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ABSTRACT

Respiratory syncytial virus (RSV) and human parainfluenza virus type 3 (HPIV3) are the first and second leading viral agents of
severe respiratory tract disease in infants and young children worldwide. Vaccines are not available, and an RSV vaccine is par-
ticularly needed. A live attenuated chimeric recombinant bovine/human PIV3 (rB/HPIV3) vector expressing the RSV fusion (F)
glycoprotein from an added gene has been under development as a bivalent vaccine against RSV and HPIV3. Previous clinical
evaluation of this vaccine candidate suggested that increased genetic stability and immunogenicity of the RSV F insert were
needed. This was investigated in the present study. RSV F expression was enhanced 5-fold by codon optimization and by modify-
ing the amino acid sequence to be identical to that of an early passage of the original clinical isolate. This conferred a hypofuso-
genic phenotype that presumably reflects the original isolate. We then compared vectors expressing stabilized prefusion and
postfusion versions of RSV F. In a hamster model, prefusion F induced increased quantity and quality of RSV-neutralizing se-
rum antibodies and increased protection against wild-type (wt) RSV challenge. In contrast, a vector expressing the postfusion F
was less immunogenic and protective. The genetic stability of the RSV F insert was high and was not affected by enhanced ex-
pression or the prefusion or postfusion conformation of RSV F. These studies provide an improved version of the previously
well-tolerated rB/HPIV3-RSV F vaccine candidate that induces a superior RSV-neutralizing serum antibody response.

IMPORTANCE

Respiratory syncytial virus (RSV) and human parainfluenza virus type 3 (HPIV3) are two major causes of pediatric pneumonia
and bronchiolitis. The rB/HPIV3 vector expressing RSV F protein is a candidate bivalent live vaccine against HPIV3 and RSV.
Previous clinical evaluation indicated the need to increase the immunogenicity and genetic stability of the RSV F insert. Here, we
increased RSV F expression by codon optimization and by modifying the RSV F amino acid sequence to conform to that of an
early passage of the original isolate. This resulted in a hypofusogenic phenotype, which likely represents the original phenotype
before adaptation to cell culture. We also included stabilized versions of prefusion and postfusion RSV F protein. Prefusion RSV
F induced a larger quantity and higher quality of RSV-neutralizing serum antibodies and was highly protective. This provides an
improved candidate for further clinical evaluation.

uman respiratory syncytial virus (RSV) and human parain-

fluenza virus type 3 (HPIV3) are enveloped, nonsegmented,
negative-stranded RNA viruses of the family Paramyxoviridae.
They are, respectively, the first and second leading viral causes of
severe acute lower respiratory tract infections in infants and chil-
dren worldwide. RSV alone is responsible for an estimated 34
million annual pediatric cases of lower respiratory tract illness
worldwide, with >3.5 million hospitalizations and 66,000 to
199,000 pediatric deaths, which occur predominantly in the de-
veloping world (1). Licensed vaccines or effective antiviral drugs
are not available for either RSV or HPIV3. Experimental inacti-
vated (RSV and HPIV3) and subunit (RSV) vaccines have been
linked to vaccine-induced enhanced disease in young children
(inactivated RSV) and experimental animals (subunit RSV and
inactivated HPIV3) (2—4). In contrast, disease enhancement is not
observed with live attenuated RSV strains or vectors expressing
RSV antigens (5-7), indicating that suitably attenuated candidates
are safe for immunization of infants and young children.

A chimeric recombinant bovine-human PIV3 (rB/HPIV3)
(Fig. 1) has been under development as a replication-competent
intranasal pediatric vaccine vector. The PIV3 genome is a nega-
tive-sense RNA of 15.5 kb that contains six genes in the order 3'-N
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(nucleoprotein)-P (phosphoprotein)-M (matrix protein)-F (fu-
sion glycoprotein)-HN (hemagglutinin-neuraminidase glycopro-
tein)-L (polymerase protein)-5" (Fig. 1). The rB/HPIV3 vector
consists of a bovine PIV3 (BPIV3) Kansas strain backbone in
which the F and HN genes have been replaced by those of the
HPIV3 JS strain (8). This combines the attenuation phenotype of
BPIV3 in primates with the HPIV3 F and HN viral neutralization
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FIG 1 rB/HPIV3 vectors expressing different forms of RSV F. The RSV F ORF (strain A2) was inserted into the rB/HPIV3 vector under the control of a set of
added BPIV3 N gene end (GE), intergenic (IG), and P gene start (GS) transcription signals so that RSV F would be expressed as a separate mRNA. With the
exception of the top construct (Non-HEK/non-opt), each RSV F insert was codon optimized for human expression (GeneArt; Life Technologies). HEK
assignments (66E and 101P) are marked by asterisks. The DS mutations (S155C and S290C) are marked with stars. The Ecto form consists of the RSV F
ectodomain (amino acids 1 to 513) lacking the transmembrane and cytoplasmic tail domains. The postfusion form is the Ecto form with a further deletion of the
first 10 amino acids of the FP. The viruses were recovered in hamster BSR T7/5 cells as described previously (23) and passaged in rhesus monkey LLC-MK?2 cells.

antigens. Inclusion of sequence encoding the RSV F protein,
which is the major RSV neutralization and protective antigen, as a
supernumerary gene (Fig. 1) provides a bivalent HPIV3/RSV vac-
cine. In a previous clinical study in children seronegative for both
viruses, rB/HPIV3 expressing RSV F from the second (N-P) gene
position (MEDI-534) was found to be infectious, attenuated, and
well tolerated. However, only 50% of the recipients developed
detectable RSV-neutralizing serum antibodies (7), although the
sensitivity of the assay would have been reduced because it was
done without added complement. Analysis of the shed vaccine
virus from vaccinees showed that ~50% of the specimens con-
tained vaccine virus with mutations predicted to perturb RSV F
expression, and 2.5% of the clinical trial material did not express
RSV F (9). Our goal was to enhance the immunogenicity of RSV F
in the rB/HPIV3 vector and to evaluate its genetic stability during
replication in vitro and in vivo.

Like the F proteins of all paramyxoviruses, the RSV F protein is
a type I fusion protein that mediates the fusion of the viral enve-
lope and cellular membranes during entry. It initially assembles
into trimers in a metastable (unstable) prefusion conformation on
the surfaces of infected cells and virions. Prefusion F can be trig-
gered, such as by contact with an adjacent target cell membrane, to
undergo a massive conformational change that mediates mem-
brane fusion, leaving the F protein in a postfusion conformation
(10-14). Triggering of RSV F does not require the engagement of
attachment protein (G), unlike the triggering of parainfluenza vi-
rus F proteins, which is mediated by the binding of attachment
protein to a cellular receptor. Prefusion RSV F protein is thought
to be susceptible to premature triggering. There also is evidence
that much of the RSV F protein expressed during infection is con-
formationally heterogeneous, which may act as a decoy to reduce
the induction of virus-neutralizing antibodies (NADbs) (15). These
problems might be obviated by expression of the F protein in a
stabilized conformation.

The prefusion form of RSV F appears to be a more effective
neutralization antigen than the postfusion form when evaluated as
a subunit vaccine in experimental animals (16, 17), although the
postfusion form does induce a substantial neutralizing antibody
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response and has the advantage of being highly stable (13). The
prefusion form of RSV F also can be substantially stabilized
through structure-based mutations, one of which involves the in-
troduction of a disulfide bond between S155 and S290 (called DS)
(17). In the present study, we codon optimized the RSV F open
reading frame (ORF), made its amino acid sequence identical to
that of an early passage of the original clinical isolate (18), and
introduced the stabilized prefusion and postfusion F proteins. The
resulting series of rB/HPIV3-RSV F constructs were evaluated for
replication, immunogenicity, and protective efficacy in a hamster
model and for stability of the RSV F gene in vitro and in vivo. Since
the prototype rB/HPIV3-RSV F construct has already been shown
to be well tolerated in seronegative children, as noted above, an
improved version could advance expeditiously to clinical evalua-
tion.

MATERIALS AND METHODS

Cells and viruses. Rhesus monkey LLC-MK2 (ATCC CCL-7) cells and
African green monkey Vero cells (ATCC CCL-81) were maintained in
Opti-MEMI (1X) plus GlutaMax-1 medium (Life Technologies, Grand
Island, NY) supplemented with 5% fetal bovine serum (FBS) (HyClone;
Thermo Scientific, Atlanta, GA). BSR T7/5 hamster kidney cells, which
constitutively express T7 RNA polymerase, were maintained as described
previously (19). Recombinant wild-type (wt) RSV and rB/HPIV3 were
previously described (8, 20). All rB/HPIV3 vectors were propagated at
32°C in LLC-MK2 cells or Vero cells (21). RSV and its gene sequences
were derived from strain A2 (GenBank accession no. M74568); HPIV3
and BPIV3 sequences were from strains JS (Z11575) and Kansas/15626/84
(AF178654), respectively.

Construction of antigenomic cDNA encoding rB/HPIV3 vectors ex-
pressing RSV F. The full-length cDNA of rB/HPIV3 was previously mod-
ified to contain a unique Ascl restriction site at the 2nd genome position
between the N and P genes (22) (Fig. 1). The DNA sequence encoding the
RSV F protein with HEK assignments (66E and 101P) (18) was codon
optimized (HEK/opt) (Fig. 1) and synthetically derived (GeneArt; Life
Technologies). The HEK/opt and Ecto (ectodomain; amino acids [aa] 1 to
513) insert sequences were amplified by PCR with an Advantage HF 2
PCR kit (Clontech, Mountain View, CA) using synthetic HEK/opt RSV F
as the template. The shared forward primer for both HEK/opt and Ecto
was ATCATGGCGCGCCAAGTAAGAAAAACTTAGGATTAATGGAC
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CTGCAGGATGGAACTGCTGATCCTGAAGGOC, the reverse primer for
HEK/opt was GAGATGGCGCGCCGCTAGCTATCAGTTGGAGAAGG
CGATATTGTTG, and the reverse primer for Ecto was GAGATGGCGC
GCCGCTAGCTATCATCACAGCAGCTCGTCGCTCTTTCTGATG
(the Ascl restriction sites are underlined; the ORF translation initiation
and termination codons are in boldface). The PCR products of the HEK/
opt and Ecto inserts were cloned into the pCR4-TOPO vector with a
TOPO TA cloning kit (Life Technologies), and the sequences were con-
firmed by automated sequencing. The pCR4-TOPO vectors with non-
HEK/opt and DS inserts were generated with a QuikChange Lightning
Multi site-directed mutagenesis kit (Agilent Technologies, Santa Clara,
CA) using pCR4-TOPO vector DNA containing a HEK/opt insert as the
template. The pCR4-TOPO vector with a postfusion insert was generated
by deleting the first 10 amino acids of the fusion peptide (FP) in RSV F (aa
137 to 146) with a QuikChange II site-directed mutagenesis kit (Agilent
Technologies) using the pCR4-TOPO vector containing an Ecto insert as
the template. To mutate 2 residues in RSV F to non-HEK assignments
(P101Q and E66K), two mutagenesis reactions were performed. The fol-
lowing primers were used for mutagenesis: for the P101Q mutation, the
primers TGATGCAGTCCACCCAAGCCACCAACAACCGG and CCGG
TTGTTGGTGGCTTGGGTGGACTGCATCA were used; for the E66K
mutation, the primers TCGAGCTGTCCAACATCAAGAAAAACAAGT
GCAACGGCAC and GTGCCGTTGCACTTGTTTTTCTTGATGTTGG
ACAGCTCGA were used. To stabilize RSV F in the prefusion conforma-
tion, two DS mutations (S155C and S290C) were introduced in RSV F by
mutagenesis. For the S155C mutation, the primers GGCGTGGCCGTGT
GCAAGGTGCTGCACC and GGTGCAGCACCTTGCACACGGCCA
CGCC were used; for the S290C mutation, the primers CAGAGCTACT
CCATCATGTGCATCATCAAAGAAGAGG and CCTCTTCTTTGATG
ATGCACATGATGGAGTAGCTCTG were used; for the 10-aa FP deletion
in the postfusion form of RSV F, the primers GCGGAAGCGGCGGGCCAT
TGCCTCTG and CAGAGGCAATGGCCCGCCGCTTCCGC were used.

Al RSV F sequences in pCR4-TOPO vectors were confirmed by auto-
mated sequencing analysis. The RSV F inserts were digested and ligated
into full-length cDNA of rB/HPIV3 at the 2nd genome position using the
Ascl restriction site (Fig. 1), and the sequences were confirmed by auto-
mated sequencing. Full-length cDNA of rB/HPIV3 with non-HEK/non-
optimized (non-opt) RSV F in the 2nd genome position was generated
previously (23). The genome nucleotide length for each construct was a
multiple of 6 (24). The phasing of each gene was maintained as the native
phasing (25). The phasing of the inserted RSV F gene at the second gene
position was identical to the native phasing of the P gene, which normally
is in the second gene position in PIV3 (25).

Recovery of rB/HPIV3-RSV F viruses from cDNA. The rB/HPIV3-
RSV F viruses were recovered by reverse genetics (8) in BSR-T7/5 cells
constitutively expressing T7 RNA polymerase (26). The recovered virus
was amplified by two passages in LLC-MK2 cells at 32°C. Viral RNA was
isolated from the virus stocks using the Qiagen Viral Amp kit (Qiagen,
Valencia, CA), followed by DNase I treatment to remove the plasmid
DNA used for rescue. Virus sequences were confirmed in their entirety
(except for the last 30 and 120 nucleotides at the 3'- and 5’-terminal ends,
respectively) by sequence analysis of uncloned reverse transcription (RT)-
PCR products amplified from viral RNA. Control RT-PCRs lacking re-
verse transcriptase indicated that the RT-PCR products were not derived
from the input antigenomic cDNAs (data not shown). The percentage of
vector virions expressing RSV F in each working stock of inoculum was
determined by a fluorescence double-staining plaque assay (described be-
low) to ensure that each stock had 99 to 100% of the virions expressing
RSV F and that plaques were homogeneous in size and shape.

Fluorescence double-staining plaque assay. Vero cell monolayers in
24-well plates were infected with 10-fold serially diluted samples. The
infected monolayers were overlaid with culture medium containing 0.8%
methylcellulose, incubated at 32°C for 6 days, and fixed by two overnight
incubations in 80% methanol at 4°C. The monolayers were washed in 1X
phosphate-buffered saline (PBS), followed by incubation in Odyssey
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blocking buffer (LiCor) for 1 h at room temperature. The monolayers
were then incubated with Odyssey blocking buffer containing RSV F-spe-
cific monoclonal antibodies (MAbs) diluted at 1:2,000 (19) and HPIV3
hyperimmune serum diluted 1:1,000 for 1 h at room temperature. The
HPIV3 hyperimmune serum was generated by immunizing rabbits with
sucrose-purified HPIV3 virions, as described previously (23). After wash-
ing three times in 1 X PBS, the monolayers were incubated for 1 h at room
temperature with Odyssey blocking buffer containing IRDye800CW-con-
jugated goat anti-rabbit antibody and IRDye680LT-conjugated goat anti-
mouse antibody (Licor), each diluted at 1:800. The plaques were scanned
and visualized with the Odyssey infrared imaging system (LiCor) under
800-nm and 680-nm channels. Fluorescent plaques showing staining for
HPIV3 proteins and RSV F were detected as green (800 nm) and red (680
nm), respectively, and were yellow when merged (800 and 680 nm).

Analysis of RSV F expression by Western blotting. Vero cells (2 X
10°) were infected with rB/HPIV3-RSV F viruses at a multiplicity of in-
fection (MOI) of 10 50% tissue culture infective doses (TCID5) or with
wt RSV at 10 PFU and incubated at 32°C or 37°C, as indicated. At 48 h
postinfection (p.i.), the medium supernatants were removed and the
monolayers were washed twice with ice-cold PBS and lysed with 200 .l of
ice-cold RIPA buffer containing 1 X Complete Cocktail Protease Inhibitor
(Roche, Indianapolis, IN). For Western blot analysis under reducing and
denaturing conditions, supernatants or lysates were mixed with 1X LDS
buffer (Life Technologies) and 1X reducing reagent (Life Technologies)
and boiled at 95°C for 5 min. Thirty microliters of reduced, denatured
lysate was loaded onto 4 to 12% NuPAGE gels (Novex-Life Technologies)
with NuPage antioxidant reagent (Novex-Life Technologies) added to the
running buffer in the cathode chamber. For Western blot analysis under
nonreducing conditions, the lysates were mixed with 1 X LDS buffer with-
out boiling. Thirty microliters of lysate with 1X LDS buffer was loaded
onto 4 to 12% NuPAGE gels (Novex-Life Technologies) without adding
NuPage antioxidant reagent (Novex-Life Technologies) to the running
buffer. The membranes were probed with murine monoclonal anti-RSV F
antibody (Ab43812; Abcam, Cambridge, MA), rabbit polyclonal antibod-
ies generated by immunizing rabbits with sucrose-purified wt RSV, goat
polyclonal anti-GAPDH (glyceraldehyde-3-phosphate dehydrogenase)
antibody (G8795; Sigma, St. Louis, MO), and anti-HPIV3 HN antibodies
generated as described previously (23). The following fluorescent-dye-
conjugated secondary antibodies were used: donkey anti-rabbit IRDye680
and donkey anti-mouse IRDye 800CW (LiCor, Lincoln, NE). The mem-
branes were scanned, and the fluorescence intensities of the protein bands
were quantified using the Odyssey infrared imaging system (Image Stu-
dio; LiCor).

Analysis of cell surface RSV F expression by flow cytometry. Vero
cells were infected with rB/HPIV3 vectors at an MOI of 5 TCID, or with
wt RSV at an MOI of 5 PFU. After incubation at 32°C for 48 h, the infected
cells were harvested by incubation in PBS containing 1 mM EDTA at 37°C
for 5 min and then washed twice in ice-cold fluorescence-activated cell
sorter (FACS) buffer (1X PBS, 2% FBS) and incubated with an optimized
dilution of Alexa Fluor 488 (AF488)-conjugated RSV F MAb 1129 (27) or
unconjugated D25 human monoclonal antibody (11). The AF488-conju-
gated RSV F MAD was prepared using an Alexa Fluor 488 antibody-label-
ing kit (Life Technologies) following the kit instructions. Cells stained
with D25 were washed twice with ice-cold FACS buffer and stained with
Alexa Fluor 488-conjugated goat F(ab), anti-human IgG(+y) (Life Tech-
nologies). The stained cells were washed twice in ice-cold FACS buffer and
incubated in Near-infrared LIVE/DEAD dye (Life Technologies) to dis-
criminate dead cells. The stained cells were analyzed using a BD FAC-
SCanto II flow cytometer.

Hamster studies. All animal studies were approved by the NIH Insti-
tutional Animal Care and Use Committee (IACUC). Six-week-old
Golden Syrian hamsters (Harlan Laboratories, Frederick, MD), which
were confirmed to be seronegative for HPIV3 and RSV by hemagglutina-
tion inhibition (28) assay and RSV-specific virus neutralization assay,
respectively (29, 30), were anesthetized and inoculated intranasally (i.n.)
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FIG 2 Effects of codon optimization and HEK assignments. (A) Multicycle growth kinetics of rB/HPIV3 vectors in African green monkey Vero cells at 32°C.
Triplicate Vero cell monolayers were infected with the indicated rB/HPIV3 vectors at a multiplicity of infection (17) of 0.01 TCID4/cell. Samples were collected
at 24-h intervals. Virus titers were determined by serial dilution in LLC-MK2 cells (23) and are expressed as means with standard errors of the mean (SEM) (40).
(B) Western blot analysis of RSV F expression in Vero cells, with vector HN protein and cellular GAPDH protein analyzed as controls. Vero cells were infected
at an MOI of 10 TCIDs/cell at 32°C with the indicated rB/HPIV3 vectors. Total lysates were harvested at 48 h p.i. and subjected to gel electrophoresis under
reducing and denaturing conditions, followed by Western blotting, as described previously (23). RSV F,, (70 kDa) is the primary translation product of the F ORF,
and RSV F, (47 kDa) is the larger subunit created when RSV F, is activated by cleavage. (C) Quantification of RSV F expression. The RSV F, and F,band densities
(from panel B) were quantified and normalized to that of the Non-HEK/non-opt sample shown at a density value of 1. The means of four independent
experiments are shown (numbers above the bars) with the SEM. The numbers on the x axis represent the lanes in Fig. 2B. (D) Mobility of RSV F trimers in
polyacrylamide gel electrophoresis under nonreducing conditions. RSV F trimers were detected by Western blotting with rabbit polyclonal antibodies generated
by immunizing rabbits with sucrose-purified wt RSV particles. (E to H) Formation of syncytia on Vero cell monolayers infected at an MOI of 10 TCID,/cell with
the indicated rB/HPIV3 vectors. The cells were incubated at 32°C for 48 h and photographed using a light microscope at a magnification of X10. Representative
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syncytia are marked with dashed lines in panels F and G.

with 0.1 ml inoculum containing 10° TCID,, of rB/HPIV3 vectors or 10°
PFU of wt RSV (A2 strain). Six hamsters per group were inoculated with
each virus. To evaluate vector replication, nasal turbinate and lung tissues
were collected separately on days 3 and 5 p.i. for virus quantification by
serial dilution on LLC-MK2 cells (rB/HPIV3 vectors) or by plaque assay
on Vero cells (wt RSV) (19, 31). To determine vector immunogenicity,
sera were collected from hamsters 3 days prior to and 28 days after inoc-
ulation. Titers of RSV- and HPIV3-specific NAbs were determined by
60% plaque reduction neutralization assays (PRNT,) on Vero cells and
LLC-MK2 cells, respectively, performed in the presence or absence of
guinea pig complement (Lonza) (32). (Note that all sera were heated at
56°C for 30 min to destroy endogenous complement prior to assay and the
addition of guinea pig complement.) Protective efficacy was determined
by challenge infection performed by intranasal infection with 10° PFU of
wt RSV in 0.1 ml inoculum at 30 days after immunization. The challenge
RSV loads in the nasal turbinates and lungs were determined 3 days after
challenge by plaque titration of tissue homogenates on Vero cells, as de-
scribed previously (33).

RESULTS

Codon optimization and an early-passage form of RSV F pro-
tein. The RSV F sequence (strain A2) was codon optimized (Gene-
Art; Life Technologies) for human expression and, in addition,
was modified by two amino acid substitutions (K66E and Q101P)
to be identical in amino acid sequence to an early passage of strain
A2 that originally had been propagated in human embryonic kid-
ney cells (HEK F protein) (18). Three versions of the RSV F gene—
(i) nonoptimized with non-HEK assignments (non-HEK/non-
opt), a construct similar to MEDI-534; (ii) codon optimized with

9502 jvi.asm.org

Journal of Virology

non-HEK assignments (non-HEK/opt); and (iii) codon opti-
mized with HEK assignments (HEK/opt)—were inserted at the
2nd position between the N and P genes of the rB/HPIV3 vector
(Fig. 1). Infectious virus was recovered by reverse genetics, as de-
scribed in Materials and Methods. Multicycle replication growth
curves in Vero (Fig. 2A) and LLC-MK2 (not shown) cells showed
that all three constructs replicated with similar kinetics and to
high peak titers (~10° TCID5,/ml), although they were all slightly
more attenuated than the empty vector (Fig. 2A). Virus stocks of
these constructs contained only trace amounts of RSV F, indicat-
ing that it was not efficiently packaged into the vector particles
(not shown).

Codon optimization and the HEK substitutions conferred 2.1-
and 2.4-fold increases in RSV F protein expression, respectively,
with an aggregate 5-fold increase (Fig. 2B and C). Also, following
the HEK substitutions, the F protein trimer migrated somewhat
more slowly than the non-HEK form under nonreducing poly-
acrylamide gel electrophoresis (Fig. 2D). The non-HEK form of
RSV F induced abundant syncytia on Vero monolayers (Fig. 2F),
and increasing its expression by codon optimization resulted in
more extensive syncytia (Fig. 2G). Interestingly, the HEK form of
RSV F conferred a hypofusogenic phenotype (Fig. 2H), despite
having the highest level of expression (Fig. 2B and C, lane 4).

Expression of stabilized prefusion and postfusion forms of
RSV F. The full-length RSV F protein, (i.e., including the C-ter-
minal transmembrane [TM] and cytoplasmic [CT] domains that
anchor it in the membrane) was stabilized in the prefusion form

September 2015 Volume 89 Number 18


http://jvi.asm.org

Improved Bivalent HPIV3/RSV Live Vaccine

o K
A B Qg% Qé\'o C

= & & S &
ET ] e &L o o
= @Q S & © S & L5
F s ¢ & X9 L Y&
= 1 Medium
('_) RSV F, o supernatant | RSVF, E‘
26 A
g & Empty rB/HPIV3 RSV F, —— — RSV Fy fumt
=4 & HEK/opt
2 -+ Ecto GAPDH |w= vy v —
: Post-fusion Cell lysate| RSV Fy|mew v

R
S

DS

D E

1007 ! . MFI 100 4 i
— Viruses - " MFI MFI ratio
5 ' (;;?%L 5 ' Viruses (D25) | (D25:1129)
2 god 4343 | 0.65 (23%

80 1 80 1
: N —— HEK/opt 20424 § 1 —— HEK/opt 16613 | 0.81 (29%
3 ! DS 11222 3 H DS 31189 2.78 (100%)
S 6o ' 1069 S 60 | 112 NA
9 | _EtC‘F:sv 22;? @ \ — Ecto 1099 | 0.2(7%)

—wi :
X | S \ —wtRSV 4343 | 1.56 (56%
g 407 [—Empty rB/HPIV3 | 998 | g 404 \ —Empty rB/HPIV3__| 1130 NA
S 5 1
Z 201 1 Z 204 )
)
0L . v 0 Lrrrrrerrer - >
4103 0 10% 104 105 4103 0 103 104 105
RSV F (1129) Pre-fusion RSV F (D25)

FIG 3 Expression of prefusion DS, postfusion, and Ecto forms of RSV F. (A) Multicycle replication kinetics of the indicated rB/HPIV3 vectors in Vero cells at
32°C. Titration was carried out as described for Fig. 2A. (B) Expression of the prefusion DS form of RSV F. Vero cells were infected with the indicated rB/HPIV3
vectors at an MOI of 10 TCID,,/cell and incubated at 37°C for 48 h. Western blot analysis was performed as described for Fig. 2B. (C) Expression and secretion
of postfusion, Ecto, and HEK/opt forms of RSV F. Vero cell monolayers were infected with the indicated vectors at an MOI of 10 TCID5/cell or with wt RSV (A2)
atan MOI of 10 PFU/cell and incubated at 32°C for 48 h. Western blot analysis was carried out as described for Fig. 2B. (D and E) Cell surface expression of the
total and prefusion RSV F protein. Vero cells were infected with the indicated vectors at an MOI of 5 TCID;/cell or with wt RSV at an MOI of 5 PFU/cell and
incubated at 32°C. At 48 h p.i., the unpermeabilized cells were stained with RSV F antibody 1129 (D), which reacts with both prefusion and postfusion F, or
antibody D25 (E), which is specific for prefusion F. The x axis shows the intensity of RSV F expression, and the y axis is the percentage of the cell count normalized
to the maximum count (100%) in a distribution, with the MFI values shown on the right of each histogram. Gating of live RSV F-positive cells used for analysis
is indicated with a dashed line.

(Fig. 1, DS) by introducing two mutations (S155C and S290C)  prefusion DS forms of RSV F (Fig. 3D). Consistent with its lower
that generate a new disulfide bond, as previously described (17).  total expression versus HEK/opt (Fig. 2B and C), the non-HEK/
Stabilized postfusion RSV F protein was generated as previously —non-opt form had relatively low surface expression (Fig. 3D). The
described by expressing the ectodomain (aa 1 to 513, lacking the  Ecto form was detected at the cell surface at a reduced but still
C-terminal TM and CT domains) with further deletion of the first ~ substantial level, whereas the postfusion form was not detected
10 amino acids of the FP (aa 137 to 146) (Fig. 1, Postfusion) (12, above background (Fig. 3D). The difference in cell surface accu-
13). Another construct consisting of the entire RSV F ectodomain  mulation between these two secreted forms might reflect the pres-
(aa1to 513) was included for comparison (Fig. 1, Ecto). All three  ence of the hydrophobic FP domain in Ecto, which might mediate
forms of RSV F were codon optimized and had HEK assignments.  association with the plasma membrane. Except for the postfusion
rB/HPIV3 expressing the prefusion DS, postfusion, and Ecto  and Ecto forms, the cell surface expression of RSV F protein by
forms of RSV F protein replicated in Vero cells (Fig. 3A) and the rB/HPIV3 vectors was more efficient than that by wt RSV
LLC-MK2 cells (not shown) at rates and to final titers similar to  (Fig. 3D).
those of a vector expressing native RSV F protein (HEK/opt). The relative quantity of RSV F protein in the prefusion confor-
None of these constructs induced visible syncytium formation in  mation on the cell surface was measured with human monoclonal
vitro (not shown), consistent with the idea that F protein that is antibody D25, which recognizes antigenic site @, which is unique
not anchored in the membrane or that is stabilized in the prefu-  to the prefusion conformation and some intermediate forms (11).
sion form should not be efficient in directing fusion. The prefu- The greatest cell surface expression of F protein in the prefusion
sion DS form was expressed at a level similar to that of HEK/opt  conformation was observed with the DS construct; a smaller
(Fig. 3B). Cleavage of the prefusion DS F, precursor was some- amount was observed with HEK/opt (Fig. 3E), even though the
what less efficient than that of HEK/opt. As expected, the postfu- latter was more efficiently expressed on the surface, as detected by
sion and Ecto constructs were expressed primarily as secreted antibody 1129 (Fig. 3D). This was illustrated by calculating the
forms (Fig. 3C), and only the cleaved protein was detected in the  ratio of the median fluorescence intensity (MFI) value for D25 to
medium supernatant. None of the forms was efficiently packaged  that for 1129 (Fig. 3E). This suggested that HEK/opt, i.e., a native
into vector particles (not shown). form of the RSV F protein, was only partially displayed in the
Analysis of cell surface expression by flow cytometry using prefusion conformation on the cell surface. The presence of the
monoclonal antibody 1129 (the murine precursor of palivizumab, HEK assignments (i.e., HEK/opt versus non-HEK/non-opt) re-
which recognizes both prefusion and postfusion F protein) dem-  sulted in a marginal increase in the D25/1129 ratio. Essentially no
onstrated very efficient surface expression of the HEK/opt and  secretory postfusion form was detected at the cell surface with either
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FIG 4 Replication of rB/HPIV3-RSV-F vectors in hamsters. Golden Syrian
hamsters were infected i.n. with 10° TCIDs, of the indicated rB/HPIV3
vectors or 10° PFU of wt RSV (A2) in a 0.1-ml inoculum. Hamsters were
euthanized (n = 6 per virus per day) on days 3 and 5 postinfection, the
nasal turbinates (A) and lungs (B) were collected and homogenized, and
the viral titers were determined by limiting dilution on LLC-MK2 (rB/
HPIV3 vectors) or Vero (RSV) cells at 32°C. The blue and red dots indicate
the titers for individual animals euthanized on days 3 and 5, respectively,
and the mean group titer is indicated by a blue or red horizontal line for
days 3 and 5, respectively. The mean values of day 5 titers are also shown as
red numbers. The limit of detection (LOD) is 1.5 log,, TCID,/g of tissue,
indicated with a dotted line. The statistical significance of differences
among peak titers on day 5 was determined by one-way analysis of variance
(ANOVA) with a Tukey-Kramer test and is indicated by asterisks: *, P <
0.05; **, P = 0.01; ***, P = 0.001; ****, P = 0.0001.

antibody 1129 (Fig. 3D) or D25 (Fig. 3E). Also, essentially no Ecto
form was detected with antibody D25 (Fig. 3E), suggesting that this
form was highly susceptible to triggering. F expressed by wt RSV
(strain A2) was also detected in the prefusion conformation (Fig. 3E),
albeit in a smaller amount than DS and HEK/opt, likely because the
total expression of F by wt RSV was lower (Fig. 3D).

Replication of rB/HPIV3 vectors in the respiratory tract of
hamsters. Hamsters were infected i.n. with 10° TCIDs, of each

vector or with 10° PFU of wt RSV (A2). Replication in the upper
and lower respiratory tracts was determined by titrating the viral
load in nasal turbinates and lungs on days 3 and 5 (only day 3 for
RSV), and samples of the input inocula also were analyzed to
confirm the input titer. Compared with the empty vector, vectors
bearing an RSV F insert replicated more slowly (i.e., with lower
titers on day 3 versus day 5) and were moderately more attenuated
in the nasal turbinates (Fig. 4A) and substantially more attenuated
in the lungs (Fig. 4B) on both days 3 and 5. The difference between
the empty vector and the vector bearing an RSV F insert was the
greatest with the DS construct on day 3, where the reduction was
more than 3.0 log, , units in the nasal turbinates and 4.0 log, , units
in the lungs. There was a single time point at which a vector bear-
ing RSV F was not more attenuated than the empty vector, and
that was for the construct expressing postfusion F on day 5 in the
nasal turbinates. Among the various vectors, there was some vari-
ability in titer, but the differences were significant only in the case
of vector expressing postfusion F, which replicated to higher titers
in both the nasal turbinates and lungs. It may be that this insert
was more easily tolerated by the vector because it was secreted and
had minimal association with the infected cells, as shown in Fig. 3.
Wt RSV replicated to 100- to 1,000-fold-higher titers than the
various vectors expressing RSV F protein, particularly in the lungs,
which would be relevant to its relative immunogenicity (see be-
low).

Prefusion RSV F induced highly potent RSV-neutralizing se-
rum antibodies. Hamsters were infected with the various vectors
or with wt RSV, and sera were collected 28 days later and analyzed
for RSV-neutralizing antibodies by a PRNT, performed in the (i)
presence (Fig. 5A) and (ii) absence (Fig. 5B) of added comple-
ment. The presence of added complement provides more sensitive
detection of virus-specific antibodies, since complement poten-
tially confers viral-lysis and steric-hindrance capabilities (34) to
both neutralizing and nonneutralizing antibodies, whereas the
complement-independent assay detects only antibodies that di-
rectly neutralize the virus.

For the complement-containing assay (Fig. 5A), the most in-

A with complement B w/o complement C "
13+ SFTe — 0 ns 129 123 106 103 108 105 ND
12 ND 76 81 86 68 91 107 119 ND 46 ND 51 ND 80 74 57
J 101 134 3
: 1.
2101 : - 9 R I NG _:LL
: T g .| E N !
5 Ak . = : "t .
S 7 s % _'8’ 67 % . §) 74
1 5
6 & .
gl pHININRIN
G o
e S A S T T T T T r < S A R s
S IFL S e S ESES T & SLHEL L S
F&E L F&E 4 FT&e s
A 55 A S QX )
&L ¢ & & ¢ & & <
& & § &
& & < eo & eo

FIG 5 RSV-and HPIV3-neutralizing serum antibody titers induced by rB/HPIV3-RSV F vectors. Hamsters (1 = 6 per vector) were infected as described for Fig.
4, and serum samples were collected at 28 days postimmunization. (A and B) RSV-neutralizing antibody titers were determined by a PRN T, performed on Vero
cells at 37°C with (A) and without (B) added guinea pig complement. (C) HPIV3-neutralizing antibody titers were determined by a PRNT, performed on
LLC-MK2 cells at 32°C with added guinea pig complement (23). The height of each bar represents the mean titer, which is shown above the bar; the SEM is
indicated by the error bars, and the values for individual animals are shown as dots. The statistical significance of differences among groups was determined as
described for Fig. 4; ¥, P =< 0.05; **, P < 0.01; ***, P =< 0.001; ****, P < 0.0001; ns, P > 0.05. The detection limit is indicated with a dotted line. ND, the

neutralization titer was below the detection limit.
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FIG 6 Protection ofimmunized hamsters against wt RSV challenge. The ham-
sters (n = 6 per vector) that had been immunized as shown in Fig. 5 were
challenged i.n. on day 30 postimmunization with 10° PFU of wt RSV (A2) ina
0.1-ml inoculum. On day 3 postchallenge, the hamsters were euthanized, and
nasal turbinates (A) and lungs (B) were collected. The RSV titers in tissue
homogenates were determined by plaque assay on Vero cells at 37°C. Each
symbol represents the RSV titer for an individual animal, and the mean viral
titers of the groups are shown as horizontal lines. The detection limit of the
assay was 2.7 log,, PFU/g of tissue, indicated by a dotted line.

teresting observations were that a vector expressing postfusion F
was less immunogenic than the other vectors, even though it rep-
licated to the highest titers in hamsters (Fig. 4), while the vector
expressing the prefusion DS form of F induced the highest titer of
RSV-neutralizing antibodies among the vectors (Fig. 5A). In the
complement-independent assay (Fig. 5B), only two viruses in-
duced similar high titers of potent RSV-neutralizing serum anti-
bodies: vectors expressing prefusion DS RSV F and wt RSV. The
observation that the RSV-neutralizing antibodies induced by
these two viruses were similar in magnitude is noteworthy, be-
cause the vector replicated 100 to 1,000 times less efficiently than
wt RSV (Fig. 4), and in addition, the neutralizing activity con-
ferred by wt RSV would have an additional contribution from the
RSV G protein. In this regard, it is clear that RSV G is an important
independent neutralization and protective antigen in this model,
because a previous study comparing rB/HPIV3 expressing RSV F
versus rB/HPIV3 expressing RSV G showed that they were statis-
tically indistinguishable with regard to the induction of RSV-neu-
tralizing serum antibodies and protection against RSV challenge
(22). Thus, the vector expressing the prefusion DS form of RSV F
induced an RSV-specific antibody response that was both quanti-
tatively and qualitatively greater than that of the other vectors and
that was very similar to that of wt RSV.

The induction of HPIV3-neutralizing serum antibodies was
evaluated by a PRNT, in the presence of complement. This
showed that all of the vectors induced high antibody titers. The
titer was greatest for the empty vector and generally was somewhat
lower for vectors bearing the RSV F gene (Fig. 5C), likely reflecting
the reduced replication of the constructs (Fig. 4).

Protection against RSV challenge. The immunized hamsters
from the experiment shown in Fig. 5 were challenged 30 days
postimmunization with 10° PFU of wt RSV administered i.n. The
viral loads in the nasal turbinates and lungs on day 3 after chal-
lenge were determined by plaque titration of tissue homogenates.
In the nasal turbinates (Fig. 6A), the construct expressing the pre-
fusion DS form of RSV F was the most protective of the vectors,
although the difference was not significant. In the lungs (Fig. 6B),
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each of the vectors expressing RSV F completely restricted RSV
replication in 5/6 animals in each group, with the exception of the
postfusion construct, which was less restrictive. Wt RSV conferred
nearly complete resistance in the nasal turbinates and complete
resistance in the lungs, but this high level of protection was aided
by three factors: (i) wt RSV replicated up to 1,000-fold more effi-
ciently than the attenuated rB/HPIV3-RSV-F vectors; (ii) wt RSV
expressed both RSV neutralization antigens, G and F; and (iii) wt
RSV expressed all of the other RSV proteins as potential antigens
for cellular immunity, which is known to be effective in protection
in short-term RSV challenge studies (35).

Stability of RSV F protein expression during replication in
vivo. The stability of expression of RSV F protein during replica-
tion in vitro and in vivo was evaluated by examining the virus
stocks used for immunization, as well as the homogenates of ham-
ster nasal turbinates and lungs from days 3 and 5, from the study
shown in Fig. 4. This was done using a fluorescence double-stain-
ing plaque assay to simultaneously detect the RSV F and HPIV3
proteins. The results are summarized in Table 1, and fluorographs
of plaque staining for two representative in vivo specimens are
shown in Fig. 7 and 8. In general, the expression of unmodified
RSV F protein (non-HEK/non-opt) was substantially stable, and
the stability of RSV F expression was not affected by modifications
(DS, postfusion, or Ecto) affecting its structure or level of expres-
sion. For the viral stocks, all of the virus plaques present in wells in
which individual plaques could be enumerated were positive for
expression of RSV F and were scored as 100% (Table 1). The same
was true for the majority of tissue homogenate samples (108 out of
120) (Table 1). Note that in some of the lower dilutions that con-
tained too many plaques to clearly distinguish and enumerate,
occasional green plaques could be distinguished, suggesting a very
low background of virus that did not express RSV F (e.g., Fig. 7).
In the other specimens (11 out of 120), there was a greater loss of
RSV F expression, usually <10% of all plaques (Table 1). Only a
single sample (hamster number 511, nasal turbinate, day 3 [Table
1 and Fig. 8]) had 14% RSV F expression, whereas the lung spec-
imen from the same animal had 100% expression (Table 1). There
was no evidence that loss of RSV F expression increased progres-
sively over time, so neither enhanced expression nor structural
stabilization of RSV F reduced the genetic stability of the RSV F
insert in the vector during replication in vivo.

DISCUSSION

RSV is a major pediatric respiratory pathogen causing a significant
disease burden worldwide, particularly in developing countries.
Despite decades of effort, a licensed RSV vaccine is still elusive.
Live attenuated RSV strains and live attenuated viral vectors ex-
pressing RSV protective antigens (especially the F protein) are
currently being developed as intranasal vaccines for infants and
children (reviewed in references 36, 37, and 38). The B/HPIV3
vector expressing the RSV F protein, as evaluated in the present
study, has a number of potential advantages compared to a live-
attenuated RSV vaccine strain. As noted (see the introduction),
the vector provides a bivalent vaccine against RSV and HPIV3, the
latter virus being second in importance only to RSV as a world-
wide viral agent of severe pediatric respiratory tract diseases. Ad-
ditionally, the use of a PIV vector avoids the poor replication, large
filaments, and poor stability characteristic of RSV, which would
greatly facilitate vaccine manufacture and distribution and would
greatly facilitate extending RSV vaccines to developing countries.
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TABLE 1 Percentages of vaccine virus plaques that expressed RSV F after replication in vivo

Day 3 Day 5
% of vaccine virus plaques % of vaccine virus plaques

Hamster expressing RSV F? Hamster expressing RSV F?
Virus Inoculum no.” Nasal turbinates Lungs no.” Nasal turbinates Lungs
Non-HEK/non-opt 100 469 NA® NA 385 100 100 (n = 1)4

470 100 100 (n=1) 386 100 100 (n = 5)

471 100 100 (n=1) 387 99 100

472 100 (n=1) 100 (n=1) 388 97 100

473 NA 100 (n=1) 389 100 100 (n = 1)

474 100 100 (n=1) 390 100 NA
Non-HEK/opt 100 475 100 NA 391 100 100 (n = 2)

476 100 (n = 5) 100 (n = 5) 392 100 100 (n = 2)

477 100 (n =5) NA 393 100 100

478 98 NA 394 98 100

479 100 (n =5) NA 395 97 100

480 100 (n =5) NA 396 100 100
HEK/opt 100 481 100 NA 397 100 NA

482 100 (n =5) NA 398 100 NA

483 100 NA 399 100 100

484 100 NA 400 100 100 (n = 4)

485 100 (n = 2) 100 (n=1) 401 100 100

486 100 (n=7) 100 (n = 402 100 100
Ecto 100 511 14 100 (n = 4) 427 100 (n = 4) 100 (n = 8)

512 100 NA 428 100 92

513 100 NA 429 100 100

514 100 100 (n=1) 430 100 100

515 100 (n = 3) NA 431 98 100

516 100 100 (n =5) 432 98 100
Postfusion 100 517 100 NA 433 100 100

518 100 100 (n = 8) 434 100 100

519 100 (n = 6) 100 (n = 6) 435 100 100

520 100 100 (n = 3) 436 100 100

521 98 100 (n = 8) 437 100 100

522 100 100 438 100 100
DS 100 523 NA 100 (n=1) 439 98 NA

524 100 NA 440 100 100

525 100 (n = 2) 100 (n=1) 441 100 100

526 100 NA 442 100 100 (n=1)

527 100 NA 443 100 100

528 100 (n=1) 100 (n=1) 444 95 100 (n = 3)

“ Hamster numbers were assigned consecutively to six hamsters in each group.

b The percentage of RSV F-expressing viruses was determined by double-staining plaque assay. It was calculated using the wells on which distinct plaques could be enumerated (i.e.,

<50 plaques per well [Fig. 7]).
¢ NA, no plaque was obtained from the sample due to low titer.

4 Samples with fewer than 10 plaques are marked “(n = x),” where x is their total number of plaques.

A vectored RSV vaccine approach enables immunization with a
stabilized form of the optimal RSV antigen, the highly immuno-
genic prefusion form of RSV F. Stabilized prefusion F cannot be
expressed as part of a live attenuated RSV strain because it is non-
functional in fusion. Stabilized prefusion F protein may provide
better-than-nature priming during the first exposure to RSV an-
tigen in life, in contrast to the metastable native RSV F protein,
which induces a substantial content of suboptimal antibodies
(15).

Also, in experimental animals, immunization with PIV-vec-
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tored F protein delivered as a boost following primary immuniza-
tion with a live attenuated RSV strain was more immunogenic
than a second dose of the live attenuated vaccine (unpublished
observations). Conversely, one disadvantage of a PIV vector ex-
pressing the RSV F protein is that it provides only one of the two
RSV neutralization and major protective antigens and lacks all of
the other RSV proteins as potential antigens for cellular immu-
nity.

Recent clinical evaluation of a version of the rB/HPIV3 vector
expressing an unmodified RSV F insert (MEDI-534) indicated
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FIG 7 Example of fluorescence double-staining plaque titration of a hamster
nasal turbinate homogenate. Vero cells were inoculated with a 10-fold serially
diluted homogenate of nasal turbinates of hamster number 428 (Table 1),
which had been infected with rB/HPIV3 expressing the Ecto form of RSV F.
The cells were incubated under a methylcellulose overlay and subjected to
double staining for RSV F and HPIV3 antigens. The dilution factors are shown
on the left. Shown are staining of duplicate wells for HPIV3 antigens (green)
(A) and RSV F (red) (B) (40) and a merged image (plaques expressing RSV F
are yellow; plaques that express only HPIV3 antigens are green) (C). The
arrows point to a plaque that did not express RSV F in a lower-dilution well. In
panel C, there were no green plaques at the dilutions for which individual
plaques could be counted (10% 10 and 10*), and hence, this sample was
scored “100%” for RSV F expression (Table 1), even though sporadic green
plaques (e.g., the arrow in panel C) were detected against the yellow back-
ground in the 10" dilution.

that it was infectious, well tolerated, and safe in seronegative chil-
dren but displayed poor immunogenicity for RSV F (evaluated in
the absence of complement) and exhibited evidence of substantial
instability of RSV F expression (7). Therefore, current efforts are
focused on improving the immunogenicity and enhancing the
expression and stability of RSV F in this vector.

When the RSV F amino acid sequence was modified by the
HEK assignments to be identical to that of an early passage of the
same strain, the F protein had a slight decrease in F trimer gel
mobility and acquired a hypofusogenic phenotype. It also exhib-
ited an ~2-fold increase in accumulation that might reflect in-
creased stability. A similar effect on fusion activity involving one
of the HEK assignments (position 66) was observed previously in
one version of the live attenuated RSV vaccine candidate AM2-2
(39). However, that mutation also caused a substantial reduction
in RSV growth, and it was unclear whether the reduced syncytium
formation was due directly to the mutation or was a consequence
of reduced growth. The present study demonstrates a direct effect
on syncytium formation. Position 66 in RSV F is part of the site @
epitope in the prefusion structure, and position 101 is inside the
trimer cavity and just at the end of an alpha helix at the C terminus
of the F2 chain that dips into the opening of the cavity (11). Mu-
tation at either site might affect the efficiency of conformational
change during fusion. A GenBank search revealed that most RSV
clinical isolates have the HEK assignments (data not shown), in-
dicating they are representative of circulating RSV. We suggest
that the presence of the HEK assignments in early-passage RSV
strain A2, and their substitution in later-passage strain A2, reflects
an adaptation to cell culture that resulted in a hyperfusogenic
phenotype and increased growth. While the HEK version of RSV F
may be a closer match to circulating strains, its effect of reducing
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FIG 8 Example of fluorescence double staining of plaques from a hamster
nasal turbinate homogenate with only 14% of recovered vaccine viruses ex-
pressing RSV F. Homogenates of nasal turbinates from hamster number 511
(Table 1), which had been infected with rB/HPIV3 expressing the Ecto form of
RSV F, were prepared as a 10-fold dilution series, inoculated onto LLC-MK2
cells, incubated under a methylcellulose overlay, and subjected to double stain-
ing for RSV F and HPIV3 antigens as described for Fig. 7. The dilution factors
are shown on the left. Shown are staining of duplicate wells for HPIV3 antigens
(green) (A) and RSV F (red) (40) (B) and a merged image (plaques expressing
RSV F are yellow; plaques that express only HPIV3 antigens are green) (C).

RSV replication probably would make it unsuitable for inclusion
in a live attenuated RSV strain, since impaired growth in vitro
would complicate vaccine manufacture. However, HEK F protein
can be readily accommodated as a passenger in a heterologous
vector, such as rB/HPIV3.

Codon optimization provided a modest increase in expression
that was additive to that of the HEK mutations, resulting in an
aggregate 5-fold increase in expression. However, this did not re-
sult in significant increases in RSV-neutralizing serum titers or
protective efficacy in the hamster model. Increased expression of
viral antigen typically provides increased immunogenicity (40,
41), and we previously observed that a 30- to 69-fold increase in
the expression of RSV F from position 1 or 2 versus 6 in the rB/
HPIV3 vector induced significant increases in protective efficacy
in hamsters (23). It may be that any increase in immunogenicity
due to the modest increase in antigen expression in the present
study was simply too small to be reliably detected. It also may be
that codon optimization for human expression might not be ef-
fective in hamsters. Whether this 5-fold increase in expression and
the presence of the HEK assignments might confer increased im-
munogenicity and protection in a more permissive primate host,
or against circulating virus bearing HEK assignments, remains to
be seen.

As a subunit vaccine evaluated in experimental animals, prefu-
sion DS RSV F protein induced higher titers of neutralizing anti-
bodies than the postfusion form (17). However, it was not clear if
in vivo expression of a stabilized prefusion form would be advan-
tageous, since unmodified F protein expressed in vivo presumably
is primarily in the prefusion form. Also, whether these novel forms
could be efficiently expressed by a live viral vector, and what ef-
fects they might have on vector attenuation, insert stability, im-
munogenicity, and other factors, were unknown. We found that
all of the inserts were well tolerated and efficiently expressed by the
rB/HPIV3 vector and that prefusion DS F was the most immuno-
genic and protective among the vectored forms of F. Surprisingly,
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prefusion DS RSV F was the only vectored form that induced a
high titer of RSV-neutralizing antibodies detected in the comple-
ment-independent assay, which also was observed with wt RSV.
The titers of these “high-quality” antibodies were similar for pre-
fusion DS F and wt RSV, which was remarkable, given that the
vector replicated 100- to 1,000-fold less efficiently than wt RSV in
vivo and expressed only one of the two RSV neutralization anti-
gens.

In contrast, the postfusion form of F was very inefficient in
inducing neutralizing antibodies detected by the complement-in-
dependent assay and also was the least immunogenic form in the
complement-containing assay. The postfusion form also allowed
the greatest challenge virus replication in the lower respiratory
tract. These findings indicate that, despite its high level of stability
(42), the postfusion form is poorly immunogenic, particularly for
high-quality RSV-neutralizing antibodies. The possibility that this
might be due to its secreted expression seems unlikely, because the
Ecto form, which also is secreted and thus serves as a control, did
not have similar reductions in immunogenicity and protection.
Therefore, the postfusion conformation appears to have reduced
immunogenicity and efficacy when expressed from a vector.

It was somewhat surprising that all of the vectored forms of F
other than prefusion DS were very inefficient in inducing neutral-
izing antibodies detected by the complement-independent assay,
in contrast to wt RSV. This could not be attributed solely to their
inefficient expression of prefusion F protein. For example, the
HEK/opt construct expressed a substantial level of cell surface
prefusion RSV F protein yet did not induce RSV-neutralizing se-
rum antibodies detected by the complement-independent assay.
One possible explanation is that, because vector-expressed F pro-
tein is not actively packaged into the vector particle and is not
secreted, it presumably depends on necrosis or apoptosis to gain
exposure to the immune system, and it may be that the F protein
becomes substantially denatured or triggered during the time
needed for this to occur. This would be countered by stabilization
of the prefusion conformation by the DS mutation. In the case of
wt RSV, the F protein may be somewhat stabilized by the presence
of other viral structural proteins (such as G or M), and it may be
that packaging of the F protein into the RSV virion provides a
more rapid and efficient means of antigen presentation in a native
state. It also is noteworthy that the non-HEK/non-opt construct is
very similar to the MEDI-534 construct that was previously eval-
uated in clinical studies and induced low titers of RSV-neutraliz-
ing antibodies in young children when quantified by a comple-
ment-independent assay (7). The present results suggest that (i)
the immunogenicity of MEDI-534 might appear substantially
greater if the assays were performed in the presence of comple-
ment (as is commonly done in pediatric RSV vaccine trials [36])
and (ii) the prefusion DS construct provides a much more immu-
nogenic vaccine candidate.

Despite inducing serum RSV-neutralizing antibodies at levels
similar to that of wt RSV, the prefusion DS construct provided
marginally lower protection against wt RSV challenge in the upper
respiratory tract than the wt RSV control. The marginally greater
protection induced by wt RSV may reflect a contribution from the
RSV G protein, which is the other major RSV neutralization and
protective antigen. For example, in an earlier study, rB/HPIV3
vectors that expressed RSV G or RSV F were indistinguishable in
the levels of RSV-neutralizing serum antibodies and protection
against RSV challenge induced in the hamster model (22), con-
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firming that G is an important neutralization and protective anti-
gen in this system. Another factor is that wt RSV expresses all of
the other RSV proteins, providing additional antigens for stimu-
lating cellular responses that can be highly protective in short-
term studies in rodents. Nonetheless, expression of the DS form of
the F protein by the rB/HPIV3 vector was almost as protective as
wt RSV expressing all of the viral antigens, even though (as noted)
the latter virus was administered at a 10-fold-higher dose and
replicated to up to a 1,000-fold-higher titer. The ability of the DS
construct to induce levels of neutralizing antibodies and protec-
tion comparable to those of wt RSV despite all the factors men-
tioned above clearly indicates the superior performance of the DS
form of RSV F as a neutralization and protective antigen.

As noted (see the introduction), the previously evaluated
MEDI-534 vaccine had evidence of substantial instability of the
RSV F insert during replication in young children that likely re-
duced its immunogenicity. Analysis of shed vaccine virus demon-
strated (i) mutations in the transcription termination sequence
preceding the RSV F insert expected to promote read-through
transcription and downregulate translation of RSV F and (ii) mu-
tations introducing stop codons within the RSV F OREF, also ex-
pected to reduce F expression. In addition, 2.5% of the MEDI-534
clinical trial material had lost expression of RSV F during prepa-
ration in vitro. Our experience in this study and a previous study
(23) is that some vector preparations indeed can have a substantial
background of virus that fails to express RSV F but that this ap-
pears to be a sporadic occurrence, and most preparations have a
very low background, as observed in the present study. Similarly,
there occasionally was evidence of loss of expression in vivo in a
small subset of specimens. There may be selective pressure favor-
ing amplification of vector that has lost the expression of RSV F,
but this appears to be a minor effect, and there was not a progres-
sive accumulation. None of the manipulations in the present or
previous study appeared to increase the frequency of inactivation
of expression of the RSV F insert. Thus, while loss of expression of
RSV F occurs (and certainly would be expected given the high
error rate of this type of virus), it is at a relatively low level. Insta-
bility probably can be controlled by placing RSV F at the first
position before the BPIV3 N gene so that no gene end signal pre-
cedes it. Also, careful monitoring can detect and exclude the spo-
radic loss of expression in virus preparations.

In summary, we modified the rB/HPIV3-RSV F vaccine—a
candidate that has previously been in clinical trials—by codon
optimization, by changing the RSV F amino acid sequence to be
identical to an early passage of strain A2, and by expressing stabi-
lized prefusion and postfusion forms. The prefusion DS construct
was unique among the vectors in inducing a remarkably high titer
of RSV-neutralizing antibodies detected by a complement-inde-
pendent assay, in sharp contrast to a construct that is very similar
to the previously evaluated MEDI-534 vaccine candidate. The pre-
fusion construct should be further developed as a pediatric RSV/
HPIV3 vaccine candidate.
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