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ABSTRACT Human respiratory syncytial virus (RSV) is the leading etiologic agent of
lower respiratory tract infections in children, but no licensed vaccine exists. Previ-
ously, we developed two parainfluenza virus 5 (PIV5)-based RSV vaccine candidates
that protect mice against RSV challenge. PIV5 was engineered to express either the
RSV fusion protein (F) or the RSV major attachment glycoprotein (G) between the
hemagglutinin-neuraminidase (HN) and RNA-dependent RNA polymerase (L) genes
of the PIV5 genome [PIV5-RSV-F (HN-L) and PIV5-RSV-G (HN-L), respectively]. To in-
vestigate the stability of the vaccine candidates in vitro, they were passaged in Vero
cells at high and low multiplicities of infection (MOIs) for 11 generations and the ge-
nome sequences, growth kinetics, and protein expression of the resulting viruses
were compared with those of the parent viruses. Sporadic mutations were detected
in the consensus sequences of the viruses after high-MOI passages, and mutation
rates increased under low-MOI-passage conditions. None of the mutations abol-
ished antigen expression. Increased numbers of mutations correlated with increased
growth rates in vitro, indicating that the viruses evolved through the course of serial
passages. We also examined the in vivo stability of the vaccine candidates after a
single passage in African green monkeys. No mutations were detected in the con-
sensus sequences of viruses collected from the bronchoalveolar lavage (BAL) fluid of
the animals. In vivo, mutations in RSV G and PIV5 L were found in individual isolates
of PIV5-RSV-G (HN-L), but plaque isolates of PIV5-RSV-F (HN-L) had no mutations. To
improve upon the PIV5-RSV-F (HN-L) candidate, additional vaccine candidates were
generated in which the gene for RSV F was inserted into earlier positions in the PIV5
genome. These insertions did not negatively impact the sequence stability of the
vaccine candidates. The results suggest that the RSV F and G gene insertions are
stable in the PIV5 genome. However, the function of the foreign gene insertion may
need to be considered when designing PIV5-based vaccines.

IMPORTANCE The genetic stability of live viral vaccines is important for safety and
efficacy. PIV5 is a promising live viral vector and has been used to develop vaccines.
In this work, we examined the genetic stability of a PIV5-based RSV vaccine in vitro
and in vivo. We found that insertions of foreign genes, such as the RSV F and G
genes, were stably maintained in the PIV5 genome and there was no mutation that
abolished the expression of RSV F or G. Interestingly, the function of the inserted
gene may have an impact on PIV5 genome stability.
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Human respiratory syncytial virus (RSV) is a leading cause of viral bronchiolitis and
hospitalizations in infants and young children. Globally, an estimated 33.8 million

cases of RSV-associated acute lower respiratory infection occur annually in children
under the age of 5 years, resulting in approximately 3 million hospitalizations (1). In the
United States, greater than 60% of children are infected with RSV by the age of 1 year,
and nearly all children are infected by the age of 2 years (2). Furthermore, severe
infection during infancy has been implicated in the development of childhood asthma
and wheezing (3, 4). Since natural RSV infection does not confer long-lasting immunity,
reinfection, although usually mild in healthy individuals, can occur throughout life.
Therefore, RSV infection can still cause serious complications in immunocompromised
and elderly individuals (5). For these reasons, vaccines are needed for both young and
aged populations.

While many attempts to develop an RSV vaccine have been made for over 40 years,
no licensed vaccine currently exists (6). The most advanced pediatric RSV vaccine
candidates to date have been live attenuated or vectored vaccines. One live attenuated
candidate, rA2 cp248/404/1030ΔSH, was immunogenic and well tolerated in RSV-naive,
1- to 2-month-old infants. However, 34% of the virus isolates recovered from postvac-
cination nasal washes demonstrated a partial loss of the temperature-sensitive (ts)
phenotype. Specifically, the loss of the ts248 or ts1030 mutation was observed, with
83% of the reversions occurring at ts1030 (7). Further examination in in vitro studies
showed that the two mutations occurred as a result of selective pressure at 35°C, similar
to the maximum temperature of the respiratory tract. MEDI-534, a live-vectored RSV
vaccine candidate, also encountered obstacles related to genome stability. MEDI-534 is
a chimeric, recombinant vaccine consisting of a bovine parainfluenza virus 3 (bPIV3)
backbone engineered to express the human parainfluenza virus 3 (hPIV3) fusion
protein, hPIV3 hemagglutinin-neuraminidase (HN), and the RSV fusion protein (F). In a
phase 1 study conducted in seronegative children ages 6 to 24 months, all subjects
seroconverted in response to hPIV3, but only 50% seroresponded to RSV (8). Sequence
analysis of postvaccination nasal wash samples showed mutations in the poly(A)
sequence downstream of the bPIV3 nucleocapsid (N) gene as well as in the F open
reading frame. These variant subpopulations existed at low levels in the administered
vaccine, and the mutations were implicated in the downregulation of F expression and
the subsequent reduction in the antibody response against F (9). Therefore, genome
stability is important for live attenuated and live viral vector-based vaccine candidates.

Parainfluenza virus 5 (PIV5) is a nonsegmented, negative-sense RNA virus of the
genus Rubulavirus in the Paramyxoviridae family (10). Our previous work has shown that
PIV5 is safe and efficacious as a vaccine vector and is able to overcome host preexisting
immunity (11). PIV5-based vaccine candidates against influenza virus and rabies virus
have conferred protection against infection in various animal models (12–18). Further-
more, in the canine model of H3N2 influenza virus infection, PIV5 expressing H3 was
able to generate protective hemagglutination inhibition (HAI) titers in PIV5-immunized
animals (11). Recently, we developed PIV5-based RSV vaccine candidates expressing
either RSV F or the major attachment glycoprotein (G) between the HN and RNA-
dependent RNA polymerase (L) genes of PIV5. We showed that the vaccine candidates
conferred potent immunity against RSV challenge in mice. Both candidates induced
RSV antigen-specific antibodies and reduced RSV lung titers with no evidence of
enhanced disease (19).

The genome structure of PIV5 is stable, unlike the genomes of positive-strand RNA
viruses (20). Recombinant PIV5 expressing green fluorescent protein (GFP) maintained
reporter gene expression for more than 10 generations (the duration of the experi-
ment) (21). Sequence variation is also low among PIV5 isolates, and the PIV5 genome
remains stable through high-multiplicity-of-infection (MOI) passages in tissue culture
cells (22). In this work, we determined the stability of our vaccine candidates after
multiple passages in cell culture and a single passage in African green monkeys.
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RESULTS
Recombinant PIV5-based RSV vaccine viruses retained inserted genes through

multiple passages in vitro. Two recombinant vaccine viruses were previously gener-
ated by inserting the coding sequence of RSV F or RSV G between the HN and L genes
of PIV5 (Fig. 1A) (19). To determine the stability of the recombinant viruses through
serial passages in cell culture, the vaccine viruses were passaged at a high MOI or a low
MOI every 4 to 5 days in Vero cells, which have been approved for use for vaccine
production by WHO and FDA. A total of 11 passages were performed (Fig. 1B).

Full-genome sequencing of PIV5-RSV-F (HN-L) at high-MOI passage 0 (P0) and
passage 11 (P11) showed no differences between the consensus sequence of the initial
stock virus and that of the viruses at P11 in three out of the four replicates. High-MOI
replicate 4 had a thymine-to-guanine variant in the leader sequence at nucleotide
position 26 (Table 1).

After low-MOI passage, each replicate of PIV5-RSV-F (HN-L) acquired between one
and three nonsynonymous changes in the consensus sequence. Among the three
low-MOI replicates, three variants arose in the V/phosphoprotein (P)- or P-coding
sequences and two variants were acquired in the HN coding sequence. Low-MOI
replicate 1 had a V56M variant in the RSV F-coding sequence (Table 1). Overall, low-MOI
passage of the virus resulted in increased mutation rates compared with those after
high-MOI passage.

To investigate whether the mutations impacted the growth kinetics of the late-
passage viruses, multicycle growth curves were performed to compare the growth of
PIV5-RSV-F (HN-L) P1 and P12 viruses (P11 was expanded to generate P12). The
high-MOI-passage viruses grew similarly to the parent virus. High-MOI replicate 4
reached significantly higher titers than the P1 virus (0.8 log10), and it was the only
high-MOI replicate to have a mutation in the consensus sequence (Fig. 2A). All three

FIG 1 In vitro passage of PIV5-based RSV vaccine constructs. (A) Schematic of PIV5-vectored RSV vaccine
constructs. NP, nucleoprotein; V, V protein; P, phosphoprotein; M, matrix protein; F, fusion protein; SH,
small hydrophobic protein; HN, hemagglutinin-neuraminidase protein; L, RNA-dependent RNA polymer-
ase; RSV F, respiratory syncytial virus fusion protein; RSV G, respiratory syncytial virus G attachment
protein. (B) Vero cells were infected with PIV5-RSV-F (HN-L), PIV5-RSV-G (HN-L), PIV5-RSV-F (SH-HN), or
PIV5ΔSH-RSV-F at an MOI of 1 PFU per cell (high MOI) or 0.01 PFU per cell (low MOI). For high-MOI-
passage conditions, 500 �l of infected cell culture supernatant was used to infect fresh Vero cells every
4 to 5 days, for a total of 11 passages. For low-MOI-passage conditions, the cell culture supernatant was
diluted 1:10,000 and 2.5 ml was used for infection of fresh Vero cells.
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low-MOI replicates grew significantly faster and to higher titers than the parent virus.
The titers after passage at a low MOI were 1 log10 higher than those after P1 at 24 h
postinfection (hpi), and the titer was 0.5 log10 higher at 96 hpi (Fig. 2B). The plaque
morphologies of the passaged viruses appeared similar to the plaque morphology of
the parent virus (Fig. 2C). The results suggest that the sequence variations acquired
through serial passaging increased virus fitness in tissue culture cells.

To assess differences within the P0 and P11 virus populations, over 20 plaques were
isolated at P0 and P11 and cultured from high-MOI replicate 1 of PIV5-RSV-F (HN-L). The
gene insertion, including the upstream and downstream intergenic regions, was se-

FIG 2 Growth kinetics of PIV5-RSV-F (HN-L) at P1 versus P12. Multicycle growth curves of PIV5-RSV-F
(HN-L) in Vero cells at P0 and P12 are shown. (A and B) Vero cells were infected with PIV5-RSV-F (HN-L)
at an MOI of 0.01 PFU per cell after P1 or P12 at high-MOI passages (A) or low-MOI passages (B). Samples
of the tissue culture supernatant were collected at 0, 24, 48, and 96 hpi. Samples of three biological
replicates were collected at each time point, and plaque assays were performed in BHK21 cells to
determine virus titers. Error bars represent the standard errors of the means. The statistical significance
of the difference between virus titers was determined using two-way ANOVA followed by Dunnett’s
correction for multiple comparisons. The number(s) above each time point indicates which replicate(s)
had virus titers significantly different from those at P1 (P � 0.05). (C) Comparison of plaque phenotypes
of PIV5-RSV-F (HN-L) after P1 and P12. Representative images of plaques were obtained at 48 hpi. Rep,
replicate.
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quenced. Interestingly, the sequences of 13% (3 out of 23) of the PIV5-RSV-F (HN-L) P0
isolates differed from the parent sequence, even though P0 virus was grown from a
single isolate. The mutations were nucleotide substitutions within the RSV F gene, all
of which resulted in amino acid mutations. By P11, the sequences of 26% (6 out of 23)
of the PIV5-RSV-F (HN-L) isolates differed from the sequence of the parent virus.
However, all of these mutations were mixed bases within the RSV F gene. Of the six
mutated isolates, only three isolates (13%) actually sustained amino acid mutations.
None of the mixed bases in the P11 viruses matched the mutations in the P0 viruses
(Table 1).

To determine whether changes in the consensus sequence of PIV5-RSV-F (HN-L)
affected the expression of the foreign gene (RSV F) insertion, A549 cells were infected
with PIV5-RSV-F (HN-L) P1 and P12 isolates, and viral protein expression was measured
by flow cytometry. Nucleoprotein (NP) expression in PIV5 was similar to that in P1 virus
in the high-MOI passages and significantly increased in the low-MOI passages (Fig. 3A).
RSV F expression was increased in two out of the three high-MOI passages and two out
of the three low-MOI passages. Low-MOI-passage replicate 1, the only replicate to have
a mutation in the RSV F gene, had a 37% reduction in the level of RSV F expression (Fig.
3B). The results indicate that most of the mutations had either no effect on or increased
the level of viral protein expression. However, a mutation in the coding sequence of
RSV F reduced the level of expression of the foreign gene.

Full-genome sequencing of PIV5-RSV-G (HN-L) showed that after all four high-MOI
passages the viruses had the same two mutations: one mutation was in the V/P gene,
and the other was in the 3= untranslated region (UTR) of the matrix protein (M). The
mutation in the V/P gene caused an amino acid change from lysine to glutamate at
amino acid residue 78 in the conserved N terminus. The 3= UTR of M had a cytosine
(C)-to-adenine (A) mutation at nucleotide position 4292 (Table 1). Since the viruses had
the same changes after all high-MOI passages, the results suggest that the mutations
conferred a fitness advantage in vitro.

After the low-MOI passages, PIV5-RSV-G (HN-L) had between two and nine muta-
tions per replicate. Low-MOI replicate 1 had seven changes in the V/P region; four of
these were nonsynonymous, and three of these were synonymous. It also had a
nonsynonymous mutation in V and a silent mutation in P. Low-MOI replicate 2 had one
mutation in P and one mutation in M. Replicate 3 had four mutations: one in V/P, one
in M, one in the 3= UTR of M, and one in L. This was the only low-MOI replicate in which

FIG 3 Viral protein expression by PIV5-RSV-F (HN-L) at P1 versus P12. The levels of viral protein expression by
PIV5-RSV-F (HN-L) in infected cells were compared after P1 and P12. A549 cells were infected with PIV5-RSV-F
(HN-L) at an MOI of 1 PFU per cell after P1 and P12. After 48 h, the cells were harvested and immunostained with
antibodies against PIV5 NP (A) and RSV F (B). Protein expression was measured by flow cytometry. The graphs
represent the average mean fluorescence intensity (MFI) for three infection replicates, and error bars represent the
standard errors of the means. The statistical significance of the levels of protein expression relative to the level at
P1 was determined using one-way ANOVA followed by Dunnett’s correction for multiple comparisons. **, P � 0.01;
***, P � 0.001; ****, P � 0.0001.
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the same mutations were detected after the high-MOI passages (Table 1). Thus, similar
to the findings after the passage of PIV5-RSV-F (HN-L), low-MOI passage of PIV5-RSV-G
(HN-L) resulted in increased mutation rates.

At the plaque isolate level in PIV5-RSV-G (HN-L) after P0, the sequences of 4% (1 out
of 23) of the isolates were different, with the mutation being a mixed base within the
RSV G gene. This mutation was silent. After P11, the sequences of none of the
PIV5-RSV-G (HN-L) isolates differed from the parent sequence (Table 1). Thus, the RSV
G gene and the flanking intergenic regions appeared to be stable through multiple in
vitro passages, even though the genome sustained mutations elsewhere.

Growth curves were performed to compare the growth of PIV5-RSV-G (HN-L) after P1
and P12. All high- and low-MOI-passage viruses grew faster than the P1 virus, with
significantly higher viral titers being observed at all time points. The titers of the
high-MOI-passage virus were 1 log10 higher than the titer of the P1 virus at 24 hpi and
0.5 log10 higher at 96 hpi (Fig. 4A). The titers of the low-MOI-passage viruses were 1.7
log10 higher at 24 hpi and 0.5 log10 higher at 96 hpi (Fig. 4B). Plaques from the
high-MOI-passage viruses appeared slightly smaller than those from the parent virus,
while plaques from the low-MOI-passage viruses were similar to those from the parent
virus (Fig. 4C). These results indicate that the mutations acquired through high- and
low-MOI passage of PIV5-RSV-G (HN-L) increased virus fitness in vitro.

Examination of PIV5-RSV-G (HN-L) protein expression in infected cells showed that
serial passaging of the virus increased the level of overall viral protein expression. Two
out of three high-MOI-passage viruses and all low-MOI-passage viruses had increased
levels of NP expression (Fig. 5A). The level of RSV G expression was increased in all high-
and low-MOI-passage viruses. These results are consistent with the significantly in-
creased virus growth kinetics observed in the growth curves (Fig. 5B).

The genome of PIV5-RSV-F (HN-L) but not that of PIV5-RSV-G (HN-L) remained
stable through in vivo passaging. Since the stability of the viruses after passage in
vitro may not accurately reflect the stability after passage in vivo, we sought to
sequence virus isolates that were recovered from an in vivo infection. African green
monkeys were inoculated with either PIV5-RSV-F (HN-L) or PIV5-RSV-G (HN-L) after P1,
and bronchoalveolar lavage (BAL) fluid wash samples were collected at 5 days postin-
fection (dpi). Serial dilutions of the BAL fluid wash samples were used for plaque assay
in BHK cells. After 5 days, plaques were picked and cultured in Vero cells for 5 days, and
the tissue culture supernatant was used for subsequent RNA isolation, reverse tran-
scription (RT)-PCR, and sequencing.

No mutations were found in the consensus sequences of PIV5-RSV-F (HN-L) recov-
ered from the BAL fluid samples from three different animals. None of the six PIV5-
RSV-F (HN-L) plaque isolates selected for full-genome sequencing acquired amino acid
residue mutations. Isolate 3 from animal A12M032 had a silent mutation in PIV5 F (Table
2). No mutations were observed upon sequencing of the RSV F gene insertion region
of six additional isolates, although isolate 6 from animal A12M032 did have a silent
mutation in RSV F (Table 2). Thus, the genome of PIV5-RSV-F (HN-L) appeared to be
stable after in vivo passage in a nonhuman primate (NHP) model.

The consensus sequences of PIV5-RSV-G (HN-L) recovered from the BAL fluid from
three different animals had no mutations. Interestingly, out of six fully sequenced
PIV5-RSV-G (HN-L) plaque isolates, one isolate had an A753S mutation in PIV5 L (Table 2).
After sequencing of the RSV G gene insertion from 11 additional isolates, 2 isolates were
found to have mutations in RSV G (Table 2).

Insertion of RSV F at earlier positions in the PIV5 genome did not increase
sequence instability. In an effort to improve the PIV5-RSV-F (HN-L) vaccine candidate,
we sought to increase the level of RSV F expression by inserting the gene at earlier
positions in the PIV5 genome. We generated two new candidates in which the RSV F
gene was inserted at the small hydrophobic (SH)-HN gene junction [PIV5-RSV-F (SH-
HN)] or was inserted in place of SH (PIV5ΔSH-RSV-F) (Fig. 1A) (23). The sequences of the
viruses were verified, and then the viruses were passaged in Vero cells as described in
Materials and Methods.
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The numbers of mutations acquired by the two new vaccine candidates were similar
to the numbers acquired by PIV5-RSV-F (HN-L). One out of three high-MOI-passage
PIV5-RSV-F (SH-HN) isolates had a mutation in the consensus sequence of the V/P gene.
The three low-MOI-passage isolates had between one and four mutations each, and
these were located in the leader sequence or the V/P, P, M, or L gene (Table 1). Two out
of three high-MOI-passage isolates of PIV5ΔSH-RSV-F acquired one to two mutations,
located in PIV5 F (the replicate 2 isolates) or the leader sequence and the L gene (the
replicate 3 isolate). The three low-MOI-passage isolates of PIV5ΔSH-RSV-F had between
one and three mutations each, and these were located in the V/P, P, M, and L genes

FIG 4 Growth kinetics of PIV5-RSV-G (HN-L) at P1 versus P12. Multicycle growth curves of PIV5-RSV-G
(HN-L) in Vero cells at P0 and P12 are shown. (A and B) Vero cells were infected with PIV5-RSV-G (HN-L)
at an MOI of 0.01 PFU per cell after P1 or P12 at high-MOI passages (A) or low-MOI passages (B). Samples
of the tissue culture supernatant were collected at 0, 24, 48, and 96 hpi. Samples of three biological
replicates were collected at each time point, and plaque assays were performed in BHK21 cells to
determine virus titers. Error bars represent the standard errors of the means. The statistical significance
of the difference between virus titers was determined using two-way ANOVA followed by Dunnett’s
correction for multiple comparisons. The number(s) above each time point indicates which replicate(s)
had virus titers significantly different from those at P1 (P � 0.05). (C) Comparison of PIV5-RSV-G (HN-L)
plaque phenotypes after P1 and P12. Representative images of plaques taken at 48 hpi.
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(Table 1). Since the numbers of variations acquired through serial passage of PIV5-RSV-F
(SH-HN) and PIV5ΔSH-RSV-F were similar to the numbers observed for PIV5-RSV-F
(HN-L), the results suggest that that there is no increase in sequence instability when
the RSV F gene is inserted at these earlier positions in the PIV5 genome.

FIG 5 Viral protein expression of PIV5-RSV-G (HN-L) at P1 versus P12. The levels of viral protein expression by
PIV5-RSV-G (HN-L) in infected cells were compared after P1 and P12. A549 cells were infected with PIV5-RSV-G
(HN-L) at an MOI of 1 PFU per cell after P1 and P12. After 48 h, the cells were harvested and immunostained with
antibodies against PIV5 NP (A) and RSV G (B). Protein expression was measured by flow cytometry. The graphs
represent the average mean fluorescence intensity (MFI) for three infection replicates, and error bars represent the
standard errors of the means. The statistical significance of the levels of protein expression relative to the level at
P1 was determined using one-way ANOVA followed by Dunnett’s correction for multiple comparisons. *, P � 0.05;
**, P � 0.01; ***, P � 0.001; ****, P � 0.0001.

TABLE 2 Comparison of virus sequences after in vivo passagea

Virus
AGM
identifier

Isolate
no. Mutation Location

Presence of:

Full
genome

Insertion
only

PIV5-RSV-F (HN-L) A12M001 1 None ●
A12M001 2 None ●
A12M001 3 None ●
A12M001 4 None ●
A12M001 5 None ●
A12M001 6 None ●
A12M003 1 None ●
A12M032 1 None ●
A12M032 3 V128V (silent) PIV5 F ●
A12M032 4 None ●
A12M032 5 None ●
A12M032 6 V56V RSV F ●

PIV5-RSV-G (HN-L) A12M004 1 T119T (silent) RSV G ●
A12M004 2 None ●
A12M004 3 Q77H RSV G ●
A12M004 4 None ●
A12M004 5 None ●
A12M004 6 None ●
A12M015 1 None ●
A12M015 2 None ●
A12M015 3 None ●
A12M015 4 None ●
A12M015 5 None ●
A12M015 6 None ●
A12M008 1 A753S PIV5 L ●
A12M008 2 None ●
A12M008 3 T125A RSV G ●
A12M008 4 None ●
A12M008 5 None ●

aVirus was isolated from BAL fluid at 5 dpi. AGM, African green monkey.
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DISCUSSION

The encapsidation of the PIV5 RNA genome by NP results in a stable viral genome
that retains foreign gene insertions. In this work, we examined the stability of inserts
within the PIV5 genome over 11 passages in vitro and a single passage in vivo. At
different passages, we determined full-genome consensus sequences as well as the
sequences of the foreign gene insertion in individual virus clones. We also investigated
viral growth kinetics and protein expression after in vitro passage. The foreign gene
insertions were stable, in that there was no loss of the insertions after passages in vitro
or in vivo. However, sequence variations emerged in the viruses after high- and low-MOI
passage, indicating that the viruses evolved during the serial passages.

The PIV5-RSV-F (HN-L) vaccine candidate retained the RSV F gene insert over 11
high-MOI and low-MOI passages in vitro. Under high-MOI-passage conditions, the
consensus sequence was stable, with only one mutation in the leader sequence of one
passage replicate isolate being found. The insertion of the RSV F gene into different
positions of the PIV5 genome did not negatively impact the sequence stability of the
vaccine candidates, as the mutation rates of PIV5-RSV-F (SH-HN) and PIV5ΔSH-RSV-F
were similar to those of PIV5-RSV-F (HN-L). In contrast, high-MOI passage of PIV5-RSV-G
(HN-L) consistently resulted in the emergence of two mutations in the consensus
sequence: a K78E mutation in V/P and a C-to-A substitution at nucleotide position 4292
in the 3= UTR of M. For all of the vaccine candidates, low-MOI-passage conditions drove
the emergence of more variations throughout the genome consensus sequence,
several of which were concentrated in the V/P and P genes. Passage replicate isolates
with increased mutation rates also had increased growth potentials, indicating that the
vaccine viruses evolved during in vitro passage and the mutations conferred increased
virus fitness in Vero cells.

Examination of the PIV5 vaccine viruses showed that mutations within clonal
populations of each virus exist. For PIV5-RSV-F (HN-L), 3 out of 23 clones contained
mutations within the RSV F gene at P0. By P11, 6 out of 23 clones contained mutations
as a mixture at a given site. An RSV F V56M variant detected in a plaque isolate of the
P0 stock later emerged in the consensus sequence of low-MOI-passage replicate 1 virus,
suggesting that the variant became fixed in the population. Cells infected with this
virus had a 37% reduction in the level of RSV F expression. Although the V56M
mutation occurred in the majority of viruses in the population, it did not abolish RSV
F expression, as cells infected with virus with this mutation expressed RSV F at 63% of
the levels at which it was expressed in cells infected with P1 virus. Since this variant
emerged in only one out of four passage replicates, outgrowth in the population may
have been a random event. The RSV F V56M variant was not detected in the BAL fluid
of the nonhuman primates, but a V56V silent mutation was detected in a BAL fluid
plaque isolate, possibly indicating instability at that position. For the purpose of vaccine
production, the V56 codon may need to be stabilized and stringent quality control will
be necessary to monitor the sequences of virus populations within the vaccine lots.

While no amino acid changes were detected within the RSV G gene of PIV5-RSV-G
(HN-L) at the consensus or clonal level after in vitro passage, mutations emerged within
the PIV5 backbone. All high-MOI-passage isolates and one low-MOI-passage isolate of
PIV5-RSV-G (HN-L) had the K78E mutation in V/P and the C-to-A nucleotide substitution
at position 4292 in the 3= UTR of M. The K78E mutation is within a previously reported
RNA binding region of the V/P gene (24). The mutation in the 3= UTR of the M gene may
affect the expression of M as well as F, the downstream gene. The length of the RSV G
gene within the PIV5 genome is approximately 900 nucleotides, which is about half
the length of RSV F. The absence of mutations within RSV G after in vitro passage is
consistent with its smaller size and with RNA viruses being a quasispecies. However, the
insertion of the G gene, despite its smaller size, resulted in mutations within the PIV5
backbone. We speculate that the emergence of mutations within the PIV5-RSV-G (HN-L)
genome may indicate that the RSV G gene impacted the stability of the PIV5 genome.
The RSV G protein binds to cell surface heparin sulfate and serves as an attachment
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protein for RSV (25). It is therefore possible that the functionality of RSV G affects the
replication of PIV5-RSV-G (HN-L) in cultured cells.

We also investigated the stability of the vaccine candidates after a single in vivo
passage in African green monkeys. No mutations were found in the consensus se-
quence of PIV5-RSV-F (HN-L) recovered from BAL fluid 5 days after infection. Further
examination of individual plaque isolates also revealed no mutations. The PIV5-RSV-G
(HN-L) consensus sequence appeared to be stable after passage, but 3 out of 17
isolates had mutations in various parts of the genome. One isolate sustained an A753S
mutation in L, while 2 isolates had mutations in RSV G. The A753S mutation was located
in the polymerase domain of L, but residue 753 is not known to be associated with
catalytic activity (26). Both mutations in G were found in a hypervariable mucin-like
region, with the T125A mutation being in a potential O-linked glycosylation site (27,
28). Thus, while PIV5-RSV-F (HN-L) remained stable through in vivo passage, PIV5-RSV-G
(HN-L) acquired mutations in both the PIV5 backbone and the RSV G gene insertion.
Together with the in vitro data, these results suggest that the RSV G gene may affect
the stability of the PIV5-RSV-G (HN-L) candidate.

When considering further vaccine design using PIV5 as a vector, it is important to
consider the functions of the antigens whose genes are inserted and their potential
impact on viral genome stability. Previously, we generated a PIV5-based H5N1 vaccine
using the gene for the hemagglutinin (HA) of an H5N1 influenza virus that lacks the
cleavage site, rendering the HA molecule inactive but maintaining the immunogenicity
of the protein (13, 17). A similar approach may be considered for improving the stability
of PIV5-based RSV G vaccines.

MATERIALS AND METHODS
Cells and viruses. Vero and BHK21 cells were maintained in Dulbecco’s modified Eagle medium

(DMEM) supplemented with 10% fetal bovine serum (FBS) plus 100 IU/ml penicillin and 100 �g/ml
streptomycin (1% P/S; Mediatech Inc., Manassas, VA, USA). Cells were passaged 1 day prior to infection
and achieved approximately 90% confluence by the following day.

PIV5-RSV-F (HN-L), PIV5-RSV-G (HN-L), PIV5-RSV-F (SH-HN), and PIV5ΔSH-RSV-F were generated (19)
and grown in MDBK cells as previously described (21).

Serial passage of recombinant viruses. Vero cells in 6-cm dishes were infected with PIV5-RSV-F
(HN-L), PIV5-RSV-G (HN-L), PIV5-RSV-F (SH-HN), or PIV5ΔSH-RSV-F at an MOI of 1 or 0.01 PFU per cell for
high- and low-MOI passages, respectively. For high-MOI passages, 500 �l of cell supernatant was used
to inoculate fresh 6-cm dishes of Vero cells every 4 to 5 days. For low-MOI passages, fresh Vero cells were
inoculated with a 1:10,000 dilution of virus from the previous passage every 4 to 5 days. The remaining
cell supernatant was supplemented with 1% bovine serum albumin (BSA) and stored at �80°C. Eleven
passages were performed.

Initially, the high-MOI passages were performed with one replicate, which was designated
replicate 1. The experiment was then repeated with three replicates, designated replicates 2 through
4. All low-MOI passages were performed in triplicate, with the isolates being designated replicates
1 through 3.

Growth curves. Vero cells in 6-well plates were infected with P0 or P12 virus at an MOI of 0.01 PFU
per cell and incubated for 1 to 2 h at 37°C in 5% CO2. The inocula were aspirated and replaced with 2
ml of DMEM containing 2% FBS and 1% P/S. One-hundred-microliter samples of supernatant were
collected at 0, 24, 48, and 96 h postinfection (hpi). Each sample was supplemented with 10% sucrose-
phosphate-glutamate (SPG) buffer, snap-frozen in liquid nitrogen, and stored at �80°C immediately after
collection. Virus titers were determined by plaque assay as described by Chen et al. (16).

Flow cytometry. A549 cells in 6-well dishes were infected with P0 and P12 viruses at an MOI of 1 PFU
per cell. Forty-eight hours later, the cells were detached using 10 mM EDTA in Dulbecco’s phosphate-
buffered saline (DPBS). The cells were washed with DPBS and then fixed and permeabilized in BD
Cytofix/Cytoperm solution for 20 min at 4°C. PIV5-RSV-F (HN-L)-infected cells were immunostained with
palivizumab conjugated to allophycocyanin and a primary monoclonal antibody against NP (antibody
NP214, made in-house), followed by staining with goat anti-mouse IgG conjugated to Alexa Fluor 488.
PIV5-RSV-G (HN-L)-infected cells were immunostained with an anti-G monoclonal antibody (antibody
RSV1C2; Abcam) conjugated to Alexa Fluor 488 and an anti-NP monoclonal antibody (antibody NP214)
conjugated to allophycocyanin. Mock-infected cells served as negative controls for staining.

NHP infection and BAL fluid collection. Animal experiments were performed according to proto-
cols approved by the Merck Institutional Animal Care and Use Committee. African green monkeys
(Chlorocebus sabaeus) seronegative for PIV5 and seropositive for RSV were anesthetized with tiletamine-
zolazepam (Telazol; 4 to 6 mg/kg of body weight) supplemented with ketamine (5 mg/kg), if needed.
Either PIV5-RSV-F (HN-L) (P1) or PIV5-RSV-G (HN-L) (P1) (106 PFU) was administered intranasally in a 1-ml
volume and was distributed equally over both nares.
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Bronchoalveolar lavage (BAL) fluid samples were collected at 3, 5, 7, 10, and 14 dpi. Briefly, 5 ml of
Hanks’ balanced salt solution (HBSS) was delivered into the lung and then aspirated using a tracheal tube
and syringe. BAL fluid samples were mixed with 10% SPG buffer and 1% gelatin, flash-frozen in a dry-ice
ethanol bath, and stored at �80°C.

PIV5-RSV-F (HN-L) and PIV5-RSV-G (HN-L) plaque purification. Viruses from passages 0 and 11 of
PIV5-RSV-F (HN-L) and PIV5-RSV-G (HN-L) were diluted by a factor of 104 to 106 in DMEM containing 1%
BSA. Fifty microliters of each dilution was used to infect 6-well plates of BHK21 cells as described above.
After 5 days, plaques were selected and cultured in Vero cells with DMEM containing 2% FBS and 1% P/S.
After 4 to 5 days, cell supernatants were harvested, supplemented with 1% BSA, and stored at �80°C.

For plaque purification of PIV5-RSV-F (HN-L) and PIV5-RSV-G (HN-L) from NHP samples, BAL fluid wash
samples from 5 dpi were diluted by a factor of 2 to 2 � 105 in DMEM containing 1% BSA. Four hundred
microliters of each dilution was used to infect BHK21 cells, and plaques were cultured as stated above.

RT-PCR and sequencing. Viral RNA was extracted from cell culture supernatants using a QIAamp
viral RNA minikit (Qiagen Inc., Valencia, CA). Reverse transcription (RT) was performed with SuperScript
III reverse transcriptase (Life Technologies) and random hexamers (Promega, Madison, WI). The cDNA
templates and 19 genome-specific primer pairs were used to amplify overlapping fragments of the viral
genome by PCR. These primers were also used to sequence the PCR products.

For NHP plaque isolates, viral RNA was extracted as stated above. Genome-specific primers and 5 �l
of RNA were used for one-step RT-PCR (Life Technologies).

Sequence analysis was performed using Sequencher (version 5.1) sequence analysis software (Gene
Codes Corporation, Ann Arbor, MI). Primer sequences are available upon request.

Statistical analysis. GraphPad Prism (version 5.04) software for Windows was used for statistical
analysis (GraphPad Software, La Jolla, CA). Two-way analysis of variance (ANOVA) followed by Dunnett’s
correction for multiple comparisons was used to compare the virus titers at different time points on the
growth curves after P0 and P12. One-way ANOVA followed by Dunnett’s correction for multiple
comparisons was used to compare the levels of protein expression by P1 and P12 viruses.
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