fragment
analysis, each of the recombinant viruses was confirmed to
contain the restriction site markers which were introduced
adjacent to the 530 and 1030 mutations, as well as each of the

¢p, sites, and HEK mutations present in the rA2cp parent virus
(data not shown).

Temperature sensitivity of recombinant viruses. The level of
temperature sensitivity of the recombinant viruses, as deter-
mined by their ability to form plaques at a range of tempera-
tures, is presented in Table 4. The temperature sensitivity of
rA2cp530 (39°C shutoff temperature) was the same as that of
its biologically derived counterpart cpts530, in agreement with
previously published results (14). The rA2cp1030 mutant virus
was more temperature sensitive (38°C shutoff temperature)
than rA2cp530, and the mutant virus rA2cp530/1030 was more
temperature sensitive (36°C shutoff temperature) than virus
containing either of the mutations alone, indicating the addi-
tive effect of the 530 and 1030 mutations on the #s phenotype.
In addition, the temperature sensitivity of rA2cp530/1030 was
equivalent to that of its biologically derived counterpart, con-
firming that the 530 and 1030 mutations are the determinants
of the ts phenotype of ¢pts530/1030.

Levels of replication of recombinant viruses in BALB/c
mice. The levels of replication of wt RSV, the biologically
derived mutant viruses, and the recombinant viruses in the
nasal turbinates and lungs of BALB/c mice following intranasal
inoculation with 10° PFU of virus were compared (Table 4).
Recombinant viruses rA2c¢p530 and rA2cpl030 grew to com-
parable levels in the upper respiratory tract and exhibited a
25-fold decrease in replication compared to that of rA2cp. In
the lower respiratory tract, the replication of rA2cp530 was not
significantly different from that of rA2cp; however, rA2cp1030
showed a 10-fold decrease in replication compared to that of
rA2cp. Consistent with its effect on the #s phenotype, the com-
bination of the 530 and 1030 mutations rA2cp530/1030 created
a virus more restricted in replication than either of the viruses
bearing single mutations. Like that of its biologically derived
counterpart, rA2cp530/1030 replication was not detectable in
the upper or lower respiratory tract of mice.

The 248 and 530 mutations are incompatible. Ongoing eval-
uation of the vaccine candidate cpts248/404 in very young in-
fants indicated that it has characteristics of attenuation, stabil-
ity, and immunogenicity that make it the most promising
vaccine candidate identified to date; however, it retained the
ability to cause nasal stuffiness that interfered with feeding
for a majority of vaccinees less than 3 months old, indicating
that a more-attenuated derivative is needed for this target
age group (26a). To test the ability of the 530 and 1030 muta-
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tions to further attenuate a recombinant version of cpts248/
404, these mutations were introduced singly and in combi-
nation into plasmid D53cp248/404; in each instance, putative
rA2cp248/404 derivatives were obtained and characterized for
the presence of the introduced mutations. RT-PCR and re-
striction site marker analysis indicated that each virus which
was designed to contain both the 530 and the 248 mutations,
namely, the rA2cp248/404/530 and rA2cp248/404/530/1030 vi-
ruses, in fact was missing one or both mutations (Fig. 1A). The
other combination of mutations, in virus rA2cp248/404/1030,
was successfully recovered from the infectious recombinant
virus.

Sequence analysis of the antigenome cDNA constructs bear-
ing the 248 and 530 mutations confirmed that each DNA con-
tained the correct sequence. We therefore presume that the
substitution of the wild-type assignment(s) into the recombi-
nant viruses was due to vaccinia virus-mediated recombination
between the mutant antigenome cDNA and the wild-type
pTM1-L support plasmid, as has been described for anti-
genome and support plasmids for Sendai virus (12) and RSV
(25). These findings may indicate that the 248 and 530 muta-
tions are incompatible. If so, the most likely scenario is that a
combination of the two mutations renders the L protein un-
stable, nonfunctional, or both.

The functionality of the L protein bearing the 248 and 530
mutations was evaluated by use of a reconstituted replication
and transcription system with a minigenome bearing the lucif-
erase marker gene. The following pTM1 plasmids were evalu-
ated: L-wt, L-sites, L-cp248/404, and L-cp248/404/530. The
transcription and replication levels of the minigenome were
indicated by luciferase activity in transfection reactions sup-
ported by the various pTM1-L constructs (Fig. 1B). L protein
expressed from pTMI1-L-cp248/404/530 was essentially non-
functional; we interpret this finding as indicating structural
and/or functional incompatibility between the 248 and 530
mutations. Alternative explanations, such as the possibility that
these mutations somehow altered the expression, stability, or
translation of the encoded mRNA, seem unlikely.

Characterization of rA2cp248/404/1030. The rA2cp248/404/
1030 virus was readily recovered and found to contain each of
the introduced mutations (data not shown). The s and att
phenotypes of this virus in vitro and in mice were character-
ized. The addition of the 1030 mutation to rA2cp248/404 in-
creased its temperature sensitivity, as indicated by a shift in the
shutoff temperature from 37 to 36°C (Table 5). Mutant virus
rA2cp248/404/1030 also formed slightly smaller plaques than
rA2cp248/404 on HEp-2 cell monolayers at the 32°C permis-
sive temperature (data not shown). The level of replication
of rA2cp248/404/1030 in the nasal turbinates and lungs of
BALB/c mice was below the level of detection, reflecting a
decrease compared to the already low level of replication of
rA2cp248/404 (Table 5). Virus was not recovered from any of
the mice inoculated with the rA2cp248/404/1030 virus; this
result represents a significant decrease compared to the fre-
quency of recovery of rA2cp248/404 (Fisher’s exact test, P =
0.001). Clearly, the introduction of the 1030 mutation into the
¢cpts248/404 background rendered the virus more attenuated,
as indicated by its decrease in plaque size at the permissive
temperature, its lower shutoff temperature, and its lower fre-
quency of recovery from animals administered the virus.

DISCUSSION

The goals of the present study were to examine the suitabil-
ity of the biologically derived cpts530/1030 virus for use as a
live attenuated RSV vaccine in humans as well as to determine
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FIG. 1. Incompatibility of the 248 and 530 mutations. (A) To achieve an
increase in the level of attenuation of vaccine candidate cpts248/404, the 530 and
1030 mutations were introduced into rA2cp248/404 to generate putative recom-
binant viruses rA2cp248/404/530, rA2cp248/404/1030, and rA2cp248/404/530/
1030. Following biological cloning of these viruses, RT-PCR and restriction
enzyme analysis were used to verify the presence of each introduced mutation.
The L gene is illustrated as an open rectangle. The positions of the six transla-
tionally silent “sites” mutations are indicated by restriction enzyme names. The
positions of the mutations derived from cpts248/404 (cp, 248, and 404) as well as
the 530 and 1030 mutations are shown. Mutations confirmed to be missing from
the recombinant viruses are marked with an X. Nucleotide positions relative to
the full-length genome are indicated on the scale at the top. (B) To test the
effects of these mutations on the function of the L protein, expression plasmid
pTM1-L was modified to contain the sites mutations as well as mutations from
rA2cp248/404 and/or the 530 mutation. The transcription and replication levels
of the minigenome are indicated as luciferase activity measured as transfection
supported by the various pTM1-L constructs. AU, arbitrary units. Error bars
indicate standard errors.

the genetic basis of its zs and a#f phenotypes. Since cpts530/1030
was highly attenuated in mice and chimpanzees and mani-
fested a high level of temperature sensitivity in vitro, it was
thought that it would be an appropriate vaccine virus. How-
ever, the ¢pts530/1030 virus readily infected seropositive chil-
dren, 42% of whom shed virus and 25% of whom experienced
upper respiratory tract illness. The level of infectivity and virus
shedding of this vaccine candidate in seropositive children
were similar to those of another candidate, the cpts248/955
virus, which was found to retain the capacity to cause mild
bronchiolitis when evaluated in seronegative children (16).
Based on these observations, we concluded that cpts530/1030
was unacceptable as a vaccine candidate, and further clinical
studies with this virus were not pursued. However, several
conclusions can be drawn from this clinical study. First, the
¢pts530/1030 virus is unusual because it is the first vaccine
candidate for which a high degree of attenuation in chimpan-
zees was not reproduced in young children and infants. A likely
explanation is that humans are more permissive for RSV rep-
lication than nonhuman animals, even chimpanzees. Thus, ac-
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TABLE 5. The 1030 mutation increases the #s and att phenotypes of rA2cp248/404

Virus titer (log;, PFU/ml) at temp (°C) of”:

No. of mice with Mean = SE titer

Shutoff temp virus in: (log,, PFU/g) in%:
Virus® Oy ool ool
asa asa
32 3 36 3 38 3 turbinates Lungs turbinates Lungs
A2 (wt) (HEK-7) 5.8 5.6 5.7 5.6 5.6 54 >40 6 6 4.8 =0.07 4.7 = 0.08
cpts248/404 5.4 5.1 4.6° <0.7 <0.7 <0.7 37 4 6 2.2 +0.13 22 *=0.09
rA2cp248/404 5.2 4.8 4.1¢ <0.7 <0.7 <0.7 37 4 4 2.0 £0.02 1.8 £ 0.12
rA2cp248/404/1030 5.5 4.0° <0.7 <0.7 <0.7 <0.7 36 0 0 <2.0 £0.00 <1.7 = 0.00

“ Recombinant (r) viruses each contained the “HEK” F gene mutations and the L gene “sites” mutations (26). A2 (wt) (HEK-7) and cpts248/404 were biologically

derived viruses.
® Boldfacing indicates virus titer at the shutoff temperature.

¢ Defined as the lowest restrictive temperature at which a 100-fold or greater reduction of titer was observed.
4 Mice in groups of six were administered 10° PFU of virus intranasally under light anesthesia on day 0 and sacrificed on day 4.

¢ Pinpoint plaque size.
/Small plaque size.

curate evaluation of an RSV vaccine candidate clearly requires
clinical studies. Second, this study illustrates that clinical stud-
ies with seropositive subjects remain a very important step for
the safe evaluation of novel RSV vaccine candidates.

The genetic basis of attenuation of the cpts530/1030 virus
was identified by determining the nucleotide sequence of its
genome followed by the staged introduction of the identified
mutations into recombinant RSV. This analysis indicated that
the 530 and 1030 mutations each contributed to the ¢s and att
phenotypes of ¢pts530/1030, with the 1030 mutation conferring
higher levels of attenuation and temperature sensitivity than
the 530 mutation. The levels of temperature sensitivity and
attenuation of rA2cp530/1030 were higher than those of
rA2cp530 or rA2cp1030, indicating that the effects of the 530
and 1030 mutations on these phenotypes were additive. This
situation is not always the case, as was seen recently for the fs
and aft mutation in the M2 gene start cis-acting sequence of
cpts248/404, which were shown to be the dominant #s and att
mutation that masked the effects of the #s and a#t mutations in
the L protein of the ¢pts248/404 virus (25). The levels of tem-
perature sensitivity and attenuation of rA2cp530/1030 were
equivalent to those of its biologically derived counterpart, con-
firming that the 530 and 1030 mutations are the primary de-
terminants of the temperature sensitivity and attenuation of
¢pts530/1030.

As indicated above, we have been compiling a menu of
attenuating mutations from which specific mutations can be
selected for placement, via reverse genetics, into incompletely
attenuated RSV vaccine candidates to generate more-attenu-
ated derivatives. This concept was evaluated in the present
study with the 530 and 1030 mutations as specific examples.
Since it will be necessary to further attenuate cpts248/404 for
use in very young infants, the 530 and 1030 mutations were
introduced singly and together into rA2cp248/404. Unexpect-
edly, the 248 and 530 mutations were found to be incompati-
ble, and recombinants possessing this combination of muta-
tions could not be isolated. This incompatibility was shown to
be at the functional level of the L protein. However, recombi-
nant virus rA2cp248/404/1030 was viable and was shown to be
more temperature sensitive and more attenuated in mice than
rA2cp248/404. At least four possible outcomes have been ob-
served in the process of combining two or more fs mutations
into a single virus: (i) they can be additive, as shown here for
the 530 and 1030 mutations and as previously found for fs
mutations in parainfluenza virus and influenza virus (23, 24);
(ii) they can be nonadditive, as with rA2cp248/404, with the
temperature sensitivity of the double mutant reflecting that of

its more-temperature-sensitive member (25); (iii) the combi-
nation of two s mutations can result in a virus that is less
temperature sensitive than either parent (22, 23); and (iv) the
combination of #s mutations derived from different viruses can
be lethal, as shown here for a combination of the 248 and 530
mutations in the L protein. Thus, each new combination of
mutations will require careful individual study.

Even though ¢pts530/1030 was unacceptable as a vaccine
candidate for young children, study of this virus identified a
mutation that was able to further attenuate the vaccine candi-
date cpts248/404. Mutations with this capability are important
to ongoing RSV vaccine research, since conventional methods,
such as the chemical mutagenesis used to derive the cpts vac-
cine candidates tested to date, have failed to produce more-
attenuated viruses that are phenotypically stable (7; unpub-
lished data). Reverse-genetics techniques, such as those used
here to generate rA2cp248/404/1030, and information derived
from concurrent clinical studies are allowing us to systemati-
cally create new RSV vaccine candidates. Thus, the rA2cp248/
404/1030 virus fulfills the need to further attenuate the vaccine
candidate cpts248/404 and represents the most attenuated
member of the current lineage. Future clinical evaluations will
determine whether this new vaccine candidate has lost the
residual virulence of cpts248/404 without compromising immu-
nogenicity.
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