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ABSTRACT Respiratory syncytial virus (RSV) is the most important viral agent of se-
vere pediatric respiratory tract disease worldwide, but it lacks a licensed vaccine or
suitable antiviral drug. A live attenuated chimeric bovine/human parainfluenza virus
type 3 (rB/HPIV3) was developed previously as a vector expressing RSV fusion (F)
protein to confer bivalent protection against RSV and HPIV3. In a previous clinical
trial in virus-naive children, rB/HPIV3 was well tolerated but the immunogenicity of
wild-type RSV F was unsatisfactory. We previously modified RSV F with a designed
disulfide bond (DS) to increase stability in the prefusion (pre-F) conformation and to
be efficiently packaged in the vector virion. Here, we further stabilized pre-F by add-
ing both disulfide and cavity-filling mutations (DS-Cav1), and we also modified RSV F
codon usage to have a lower CpG content and a higher level of expression. This RSV
F open reading frame was evaluated in rB/HPIV3 in three forms: (i) pre-F without vector-
packaging signal, (ii) pre-F with vector-packaging signal, and (iii) secreted pre-F ect-
odomain trimer. Despite being efficiently expressed, the secreted pre-F was poorly
immunogenic. DS-Cav1 stabilized pre-F, with or without packaging, induced higher
titers of pre-F specific antibodies in hamsters, and improved the quality of RSV-
neutralizing serum antibodies. Codon-optimized RSV F containing fewer CpG di-
nucleotides had higher F expression, replicated more efficiently in vivo, and was
more immunogenic. The combination of DS-Cav1 pre-F stabilization, optimized
codon usage, reduced CpG content, and vector packaging significantly improved
vector immunogenicity and protective efficacy against RSV. This provides an im-
proved vectored RSV vaccine candidate suitable for pediatric clinical evaluation.

IMPORTANCE RSV and HPIV3 are the first and second leading viral causes of severe
pediatric respiratory disease worldwide. Licensed vaccines or suitable antiviral drugs
are not available. We are developing a chimeric rB/HPIV3 vector expressing RSV F as
a bivalent RSV/HPIV3 vaccine and have been evaluating means to increase RSV F im-
munogenicity. In this study, we evaluated the effects of improved stabilization of F
in the pre-F conformation and of codon optimization resulting in reduced CpG con-
tent and greater pre-F expression. Reduced CpG content dampened the interferon
response to infection, promoting higher replication and increased F expression. We
demonstrate that improved pre-F stabilization and strategic manipulation of codon
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usage, together with efficient pre-F packaging into vector virions, significantly in-
creased F immunogenicity in the bivalent RSV/HPIV3 vaccine. The improved immu-
nogenicity included induction of increased titers of high-quality complement-
independent antibodies with greater pre-F site Ø binding and greater protection
against RSV challenge.

KEYWORDS bronchiolitis, fusion protein, human parainfluenza virus type 3,
intranasal vaccine, live attenuated vaccine, live vaccine, pneumonia, prefusion,
respiratory syncytial virus

Human respiratory syncytial virus (RSV) is the leading cause of viral pneumonia and
bronchiolitis in infants and young children worldwide (1, 2). It is a major cause of

global infant mortality and, as a single agent, is second only to malaria (3). Primary RSV
infection occurs early in life, and pediatric infections are responsible for up to 4 million
hospitalizations and an estimated 66,000 to 199,000 deaths in children under 5 years of
age every year worldwide (4). The global annual death rate at all ages ranges from
200,000 to 500,000 (3). No licensed RSV vaccine or suitable antiviral is available.
Formalin-inactivated RSV primed for vaccine-enhanced disease in virus-naive children,
and purified RSV subunits appeared to prime for enhanced pulmonary pathology in
experimental animals (5–7). However, live attenuated RSV strains and live attenuated
parainfluenza virus type 3 (PIV3) vector expressing RSV fusion (F) protein are not
associated with this risk (8, 9).

Human PIV3 (HPIV3) is second only to RSV as a major cause of acute viral lower
respiratory tract (LRT) infection in young children worldwide (2, 10). An attenuated
chimeric bovine/human PIV3 (rB/HPIV3) virus expressing the RSV fusion F glycoprotein,
the major conserved RSV neutralization and protective antigen, was developed as a
bivalent HPIV3/RSV vaccine (11, 12). The PIV3 genome contains six genes in the order
of nucleoprotein (N), phosphoprotein (P), matrix protein (M), fusion glycoprotein (F),
hemagglutinin-neuraminidase glycoprotein (HN), and polymerase (L) (Fig. 1). The rB/
HPIV3 vector consists of bovine PIV3 (BPIV3), which is attenuated in primates, in which
the F and HN genes have been replaced by their HPIV3 counterparts (Fig. 1) (13).
rB/HPIV3 expressing unmodified RSV F, called MEDI-534, was previously developed and
evaluated by MedImmune in a phase 1 clinical trial in virus-naive children. This
construct appeared to be satisfactorily attenuated and well tolerated, which is a major
advantage for further development of this vector system, but it was not sufficiently
immunogenic for RSV F (8) and thus was not advanced for further clinical evaluation.
More recently, we have systematically explored strategies for increasing the immuno-
genicity of RSV F expressed from this vector, resulting in substantially improved
constructs (14, 15).

RSV F mediates fusion of the viral envelope with the host cell plasma membrane
during entry through an irreversible conformational change from the prefusion (pre-F)
to the postfusion (post-F) form (16–18). The pre- to post-F conformational change is
concomitant with the loss of highly sensitive neutralizing epitopes present exclusively
in pre-F, including a major neutralization site, called site Ø, as well as other sites
identified recently (19–21). Antibodies that bind to pre-F-specific epitopes contribute to
most of the neutralizing activity in human sera induced by natural infection (22, 23).
The pre-F conformation is intrinsically metastable but can be stabilized with mutations
identified by structure-based design (24, 25). One set of pre-F stabilizing mutations
(S155C-S290C) introduces a disulfide bond (DS) that enhanced the immunogenicity of
RSV F expressed by the rB/HPIV3 vector (14, 15). Additional structure-based mutations
that further stabilize the pre-F conformation and/or increase RSV F protein expression
may further improve the vector’s immunogenicity for RSV. For example, two hydro-
phobic substitutions (S190F-V207L), called Cav1, fill cavities in the pre-F trimer and
further stabilize the pre-F head and site Ø when introduced in addition to DS (25).
Recombinant RSV F with DS-Cav1 was more immunogenic than the DS version as a
subunit vaccine when injected with an adjuvant in mice and monkeys (25). However,
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the effect of adding Cav1 to DS in the context of vector-expressed RSV F had not been
investigated.

The F glycoproteins of RSV and HPIV3 are packaged into their respective virions
through an envelope-anchored transmembrane and a cytoplasmic tail (TMCT) domain
(15, 26). Packaging of unmodified RSV F into rB/HPIV3 virions is very inefficient but can
be greatly enhanced by replacing its TMCT with that of the vector BPIV3 F protein,
resulting in a modification called B3TMCT that has been described previously (15). This
modification improved the quantity and quality of the RSV-neutralizing serum antibody
response in hamsters and monkeys (15). The RSV F ectodomain, lacking the TMCT
domain, is expressed as a secreted post-F form (12, 14, 17). A secreted post-F expressed
by rB/HPIV3 vector was much less immunogenic than the membrane-associated or the
vector virion-packaged pre-F B3TMCT in hamsters (14). However, the immunogenicity
of vector-expressed, secreted stabilized RSV pre-F has been unknown.

Increasing the magnitude of antigen expression by codon optimization can improve
the immunogenicity of live viral vaccines and DNA vaccines (27–29). Previously, opti-
mization of RSV F codon usage by GeneArt (Life Technologies) significantly increased
its expression in cell culture by the rB/HPIV3 vector (14), but an increase in immuno-
genicity was not observed in the semipermissive hamster model. Commercial sources
of codon optimization typically use different algorithms. For example, some simply
avoid the rare codons and use only the most frequent codons, while others resemble
the codon usage pattern of the target organism. Their consideration of GC content,
secondary mRNA structure, cis-regulatory elements, and other factors might also be
different. Altered codon usage may alter the composition of immune-stimulatory CpG

FIG 1 Design of rB/HPIV3 vectors expressing various forms of RSV F. The genome of rB/HPIV3 is shown at the top. BPIV3 genes are orange,
and HPIV3 F and HN genes are unfilled. The gene start and gene end sequences flanking each gene are illustrated as narrow light-gray
and dark-gray bars, respectively. RSV F was inserted between the N and P genes at the AscI site. Eleven different forms of RSV F, i to xi,
are shown and are described in the Results. Briefly, construct i, non-HEK/non-opt, is unmodified wt RSV F (light blue) and is a close
facsimile of MEDI-534, which was previously evaluated in seronegative children (8). All other constructs contain the two HEK assignments
(**). Constructs ii to vii were codon optimized by GeneArt (GA; dark blue); constructs viii to xi were codon optimized by GenScript (GS;
medium blue). Other modifications (which are all indicated in the names of the constructs) include DS (�) and Cav-1 (��) amino acid
substitutions, replacement of the transmembrane and cytoplasmic tail domains of RSV F with their counterparts from BPIV3 F protein
(B3TMCT; red), and deletion of the RSV F TMCT and replacement with a phage T4 foldon sequence at the C terminus (horizontal purple
squiggle in construct xi). Constructs that are aligned horizontally (ii and viii, vi and ix, and vii and x) are identical except for GA versus GS
codon optimization. Names of constructs that were made in the present study (vi to xi) are in boldface; names of previously made
constructs are in regular font. The illustration is not drawn to scale.
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elements and potentially immunogenic pathogen-associated molecular pattern (PAMP)
enhancer motifs in the viral genome, which can affect the host interferon (IFN) response
to infection and consequently the replication and immunogenicity of a live viral vaccine
(30–32). Thus, the optimal codon usage for a live vaccine may need to be determined
empirically.

In the present study, we systematically evaluated the effects of increased pre-F
stabilization, packaging of the improved pre-F into vector virions, expression of se-
creted soluble pre-F trimers, and alternative algorithms of codon optimization and CpG
content for RSV F in the context of the rB/HPIV3 vector. We demonstrated iterative
improvements in the immunogenicity of RSV F with some of these modifications and
identified a much-improved candidate vaccine suitable for clinical evaluation.

RESULTS
Generation of rB/HPIV3 vectors with modified RSV F constructs. Figure 1

illustrates the 11 RSV F constructs evaluated in the present study, each expressed from
the second gene position of the rB/HPIV3 vector. Constructs i to v are from previous
studies (14, 15, 33), and constructs vi to xi were made in the present study. Construct
i in Fig. 1, non-HEK/non-opt, encodes unmodified wild-type (wt) RSV F and thus is
similar to MEDI-534, which was previously evaluated in seronegative children (see
Introduction) (8). The other constructs in Fig. 1, ii to xi, are based on the same wt RSV
F amino acid sequence as that for construct i and bear the two HEK amino acid
assignments of 66E and 101P that make the encoded F protein identical at the amino
acid level to an early passage of strain A2 (34). We previously found that the HEK
assignments confer a modestly increased level of expression and substantially reduced
fusion activity compared to non-HEK (14); thus, they may make F more stable and less
prone to triggering. Other features of constructs ii to xi in Fig. 1 are as follows. Construct
ii, GA, and viii, GS, are parallel constructs that encode HEK RSV F that has been codon
optimized by, respectively, GeneArt (GA) and GenScript (GS). Thus, these two constructs
compare the effects of GA versus GS.

Constructs iii, GA/DS, iv, GA/B3TMCT, and v, GA/DS/B3TMCT, encode GA-optimized
HEK RSV F with DS mutations S155C and S290C (iii), the RSV F TMCT replaced with that
of BPIV3 F (B3TMCT mutation) (iv), or the combined DS and B3TMCT mutations (v).
Thus, these constructs evaluate the effects of DS versus B3TMCT versus DS plus B3TMCT
in a GA backbone.

Constructs vi, GA/DS-Cav1, and vii, GA/DS-Cav1/B3TMCT, encode GA-optimized HEK
RSV F with the DS mutations plus Cav1 mutations S190F and V207L (DS-Cav1) (vi) or
DS-Cav1 combined with B3TMCT (vii). Thus, these constructs compare the effects of
DS-Cav1 versus DS-Cav1 plus B3TMCT in a GA background.

Constructs ix, GS/DS-Cav1, and x, GS/DS-Cav1/B3TMCT, encode GS-optimized HEK
RSV F, with DS-Cav1 (ix) or DS-Cav1 combined with B3TMCT (x), in a GS background.
Thus, these constructs are parallel to constructs vi and vii, differing only in GA (vi and
vii) versus GS (ix, x).

Construct xi, GS/DS-Cav1/Foldon, encodes the GA-optimized, 513-residue HEK RSV
F ectodomain with DS-Cav1 mutations and the bacteriophage T4 fibritin trimerization
domain (called foldon) fused at the C terminus.

These rB/HPIV3-RSV-F vector constructs were designed to be identical apart from
the indicated changes to the RSV F open reading frame (ORF) or protein. Each F insert
was inserted at the AscI site between the N and P genes in the rB/HPIV3 genome (Fig.
1) and was under the control of the same set of BPIV3 gene start and gene end
transcription signals. All constructs were consistent with the “rule of six” (35, 36) for
genome length. All of the viruses were readily rescued and grew to titers higher than
7.5 log10 50% tissue culture infectious doses (TCID50)/ml in LLC-MK2 cells (see below).
Viral sequences were analyzed by automated sequencing of uncloned reverse
transcription-PCR (RT-PCR) products representing the complete genomes, except for
the very ends, due to priming there by synthetic oligonucleotides. The constructs were
confirmed to be as designed and free of adventitious mutations.
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Replication of rB/HPIV3 vectors in cell culture. Multicycle replication of rB/HPIV3
vectors was evaluated in Vero cells (Fig. 2). The GA, GS, and non-HEK/non-opt con-
structs replicated with similar kinetics and were slightly more attenuated than the
empty vector (Fig. 2A). Replication in vitro was not significantly affected by the DS-Cav1
mutations (Fig. 2B) or the B3TMCT mutation (Fig. 2C), by GA versus GS optimization (Fig.
2A to C), or by secreted RSV F with the C-terminal foldon (Fig. 2D).

Expression of modified forms of RSV F. To evaluate the expression of RSV F, Vero
cells were infected at a multiplicity of infection (MOI) of 10 TCID50 per cell with various
constructs, and the expression of RSV F was evaluated by Western blotting of cell
lysates prepared at 48 h postinfection (p.i.) (Fig. 3A to D). RSV F was detected as the
70-kDa F0 uncleaved precursor and the 50-kDa F1 subunit of the cleaved form using a
mouse monoclonal antibody (MAb). GA was expressed at a 5-fold higher level than the
nonoptimized wt RSV F (non-HEK/non-opt) (Fig. 3A and B, lanes 2 and 3). GS conferred
a further 2-fold increase in expression compared to GA (Fig. 3A and B, lanes 3 and 4),
yielding a total 9.4-fold increase in protein expression for GS versus non-HEK/non-opt
(Fig. 3A and B, lanes 2 and 4). The DS and DS-Cav1 mutations reduced the cleavage
efficiency of F0 (Fig. 3C, compare lanes 4 and 5 to lane 3). Inclusion of the B3TMCT
mutation significantly increased expression of the GA/DS and GA/DS-Cav1 constructs
(Fig. 3C, compare lanes 6 and 7 to lanes 4 and 5, respectively). The effects of DS-Cav1
in reducing F0 cleavage and B3TMCT in increasing RSV F expression were also observed
with respective constructs optimized by GS (Fig. 3D, lane 1 to 3). The foldon construct
(GS/DS-Cav1/Foldon) was detected predominantly as F0 in cell lysates but only as F1

secreted in the culture medium (Fig. 3D, lane 6). The expression of GS-optimized RSV
F by the rB/HPIV3 vector was more efficient than that of unmodified RSV F by wt RSV
(Fig. 3D, lanes 1 and 4).

The relative quantity of RSV F on the surface of cells infected with various GS-
optimized constructs was determined by flow cytometry analysis (Fig. 3E). Vero cells
were infected at an MOI of 5 TCID50 per cell and analyzed at 48 h p.i. As expected, due
to the lack of a TM domain, the pre-F foldon construct had the least surface expression
(Fig. 3E, orange). The inclusion of the DS-Cav1 mutations substantially reduced the
surface expression of RSV F (Fig. 3E, pink), probably due to the reduced cleavage
efficiency noted previously. The inclusion of the B3TMCT mutation into DS-Cav1
increased surface expression (Fig. 3E, green), in agreement with the effect on enhanc-
ing total expression (Fig. 3C, lanes 6 and 7, and D, lane 3).

Characterization of RSV F packaged in the rB/HPIV3 virions. We previously
showed that the B3TMCT mutation confers enhanced packaging of RSV F in rB/HPIV3
virions (15). Since the GS modification increased the expression of cell-associated RSV
F protein (Fig. 3A), we examined whether it also increased the amount of RSV F
packaged into vector virions. The packaging efficiency of GA- and GS-optimized

FIG 2 Multicycle replication of rB/HPIV3 vectors in Vero cells. Vero cells were infected with rB/HPIV3 vectors at an MOI of 0.01 TCID50 per cell. Viral replication
over a period of 6 days was examined at 24-h intervals by withdrawing a sample of tissue culture medium for TCID50 titration. Replication kinetics of empty
vector rB/HPIV3, non-HEK/non-opt, GA, and GS (A); empty vector, GS, GS/DS-Cav1, and GA/DS-Cav1 (B); empty vector, GS, GS/DS-Cav1/B3TMCT, and
GA/DS-Cav1/B3TMCT (C); empty vector, GS/DS-Cav1, and GS/DS-Cav1/Foldon (D).
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DS-Cav1/B3TMCT was compared by Western blotting of sucrose gradient-purified
viruses (Fig. 4A). The GS/DS-Cav1/B3TMCT construct had a 23% increase in packaging
compared to GA/DS-Cav1/B3TMCT (Fig. 4A, lane 3 versus lane 4), indicating that
increased intracellular expression did result in increased packaging. The packaging of
GA/DS-Cav1/B3TMCT and GS/DS-Cav1/B3TMCT was 9.0-fold and 11.1-fold greater, re-
spectively, than that of the GS construct lacking pre-F stabilization or packaging signals
(Fig. 4A, lanes 4 and 3 versus lane 2).

The conformation of virion-packaged RSV F was evaluated with a virion dot blot
assay. (Note that all of the constructs in this comparison contained the B3CT or B3TMCT
mutations that confer efficient packaging.) Virus stocks were blotted onto a nitrocel-
lulose membrane and then incubated with RSV F epitope-specific MAbs. The MAbs D25
and 5C4 bind to site Ø in pre-F and bind only to pre-F; AM14 spans a quaternary
epitope between sites V and IV across two protomers and binds only to trimeric pre-F;
1129 and motavizumab bind to site II, which is present in both pre-F and post-F, and
thus quantifies the total amount of F (16, 17, 20, 23, 37). Images of representative dot
blots are shown as examples (Fig. 4B). The intensity of binding by D25, 5C4, or AM14

FIG 3 Expression of various forms of RSV F by rB/HPIV3 vectors. (A to D) Vero cells in 12-well plates were infected with rB/HPIV3 vectors expressing various
forms of RSV F at an MOI of 10 TCID50 per cell or with wt RSV at an MOI of 3 PFU per cell as a control. Cultures were harvested 48 h p.i., and cell-associated
(cell monolayer) and -secreted (clarified cell culture medium overlay) F protein was evaluated by Western blotting using antibodies conjugated to infrared dyes.
(A) Cell-associated expression of RSV F1 and F0 and HPIV3 HN protein in monolayers infected with empty vector (lane 1), non-HEK/non-opt (lane 2), GA (lane
3), GS (lane 4), or mock infected (lane 5). A lane from the original image between the present lanes 3 and 4 was removed to make this figure. The removed
lane represented rB/HPIV3 expressing another codon-optimized (DNA2.0) RSV F that was removed because it was not included in the present manuscript. (B)
Quantification of RSV F1 � F0 band densities from the experiment shown in panel A, as well as two additional replicate wells per construct from the same
experiment, with values normalized to lane 2 (non-HEK/non-opt) set at a value of 1.0. Error bars indicate the standard errors of the means (SEM). (C)
Cell-associated expression of RSV F1 and F0 and HPIV3 HN protein in monolayers infected with empty vector (lane 1), non-HEK/non-opt (lane 2), GA (lane 3),
GA/DS (lane 4), GA/DS-Cav1 (lane 5), GA/DS/B3TMCT (lane 6), GA/DS-Cav1/B3TMCT (lane 7), or mock infected (lane 8). Two lanes from the original image
between the present lanes 5 and 6 were removed to make this figure. The removed lanes represented rB/HPIV3 expressing RSV F GA/DS and GA/DS-Cav1, each
containing BPIV3 CT instead of TMCT, and the lanes were removed because these viruses were not included in the present manuscript. (D) Cell-associated (upper
and lower) and secreted (middle) expression of RSV F1 and F0 and HPIV3 HN protein in cell cultures infected with GS (lane 1), GS/DS-Cav1 (lane 2),
GS/DS-Cav1/B3TMCT (lane 3), wt RSV (lane 4), mock infected (lane 5), and GS/DS-Cav1/Foldon (lane 6). (E) Vero cells in 12-well plates were infected at an MOI
of 5 TCID50 per cell with empty rB/HPIV3 vector (black), GS (blue), GS/DS-Cav1 (pink), GS/DS-Cav1/B3TMCT (green), and GS/DS-Cav1/Foldon (orange). Cultures
were harvested 48 h p.i., and surface expression of RSV F was determined by flow cytometry analysis of nonpermeabilized cells. The histogram plot (left) shows
surface expression of RSV F of live infected single cells, with the y axis indicating the normalized cell count and the x axis the intensity of RSV F staining. The
vertical dashed line indicates gating between RSV F negative versus positive cells. The median fluorescence intensities (MFI) are shown in the right panel.
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was normalized to that of either 1129 or motavizumab. This quantified the amount of
pre-F present in virions relative to the total amount of F (Fig. 4C to E). For comparison,
we included a previously described hyperfusogenic RSV F construct, GA/B3CT (15),
which consists of GA-optimized RSV F with the CT domain replaced by that of BPIV3
(not shown in Fig. 1).

The hyperfusogenic GA/B3CT had low ratios of 5C4/1129, AM14/motavizumab, and
D25/motavizumab, illustrating a low relative proportion of pre-F to total F (Fig. 4C, D,
and E, lanes 1). In contrast, modification of RSV F by inclusion of the B3TMCT mutation
in place of B3CT increased the proportion of pre-F (Fig. 4C, D, and E, lanes 2). The further
inclusion of the DS mutations increased the proportion of pre-F (Fig. 4C, D, and E, lanes
3), and this was further increased by the addition of the Cav1 mutations (lanes 4, GA
optimized; lanes 5, GS optimized). Vectors with RSV F stabilized by DS or DS-Cav1, in

FIG 4 Characterization of RSV F packaged in the rB/HPIV3 virions. (A) Quantification of the relative amount of RSV F packaged in rB/HPIV3
virions. Two micrograms of sucrose gradient-purified virions for r/B/HPIV3 empty vector (lane 1), GS (lane 2), GS/DS-Cav1/B3TMCT (lane
3), and GA/DS-Cav1/B3TMCT (lane 4) was subjected to Western blot analysis as described previously (15). As shown in the upper panel,
protein bands were visualized by antibodies conjugated to infrared dyes: RSV F was visualized in green and the BPIV3 N protein in red.
The ratio of RSV F to BPIV3 N in each gel lane was calculated and normalized to that of GS set at 1.0 and is shown in the lower panel.
Seven lanes from the original image between the present lanes 2 and 3 were removed to make this figure. The removed lanes represented
other constructs, controls, and size markers not needed in this figure. (B to E) Determination of the relative content of RSV pre-F protein
in virions of GA/B3CT (lane 1), GA/B3TMCT (lane 2), GA/DS/B3TMCT (lane 3), GA/DS-Cav1/B3TMCT (lane 4), GS/DS-Cav1/B3TMCT (lane 5),
and wt RSV (lane 6). Viral stocks (clarified cell culture medium supernatants) were blotted as dots on replicate nitrocellulose membrane
strips. The dilution factor for each virus was determined as described in Materials and Methods. The dot blots were analyzed with MAbs
specific for RSV pre-F protein, namely, D25, AM14, and 5C4, or with MAbs that bind to both pre- and post-F protein, namely, 1129 and
motavizumab (Mota). (B) Representative dot blots. (C to E) Relative binding intensities of the MAbs 5C4 (C), AM14 (D), and D25 (E), which
quantify pre-F, normalized to the binding intensity of 1129 (C) and motavizumab (D and E), which quantify total F. Each value shown is
an average of duplicate blots.
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combination with B3TMCT, had a greater relative amount of packaged pre-F displayed
on virions than wt RSV (Fig. 4B to E, lanes 3 to 6).

Replication of rB/HPIV3 vectors in hamsters. In vivo replication of vectors ex-
pressing the various forms of RSV F was evaluated in a hamster model. Hamsters were
infected intranasally (i.n.) with 105 TCID50 of the various vectors or 106 PFU of wt RSV.
Nasal turbinates (Fig. 5A) and lungs (Fig. 5B) were collected on days 3 and 5, and viral
titers were determined by TCID50 titration and plaque titration for vectors and RSV,
respectively. In general, vectors containing an RSV F insert replicated to lower titer and
more slowly (i.e., day 5 titer was higher than day 3) than the empty vector (Fig. 5A and
B, lanes 1 to 11), indicating an attenuating effect of the RSV F insert. The magnitude of
the attenuation varied between constructs, although the differences between groups
usually were not statistically significant due to the considerable animal-to-animal
variation within groups in this outbred animal model. The GS construct replicated with
efficiency similar to that of the non-HEK/non-opt construct (Fig. 5A and B, lanes 2 and
3). In comparison, constructs optimized by GA were slightly more attenuated than the
respective constructs optimized by GS (Fig. 5A and B, lanes 5 versus 6 and lanes 9
versus 10); this effect was somewhat more evident in the lungs than in the nasal
turbinates, although the differences between comparable GA and GS constructs were
not statistically significant. The presence of pre-F stabilizing mutations (e.g., Fig. 5A and
B, lanes 3 versus 6) or B3TMCT (lanes 4 versus 8) in either GA- or GS-based constructs
increased the attenuating effect of the insert. In general, the presence of GA optimi-
zation combined with pre-F stabilization and/or the B3TMCT mutation was associated
with the greatest attenuation (e.g., Fig. 5A, lanes 7 and 8, and B, lanes 7, 8, and 9). The
GS/DS-Cav1/Foldon construct replicated with kinetics similar to those of the other
GS-optimized constructs in nasal turbinates (Fig. 5A, lane 11 versus 6 and 10) and was
only somewhat less attenuated than the GS-optimized B3TMCT-containing construct in

FIG 5 Replication of rB/HPIV3 vectors in hamsters. Hamsters were infected i.n. with 105 TCID50 of the indicated rB/HPIV3
construct or 106 PFU of wt RSV. Viral titers in homogenates of the nasal turbinates (A) and lungs (B) from animals sacrificed
on days 3 and 5 after inoculation are shown. Titers of the indicated rB/HPIV3 vectors (lanes 1 to 11) and wt RSV (lane 12) were
determined by TCID50 and plaque assay, respectively, as described in Materials and Methods. Viral titers on days 3 and 5 for
individual animals are shown by open and filled dots, respectively. Mean titers are indicated in the plots by horizontal lines
and by numerical values shown in the table at the top. The limit of detection for TCID50 assay was 2.2 log10 TCID50/g, shown
as a dashed line. The statistical significance of the difference between groups on day 5 was determined by one-way ANOVA
followed by a Tukey-Kramer test. Mean titers of any two groups with the same letter (A, B, or C) are not significantly different.
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lungs (Fig. 5B, lane 11 versus 10), indicating replacing the TMCT with T4 foldon
sequence did not affect vector replication in hamsters.

Immunogenicity and protective efficacy of RSV F expressed by rB/HPIV3 vec-
tors in hamsters. To evaluate the immunogenicity and protective efficacy of the
various rB/HPIV3-RSV-F constructs, additional groups of hamsters were inoculated as
described above for the replication study, and sera were collected on day 28 p.i. Serum
RSV-neutralizing antibody titers were determined by 60% plaque reduction neutraliza-
tion test (PRNT60) with or without added complement (Fig. 6A and B, respectively). On
day 30 p.i., the hamsters were challenged i.n. with 106 PFU of wt RSV. On day 3
postchallenge, wt RSV titers in nasal turbinates and lungs were determined by plaque
assay.

In a PRNT60 performed in the presence of added complement, each of the rB/HPIV3-
RSV-F constructs (Fig. 6A, lanes 2 to 10), except for GS/DS-Cav1/Foldon (Fig. 6A, lane
11), induced high titers of RSV-neutralizing antibodies (�10.0 log2 PRNT60). Thus, the
secreted soluble form of RSV F was poorly immunogenic despite being stabilized in the
highly immunogenic pre-F conformation, as well as in trimers, by the foldon sequence.
Three other GS-optimized constructs, including GS, GS/DS-Cav1, and GS/DS-Cav1/
B3TMCT (Fig. 6A, lanes 3, 6, and 10), induced RSV-neutralizing antibodies at titers
comparable to that induced by wt RSV (Fig. 6A, lane 12). In the case of GS and
GS/DS-Cav1, these higher antibody titers correlated with relatively greater replication
compared to the other vectors. In contrast, the various GA-optimized constructs (Fig.
6A, lanes 4 and 5 and lanes 7 to 9) induced significantly lower antibody titers than wt
RSV (Fig. 6A, lane 12), which correlated with their relatively lower replication compared
to those of the other vectors.

RSV-neutralizing serum antibodies also were assayed in the absence of complement
(Fig. 6B). Antibodies with neutralizing activity under these conditions were termed
“high quality.” As previously reported, the DS and B3TMCT mutations independently
enhanced immunogenicity for high-quality neutralizing antibodies (Fig. 6B, lanes 4 and
7) compared to constructs without DS or B3TMCT mutations, which did not induce

FIG 6 Serum RSV-neutralizing antibody titers induced by rB/HPIV3 vectors and wt RSV in hamsters. Hamster sera collected on day 28
postimmunization were assayed for RSV-neutralizing antibodies by PRNT60. Neutralization titers in the presence (A) or absence (B) of
added complement are shown. Mean titers of sera in each group are shown as bars � standard errors of the means, with mean values
also shown on the top. Each dot indicates an individual animal in the group. Statistical significance of the differences between the
mean titers of various groups versus that of wt RSV (marked with a vertical bar) (A) and versus GS/DS-Cav1/B3TMCT (marked with a
vertical bar) (B) was determined by an unpaired t test. ns, not significant (P � 0.05); *, significant (P � 0.05).
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detectable high-quality RSV-neutralizing antibodies (Fig. 6B, lanes 2 and 3). Further-
more, in combination with the B3TMCT mutation, the further addition of the DS
mutation or the DS-Cav1 mutation, or replacement of GA optimization with GS opti-
mization in the presence of DS-Cav1 and B3TMCT, exhibited a trend of additive
improvements in the RSV-neutralizing antibody response (Fig. 6B, lanes 7 to 10). It is
notable that the GS/DS-Cav1/B3TMCT construct (Fig. 6B, lane 10) induced significantly
higher titers of complement-independent RSV-neutralizing antibodies than most of the
tested constructs, including a leading candidate developed in a previous study, i.e.,
GA/DS/B3TMCT (Fig. 6B, lane 8). Furthermore, the GS/DS-Cav1/B3TMCT construct in-
duced a higher titer of complement-independent RSV-neutralizing antibodies than wt
RSV, a difference that was statistically significant (Fig. 6B, lane 10 versus 12).

With the exception of the foldon construct (Fig. 7A and B, lanes 11), vectors
expressing the various forms of RSV F were protective in hamsters against wt RSV
challenge (Fig. 7A and B, lanes 2 to 10). None of the rB/HPIV3-RSV-F constructs
conferred complete protection in the nose, although groups immunized with the GS
and GS/DS-Cav1/B3TMCT constructs had detectable virus in only one animal each (Fig.
7A, lanes 3 and 10). Several constructs, including GS and GS/DS-Cav1/B3TMCT, con-
ferred complete protection in the lungs. wt RSV provided complete protection in both
the nose and lungs (Fig. 7A and B, lanes 12), which was not unexpected, since wt RSV
also expresses the additional RSV neutralization antigen G, as well as all of the other
RSV proteins, as potential antigens for cellular immunity. The GS-optimized constructs
exhibited a trend of improved protection compared to the respective constructs
optimized by GA (Fig. 7A and B, lanes 5 versus 6 and lanes 9 versus 10), in agreement
with their increased RSV F expression (Fig. 3A and B), enhanced replication in vivo (Fig.
5B), and the stronger induction of RSV-neutralizing antibodies (Fig. 6).

Evaluation of rB/HPIV3 vectors expressing virion-packaged pre-F in nonhuman
primates. Three selected constructs were evaluated in nonhuman primates, including
GA/DS/B3TMCT, i.e., a leading construct identified in a previous study (15), and two
constructs made in the present study, GA/DS-Cav1/B3TMCT and GS/DS-Cav1/B3TMCT.
Rhesus monkeys were inoculated i.n. and intratracheally (i.t.) with 106 TCID50 of vector
per site. Replication of vectors in the upper and lower respiratory tract (URT and LRT,
respectively) was monitored for 14 days after immunization by TCID50 titration of nasal
pharyngeal swabs and tracheal lavages. Sera were collected on days 0, 14, 21, and 28
and assayed for RSV-neutralizing antibodies in the presence and absence of added
complement.

FIG 7 Protection of hamsters against wt RSV challenge. Hamsters were challenged with 106 PFU of wt
RSV i.n. on day 30 postimmunization. Titers of wt RSV on day 3 postchallenge in nasal turbinates (A) and
lungs (B) determined by plaque assay are shown. Mean titers with SEMs are shown as horizontal lines.
The limit of detection is indicated by the dashed line.
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Replication of the three vectors reached peak titers on days 5 to 6 in the URT and
day 4 in the LRT (Fig. 8A and B, respectively). The GS/DS-Cav1/B3TMCT construct
replicated marginally faster than GA/DS-Cav1/B3TMCT in the URT (Fig. 8A, green and
pink, respectively) and reached significantly (P � 0.05) higher titers in the LRT (Fig. 8B),
suggesting that GA optimization was more attenuating than GS. This was consistent
with the greater attenuation of GA-optimized constructs versus GS-optimized con-
structs in the lungs of hamsters (Fig. 5B, lanes 9 and 10). Adding the Cav1 mutations to
DS/B3TMCT increased replication in the URT but not in the LRT (Fig. 8A and B, pink
versus orange), consistent with similar observations in hamsters (Fig. 5A and B, lanes 8
and 9). Despite their differences in replication, the three constructs induce similar titers
of serum RSV-neutralizing antibodies (Fig. 8C and D).

Characterization of conformation-specific and epitope-specific antibody re-
sponse induced by various forms of RSV F. Pre-F-specific antibodies account for most
of the RSV-neutralizing activity in the human convalescent serum (22, 23). To evaluate
the pre-F-specific response in the present study, the proportions of pre-F-specific
antibodies in hamster sera were quantified by competitive pre-F protein binding assays
in the presence of excess post-F protein competitor (Materials and Methods) (Fig. 9A).
The efficiency of competition by the post-F competitor was validated with a post-F

FIG 8 Evaluation of selected rB/HPIV3 vectors in nonhuman primates. Rhesus monkeys were inoculated i.n. and i.t. with
106 TCID50 per site of GA/DS/B3TMCT (4 animals), GA/DS-Cav1/B3TMCT (6 animals), and GS/DS-Cav1/B3TMCT (6 animals).
Replication in the upper and lower respiratory tracts was determined by viral titration of nasal pharyngeal (NP) swab and
tracheal lavage (TL) samples, respectively, collected over a period of 14 days. (A) Mean titers of vectors in NP swabs. (B)
Mean titers of vectors in TLs. An asterisk indicates that the mean TL titer of GS/DS-Cav1/B3TMCT on day 4 is significantly
different from that of the other two groups (P � 0.05 by one-way ANOVA followed by a Tukey-Kramer test). (C) Mean titers
of serum RSV-neutralizing antibodies in the presence of added complement in monkey sera collected on days 0, 14, 21,
and 28 postimmunization. Error bars indicate SEM. (D) Complement-independent serum RSV-neutralizing titers in monkey
sera collected on day 28 postimmunization. Each data point is the titer from an individual monkey; horizontal bars indicate
the mean titer of each group. ns, the mean titers are not significantly different by t test.
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binding assay (Materials and Methods), which confirmed efficient quenching of post-
F-binding antibodies by an excess of soluble post-F (Fig. 9B). As expected, vectors
expressing RSV F that had neither pre-F stabilization nor the B3TMCT packaging signal
failed to induce a robust pre-F-specific antibody response (Fig. 9A, lanes 1 and 2). wt
RSV similarly failed to induce a robust pre-F-specific antibody response (Fig. 9A, lane
10). In contrast, the B3TMCT, DS, and DS-Cav1 mutations individually and additively
enhanced the pre-F-specific antibody response (Fig. 9A, lanes 3 to 9). In the absence of
the B3TMCT mutation, adding Cav1 to DS significantly improved the pre-F-specific
response (Fig. 9A, lane 4 versus 5). However, in the presence of the B3TMCT, adding the
Cav1 mutation to the DS mutation did not give a further increase in pre-F-specific
antibodies (Fig. 9A, lane 7 versus 8), likely because the pre-F-specific response induced
by DS/B3TMCT was reaching the maximum detection limit of the assay. GA versus GS
codon optimization did not have any detectable effect on the pre-F-specific response,
as might have been expected (Fig. 9A, lane 5 versus 6 and lane 8 versus 9).

We then assessed epitope-specific antibody responses using sera from the same
hamster experiment. This was done by measuring the ability of MAb D25 (site Ø

FIG 9 Characterization of conformation-specific and epitope-specific hamster serum antibodies induced
by various rB/HPIV3 constructs. (A and B) Conformation-specific antibodies. Binding by hamster serum
antibodies to immobilized pre-F (A) or post-F (B) protein in the presence of soluble post-F protein
competitor, measured by Octet bilayer interferometry, shown as a percentage of binding in the absence
of soluble post-F competitor. (C and D) Epitope-specific antibodies. Percentage of pre-F binding by serum
antibodies inhibited by the site Ø-specific MAb D25 unique to pre-F (C) or site II-specific motavizumab,
which binds pre- and post-F (D).
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specific, unique to pre-F) or motavizumab (site II specific, present in pre- and post-F) to
compete for the binding of hamster serum antibodies to pre-F protein. Pre-F protein
immobilized on the tip of a sensor was preincubated with competing MAb (D25 or
motavizumab) or a noncompeting control MAb (310.63) and then assayed for binding
by serum antibodies from the individual hamsters in each group. Pre-F binding by sera
induced by the GS construct was not efficiently competed by D25 (Fig. 9C, lane 1),
indicating a low content of site Ø-specific antibodies in the sera. In contrast, pre-F
binding by GA/B3TMCT and GA/DS sera was more efficiently competed by D25 (Fig. 9C,
lanes 2 and 3), indicating these sera had an increased content of site Ø-specific
antibodies. The competition was even stronger with GA/DS/B3TMCT sera, indicating an
even higher proportion of site Ø-specific antibodies in these sera (Fig. 9C, lane 6). These
results indicated that the B3TMCT and DS mutations independently and additively
stabilized site Ø. Combining the Cav1 and DS mutations also led to greater competition
by D25, indicating that Cav1 and DS additively stabilized site Ø (Fig. 9C, lane 3 versus
4). GS versus GA codon optimization did not affect the stability of site Ø, as would be
expected (Fig. 9C, lane 4 versus 5 and 7 versus 8). These results are in line with the
competitive pre-F binding assay (Fig. 9A). Motavizumab competed with similar effi-
ciency for pre-F binding by serum antibodies induced by the various RSV F constructs,
except GS, indicating that the proportions of site II-specific antibodies were similar (Fig.
9D). The lower competition with GS sera by motavizumab was probably due to an
overall low level of antibodies binding to pre-F even in the absence of competitor.

We also assessed the epitope-specific antibody responses in the rhesus monkeys
immunized with GA/DS/B3TMCT, GA/DS-Cav1/B3TMCT, and GS/DS-Cav1/B3TMCT from
the experiment shown in Fig. 8. No significant differences were detected among the
three groups for competition by D25 or motavizumab (data not shown), which is
consistent with the observations for sera from hamsters infected with the same three
constructs (Fig. 9A and B, lanes 7 to 9, and C and D, lanes 6 to 8). Thus, each of the
combinations of DS or DS-Cav1 with B3TMCT had a high degree of site Ø maintained
on the rB/HPIV3-expressed RSV F able to elicit antibody response.

Reduced replication efficiencies of GA-optimized vectors correlate with in-
creased CpG content and an increased antiviral innate response in vitro. As
described above, the constructs that were GA codon optimized tended to be more
restricted for replication than those that were GS codon optimized. In addition, the GS
codon-optimized constructs tended to be more immunogenic for serum RSV-
neutralizing antibodies, likely as a consequence of the greater replication and antigenic
load. We investigated whether any of these effects were associated with differences in
the sequence of the RSV F ORF due to codon optimization.

Codon usage in the GA-optimized, GS-optimized, and nonoptimized RSV F ORFs was
compared with that of overall human usage (Fig. 10). The codon usage in unmodified
wt RSV F (Fig. 10C, non-HEK/non-opt) displayed a different codon preference than
human codon usage (Fig. 10D). GS optimization (Fig. 10B) generally mimicked the
human codon preferences, except that it has CUG as the sole leucine codon. The reason
for the biased preference of CUG is unclear. In contrast, the codon usage of GA
optimization (Fig. 10A) was strongly skewed toward the most frequent human codons.
More importantly, we compared the GC contents and numbers of CpG dinucleotides in
the RSV F ORF versus ORFs encoding structure proteins of rB/HPIV3 (Table 1). This was
done because CpG dinucleotides in an RNA virus can be sensed as a pathogen-
associated molecular pattern and can trigger the innate IFN-mediated antiviral re-
sponse. The percentage of GC content of native RSV F was 34.7%, similar to those of the
ORFs encoding rB/HPIV3 structural proteins, ranging from 33.3% to 41.3%. GA and GS
optimization increased the GC content of RSV F to 57.6% and 49.2%, respectively. The
number and frequency of CpG dinucleotides, as potential immunostimulatory CpG
elements, were also greatly increased from 12 (0.7%) in the nonoptimized RSV F to 100
(5.8%) in GA-optimized F and 66 (3.83%) in GS-optimized F, suggesting that GA
optimization has the potential for a stronger immune-stimulatory effect and more rapid
clearance of virus from antigen-expressing cells.
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To determine whether this difference in CpG content indeed affected immune
stimulation, the innate immune response induced by infection with GA- and GS-
optimized DS-Cav1/B3TMCT was evaluated in an IFN-competent human lung epithelial
A549 cell line. Cells were infected with sucrose-purified viruses at an MOI of 10 PFU per
cell. At 18 h p.i., the expression of IFN-� (type I), IFN-�1, IFN-�2 (type III), and selected
IFN-stimulated genes (ISGs) was analyzed by quantitative RT-PCR (qRT-PCR). In addition,
at 24 h p.i., the amount of IFNs secreted into the cell culture medium was measured by
enzyme-linked immunosorbent assay (ELISA). The level of transcripts in GS was used for
normalization (assigned a value of 1.0), and transcript levels for GA are shown as fold
difference relative to GS. The GA-optimized construct induced 2- to 3-fold higher levels
of IFN-� and IFN-�1-2 mRNA expression than the GS-optimized construct (Fig. 11A to
C). A similar trend was also observed for the transcripts of ISGs, such as MX1 (Fig. 11D),
ISG15 (Fig. 11E), IFIT1 (Fig. 11F), and IRF7 (Fig. 11G). Expression of the proinflammatory
cytokine interleukin-6 (IL-6) was similar for GA, GS, and mock infection and was not
induced by infection at 18 h p.i. (Fig. 11H). Consistent with mRNA expression, GA-

FIG 10 Comparison of RSV F and human codon usage. The codon usage in the GA-optimized (A), GS-optimized (B), and unmodified wt (C) RSV F ORF was
compared with human codon usage (D). The usage of each codon was calculated as the frequency (in percent) of its use among all codons for that amino acid;
codons for each particular amino acid were clustered together and are shown as the same color. The codon usage of the different versions of RSV F was analyzed
using the software Lasergene; the human codon usage data are from the Codon Usage Database (http://www.kazusa.or.jp/codon/).

TABLE 1 Analysis of GC content and CpG dinucleotide frequencies in rB/HPIV3-RSV F ORFsa

ORFb

No. of
nucleotides

% GC
contentc

No. of CpG
dinucleotidesd

CpG dinucleotide
frequencye (%)

Non-HEK/non-opt 1,725 34.7 12 0.70
GA 1,725 57.6 100 5.80
GS 1,725 49.2 66 3.83
N 1,548 41.3 28 1.81
P 1,791 41.1 31 1.73
M 1,056 40.0 13 1.23
F 1,620 35.6 17 1.05
HN 1,719 36.1 16 0.93
L 6,702 33.4 68 1.01
aSequences were analyzed with the GeneQuest module in the Lasergene 13 software package (DNASTAR).
bCoding sequences of ORFs of RSV F (non-HEK/non-opt, GA, and GS) and rB/HPIV3 structural proteins (N, P,
M, F, HN, and L) as illustrated in Fig. 1 were analyzed.

cPercentage of G and C nucleotides in the ORF.
dNumber of CpG dinucleotides in the ORF.
eFrequency of CpG dinucleotides in the ORF.
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optimized DS-Cav1/B3TMCT induced 3- to 4-fold higher levels of secreted IFN-� and
IFN-�1-3 than the construct optimized by GS (Fig. 11I to K).

DISCUSSION

A major challenge for the development of a pediatric RSV vaccine is to induce a
robust and protective response in infants and young children with a virus that is
sufficiently attenuated to be well tolerated (38). Live attenuated RSV vaccine candidates
for pediatric use are being actively developed. RSV bearing a deletion of M2-2 ORF was
found to express increased amounts of viral antigens and was highly attenuated and
quite immunogenic in a clinical trial in seronegative children (39). Several versions of
M2-2 deletion viruses are presently being evaluated in clinical trials (e.g., Clinicaltrials-

FIG 11 Cytokine responses in A549 cells infected with rB/HPIV3 vector expressing GA- or GS-optimized RSV F. Human lung alveolar epithelial A549 cells were
infected with sucrose-purified GA- versus GS-optimized DS-Cav1/B3TMCT viruses at an MOI of 10 TCID50 per cell. (A to H) Three replicate wells of cell lysates
were harvested 18 h p.i. Total cell-associated RNA was extracted and reverse transcribed to cDNA, followed by qRT-PCR to quantify the relative expression of
mRNAs for IFN-� (A), IFN-�1 (B), IFN-�2 (C), and ISGs, including MX1 (D), ISG15 (E), IFIT1 (F), IRF7 (G), and IL-6 (H). Each column represents the mean value of
relative mRNA expression from three replicate samples. Error bars indicate SEM. (I to K) From another set of three replicate wells, cell culture medium
supernatants were harvested at 24 h p.i. and quantified by ELISA for the following proteins: IFN-� (I), IFN-�1 (J), and IFN-�2/3 (K). Each column represents the
average concentration (in picograms per milliliter) of secreted IFN in the medium supernatants of three replicate wells. Error bars indicate SEM. The statistical
significance of the difference between groups was determined by one-way ANOVA followed by Tukey-Kramer test. The P values for the statistical significance
of differences between two groups are indicated by asterisks: **, P � 0.01; ***, P � 0.001; ****, P � 0.0001; ns, not significant.
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.gov registration no. NCT02237209). RSV vaccine candidates in preclinical development
include thermostable RSV with deletions and modifications of multiple proteins (40),
RSV modified by codon pair deoptimization (41), RSV bearing deletions of the NS2
gene, and the codon for amino acid S1313 of the L protein (42), or RSV that expresses
a less fusogenic F protein (43).

Compared to a live attenuated RSV strain, an HPIV vector expressing RSV F protein
engineered to be stabilized in the pre-F conformation offers several unique advantages.
(i) While RSV does not replicate efficiently in cell culture and can readily lose infectivity
unless handled carefully, HPIVs grow much more efficiently and are physically more
stable. This should greatly facilitate manufacture, distribution, and use, and in particular
it would facilitate their use in resource-limited settings where 99% of RSV-related
childhood mortality occurs and a vaccine is most needed. (ii) Pre-F protein appears to
be the optimal antigen for inducing highly neutralizing antibodies, and the use of a
stabilized form provides a “better-than-nature” antigen that induces an antibody
response that is strongly skewed in favor of these desirable antibodies. When used in
the first exposure in life to RSV F, this might prime for superior lifelong antibody
responses. The F protein of an attenuated RSV strain cannot be substantially stabilized
in the pre-F conformation because it would be inactive in fusion. (iii) Whereas immunity
to RSV, such as that from a prior vaccination or a passive antibody strategy, would
strongly restrict the replication of attenuated RSV strains, it would provide little or no
restriction of an HPIV vector. Thus, an HPIV-vectored RSV vaccine should be particularly
well suited for use in combination with passive antibody strategies, such as parenterally
administered MAbs or maternal immunization, and also should be effective for booster
immunizations following the use of a live attenuated RSV vaccine. (iv) The rB/HPIV3
vector has already been shown to be attenuated and well tolerated in seronegative
infants and children, both as the empty vector and expressing wt (unmodified) RSV F
(8, 44), so this vector expressing an improved RSV F protein can be expected to have
a desirable safety profile that would expedite development.

Because rB/HPIV3 expressing unmodified RSV F, called MEDI-534, was attenuated
and well tolerated in seronegative children and was immunogenic against HPIV3 but
unsatisfactorily immunogenic against RSV (8), we have been evaluating a number of
parameters to improve the immunogenicity of RSV F expressed from this vector. These
include altering the insert position for RSV F in the vector genome, optimizing codon
usage, using the RSV F sequence from an early-passage virus, comparing membrane-
anchored versus secreted F, increasing RSV F packaging in the vector virion, and
stabilizing RSV F in the pre-F conformation (14, 15, 33). We recently described an
optimized candidate, GA/DS/B3TMCT, that induced higher quantity and quality of
RSV-neutralizing antibodies in monkeys than a construct resembling MEDI-534 (15). In
the present study, we sought to further enhance RSV F immunogenicity by evaluating
the effect of (i) increased pre-F stabilization, (ii) different codon-optimized sequences of
RSV F, and (iii) secreted soluble pre-F trimers.

Our previous candidate GA/DS/B3TMCT, noted above, which expresses an F protein
that was partially stabilized in the pre-F conformation by DS mutations, was more
immunogenic than unmodified F or post-F (14, 15), indicating that pre-F stabilization
enhanced the immunogenicity of vector-expressed RSV F. In the present study, further
stabilization of pre-F by adding the Cav1 mutations to DS further enhanced RSV F
immunogenicity. The pre-F-stabilizing effect of Cav1 was confirmed in three ways. First,
a virion dot blot assay was used to directly measure the proportion of pre-F packaged
in virions based on reactivity with MAbs that bind only pre-F protein versus MAbs that
bind both pre- and post-F. Second, sera from hamsters immunized with the various
constructs were assayed for antibodies specific to pre-F; this was done by measuring
binding to immobilized pre-F or post-F in the presence or absence of soluble post-F
competitor. Third, sera from hamsters and rhesus monkeys immunized with the various
constructs were further assayed for antibodies specific to site Ø in pre-F; this was done
by binding assays that measured the ability of hamster serum antibodies to compete
with MAb D25 (which binds site Ø, which is unique to pre-F) versus motavizumab
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(which binds site II, present in both pre- and post-F) for binding to immobilized pre-F
protein. All three assays demonstrated that the addition of the Cav1 mutations to the
DS mutations provided substantial improvement in stabilizing the pre-F conformation.
Consistent with its increased pre-F stabilization, RSV F with DS-Cav1 exhibited a trend
of increased induction of high-quality RSV-neutralizing antibodies in hamsters com-
pared to DS alone, defined as the ability to neutralize RSV in vitro without added
complement. A similar trend toward higher antibody titers was not observed in a less
stringent complement-dependent RSV neutralization assay, suggesting that there was
an increase in antibody quality more than quantity. Recently, other mutations that
further stabilize pre-F in combination with DS-Cav1 have been identified by structure-
based design (45). Some of these mutations also increase the efficiency of F protein
expression. We are presently investigating whether introducing these next-generation
pre-F stabilizing mutations will further improve the immunogenicity of RSV F expressed
from the rB/HPIV3 vector.

Another major variable examined in the present study was the effect of alternative
codon usage for RSV F. Previously, GA optimization of codon usage increased RSV F
expression by 2-fold (14). GS optimization instead of GA optimization conferred 2-fold
greater expression than GA. Combined with the further effect of the HEK assignments,
this resulted in a total of an �10-fold increase compared to the original nonoptimized
RSV F. In hamsters, GS-optimized constructs replicated more efficiently than the
respective GA-optimized constructs, with a trend particularly apparent in the lower
respiratory tract. This also was associated with a trend of increased induction of
RSV-neutralizing serum antibodies compared to the respective GA constructs (both in
the presence and absence of added complement). This increased immunogenicity likely
reflected increased antigenic load resulting from increased expression from the GS-
versus GA-optimized ORF as well as from increased vector replication. However, these
effects were not always evident. For example, in monkeys, the GS construct replicated
more efficiently than the respective GA construct, but no substantial increase of
neutralization antibodies was detected. These inconsistencies likely reflect the limita-
tions and variability of these semipermissive, outbred animal models, as well as the
modest nature of the differences.

Another consequence of changing the codon usage of the RSV F ORF in the present
study is that this changed its content of CpG dinucleotides. Specifically, while the native
RSV F ORF contained only 12 CpG dinucleotides, the GS- and GA-optimized RSV F ORFs
contained 66 and 100 CpG dinucleotides, respectively. It has long been recognized that
CpG dinucleotides are underrepresented in RNA viruses (46). Various mechanisms may
account for this, depending on the virus (47). In particular, an increase of CpG
dinucleotides even in a limited region of a viral RNA genome can stimulate an increased
host innate immune response, resulting in increased restriction of viral replication (30,
48), which thus presents a selective pressure favoring underrepresentation. Indeed,
increased CpG content has been suggested to be a contributing mechanism for
attenuation by codon or codon pair deoptimization (32, 49). These observations
suggested that the greater restriction of replication associated with GA optimization
compared to GS optimization may be due to its higher CpG dinucleotide content and
induction of a stronger innate antiviral response. Consistent with this, infection of
human lung epithelial cells with a GA construct induced significantly higher levels of
IFNs and ISGs than a parallel GS construct. Thus, we hypothesize that the induction of a
stronger innate antiviral response by GA optimization compared to GS optimization
indeed was a consequence of an increased number of CpG dinucleotides, and that this
contributed to increased attenuation of the GA construct. While the increase in innate
immune stimulation could be expected to increase the adaptive immune responses,
there was no evidence for this. These results suggest that while codon optimization
yielded an increase in the expression of RSV F protein due to increased efficiency of
translation, it did so at the expense of reducing viral replication because of increased
CpG content and increased innate immune responses. In the future, we will further
investigate these effects by making and evaluating a vector construct in which the RSV
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F insert bears the HEK, DS-Cav1, and B3TMCT mutations but is not codon optimized.
This construct might exhibit increased replication and immunogenicity while retaining
the satisfactory level of attenuation of MEDI-534, which also bore an RSV F insert that
was not codon optimized.

In addition, we also evaluated the immunogenicity of a secreted soluble pre-F
trimer. Antigens presented in the form of virus-like particles (VLPs) or in oligomerized
or aggregated forms typically are more immunogenic than monomeric and nonaggre-
gated forms (50–53). In a previous study (14), we compared two versions of RSV F that
had been designed to lack the TM and CT domains, which would favor secretion. One
version (called postfusion) was engineered to have the postfusion conformation, and
the other (called Ecto) contained the complete RSV F ectodomain but also had a
postfusion conformation based on antibody binding studies. Postfusion F was effi-
ciently secreted and poorly immunogenic, while Ecto F remained partly cell associated
and had stronger immunogenicity. We suspected that Ecto F retained an ability to
aggregate with the cell and with itself due to the presence of the hydrophobic fusion
peptide that was lacking in the postfusion construct. These results suggested that
aggregates of RSV F protein are more immunogenic than the soluble trimers. In
addition, as already discussed (see Introduction), we previously showed that packaging
the RSV F protein into the vector particle via the B3TMCT mutation greatly increased its
immunogenicity (15). In the present study, we investigated the effect of trimerization
of the F protomers. Specifically, we made a construct in which the ectodomain of RSV
F was GS optimized and contained the DS-Cav1 mutations and, in addition, contained
a phage T4 foldon domain added at the C terminus. This foldon was previously shown
to direct the assembly of RSV F protomers into native trimers when expressed in a
mammalian system, and this antigen was immunogenic in mice when evaluated as a
subunit vaccine (25). However, in the present study, this GS/DS-Cav1/Foldon construct
expressed from the rB/HPIV3 vector was poorly immunogenic compared to constructs
in which RSV F retained its native TMCT domains and was expressed at the cell surface,
or it contained the B3TMCT domains and was expressed at the cell surface and also
efficiently packaged in the vector particle. The reason for the lower immunogenicity of
the vector-expressed trimers is unclear but suggests that the incorporation of RSV-F
into larger antigenic structures, such as association with cells or assembly into vector
particles, is much more immunogenic than secreted monomers or stabilized trimers.

The new candidate, GS/DS-Cav1/B3TMCT, was found to be the most immunogenic
vector to date for serum RSV-neutralizing antibodies and the most protective against
RSV challenge. It was substantially more attenuated than a construct similar to MEDI-
534 and induced titers of high-quality RSV-neutralizing antibodies that were signifi-
cantly higher (�3-fold) than those of wt RSV and also higher than those of the previous
leading candidate, GA/DS/B3TMCT. It was essentially equivalent in protection to wt RSV.
That the vector compared favorably to wt RSV, used as a positive control, is noteworthy,
since RSV was given at a 10-fold higher dose: we used a lower dose for the vectors in
order to increase our ability to detect differences in their relative immunogenicity and
protective efficacy. In addition, the RSV control was not attenuated, expresses the
neutralization and protective antigen G in addition to F, and expresses all of the RSV
proteins; thus, it should induce a broader T cell response, which is known to restrict RSV
challenge but wanes within several months (and thus might augment the relative
effectiveness of RSV versus vector in a short-term challenge experiment). In any event,
the relative performance of vector versus RSV in experimental animals is not necessarily
directly predictive of relative performance in humans. For example, immunogenicity
and protective efficacy can be influenced by replication efficiency, and the relative
replication and immunogenicity of an rB/HPIV3-RSV-F vector versus an attenuated RSV
strain may be different in humans than the present comparison in experimental
animals.

In conclusion, the rB/HPIV3-RSV-F vector system has the major advantage of being
safe and well tolerated in seronegative infants and young children and thus remains an
important vaccine candidate. We have been systematically working to increase the
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immunogenicity for the RSV F insert. Since immune protection against RSV in infancy
frequently is incomplete even following infection with wt RSV, any increase in the
immunogenicity of an RSV vaccine is desirable. This study demonstrated that immu-
nogenicity of an RSV F-based vectored vaccine can be enhanced by improving pre-F
stabilization, increasing pre-F expression, and using RSV F coding sequence containing
fewer CpG elements to achieve optimal levels of vector replication in vivo. This
identified a further improved RSV vaccine candidate suitable for pediatric clinical trials.

MATERIALS AND METHODS
Cells and viruses. African green monkey Vero cells (ATCC CCL-81), rhesus monkey LLC-MK2 cells

(ATCC CCL-7), and baby hamster kidney BHK BSR-T7/5 cells were maintained as previously described (33).
The human lung epithelial A549 cells (ATCC CCL-185) were grown in F-12K medium (ATCC) with 10%
fetal bovine serum at 37°C. Wild-type (wt) RSV used in the study was strain A2 (GenBank accession
number KT992094). The rB/HPIV3 vector and methods of propagation were described previously (11, 33).

Eleven versions of rB/HPIV3-expressing RSV F were evaluated in the present study; these are
summarized in Fig. 1 and described in Results. The RSV F sequence is based on that of wt recombinant
RSV strain A2 in GenBank accession number KT992094, and the rB/HPIV3 vector is that of GenBank
accession number BD291436.1 (13), as previously described (14, 15, 33). In all of the constructs except i,
the RSV F sequence was modified by the addition of the two HEK assignments of amino acids 66E and
101P (34). The DS (disulfide bond) stabilization of RSV pre-F involved the mutations S155C and S290C
(25). The DS-Cav1 stabilization of RSV pre-F involved the DS mutations combined with the Cav1
mutations S190F and V207L (25). Optimization of codon usage for efficient translation in humans was
performed by GeneArt (GA) or GenScript (GS). The foldon trimerization domain in the construct
GS/DS-Cav1/Foldon (Fig. 1, construct xi) comprised the bacteriophage T4 fibritin trimerization domain
(GYIPEAPRDGQAYVRKDGEWVLLSTFL) (PDB entry 1RFO), which was fused to the C-terminal end of the
513-residue secreted RSV pre-F ectodomain via a linker (SAIG) (54).

Constructs i to v were made in previous studies (14, 15, 33), and the other six constructs, vii to ix, were
made in the present study in a directly compatible fashion. The F inserts were made synthetically by
GeneArt or GenScript. The inserts were designed to be inserted into the AscI site in the downstream
noncoding region of the rB/HPIV3 N gene and designed to be flanked by BPIV3 gene start and gene end
signals. Details of the inserts were the same as those in a construct named rB/HPIV3-F2, illustrated in Fig.
1 of a previous publication (33).

All rB/HPIV3 vectors with RSV F were rescued in BHK BSR-T7/5 cells constitutively expressing T7 RNA
polymerase as described previously (33, 55). Rescued viruses were passaged twice on LLC-MK2 cells at
32°C. Titers were determined by 50% tissue culture infective dose (TCID50) assay in LLC-MK2 cells using
hemadsorption in 96-well plates. The percentage of PFU in each viral stock that expressed RSV F protein
was determined by a fluorescence double-staining plaque assay in Vero cells as described previously (14).
All stocks used for the study had 99 to 100% of PFU expressing RSV F. Viral sequences were confirmed
in their entirety (except for the 30 and 120 nucleotides at the 3=- and 5=-terminal ends, respectively, due
to the positioning of the sequencing primers) with automated Sanger sequencing analysis of uncloned
reverse transcription-PCR (RT-PCR) products amplified from viral RNA genome.

Multicycle replication of rB/HPIV3 vectors in cell culture. Vero cells in 6-well plates were infected
in triplicates with rB/HPIV3 vectors at a multiplicity of infection (MOI) of 0.01 TCID50 per cell. After
infection, cell monolayers were washed twice with culture medium. A total volume of 2 ml medium was
added into each well. Infected cells were incubated at 32°C for 6 days; 0.5 ml of culture medium was
collected every 24 h and replaced with 0.5 ml of fresh medium after each collection. All harvested
samples were titrated together by TCID50 assay in LLC-MK2 cells using hemadsorption.

Western blot analysis for RSV F expression. Vero cells in 12-well plates (�2 � 105 cells per well)
were infected with rB/HPIV3 vectors at an MOI of 10 TCID50 per cell or wt RSV at an MOI of 3 PFU per
cell. Infected cells were incubated at 32°C. At 48 h p.i., culture medium supernatant (0.5 ml per well) was
collected and clarified by centrifugation at 10,000 � g for 1 h at 4°C. Clarified medium supernatants were
then adjusted (using a 4� stock) to contain 1� LDS buffer (Thermo Fisher Scientific) with reducing
reagent (Thermo Fisher Scientific) and were heated for 5 min at 95°C. Cell monolayers were washed once
with ice-cold phosphate-buffered saline (PBS), lysed in wells with 200 �l 1� LDS buffer, and heated with
added reducing reagent for 5 min at 95°C. Heated lysates or medium supernatants (20 �l) were loaded
on the 4 to 12% Bis Tris NuPAGE gels (Thermo Fisher Scientific) with added antioxidant (Thermo Fisher
Scientific) in the cathode chamber. After transferring to polyvinylidene difluoride (PVDF) membranes
with the iBlot system (Thermo Fisher Scientific), membranes were incubated with blocking buffer (LiCor)
containing primary antibodies at 1:1,000 dilution, followed by incubation with blocking buffer containing
infrared dye-labeled secondary antibodies (LiCor) at a 1:10,000 dilution. Images of blots were captured
and analyzed by an Odyssey Imaging system (LiCor). Primary antibodies included murine anti-RSV F
(ab43812; Abcam), rabbit anti-HPIV3 antiserum (15), rabbit anti-HPIV3 HN (raised against a synthetic
peptide) (33), and murine anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH; G8795; Sigma-
Aldrich); secondary antibodies included donkey anti-mouse IRDye 800CW and donkey anti-rabbit
IRDye680 (LiCor).

Flow cytometry analysis of RSV F expression on cell surface. Vero cells in 12-well plates (�2� 105

cells/well) were infected at an MOI of 5 TCID50 per cell. After 48 h of incubation at 32°C, cells were made
into a suspension with 50 mM EDTA in PBS. After washing twice with fluorescence-activated cell sorter
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(FACS) buffer (PBS with 2% fetal bovine serum [FBS]), cells were resuspended and incubated in FACS
buffer containing RSV F murine monoclonal antibody (MAb) 1129 conjugated with Alexa Fluor 488 as
described previously (14). After washing twice in ice-cold FACS buffer, cells were incubated in near-
infrared LIVE/DEAD dye (Thermo Fisher Scientific) diluted 1:1,000 in PBS to discriminate dead cells.
Stained cells were washed twice and analyzed with a BD FACSCanto II flow cytometer.

Virion dot blot antibody binding assay. The dot blot antibody binding analysis was performed to
assess the stability of pre-F-specific antigenic sites by quantifying binding of site-specific MAbs to virions
of various vector constructs. To identify appropriate viral dilutions, virus stocks were 4-fold serially diluted
in 1% bovine serum albumin (BSA) in PBS, blotted onto a nitrocellulose membrane, and dried. The
membranes were blocked in 10% nonfat dry milk for 2 h at room temperature. Subsequently, mem-
branes were washed twice in Tris-buffered saline (TBS), pH 7.6, containing 0.2% Tween (TBS-T) and once
in PBS for 10 min. Washed membranes were incubated on a shaker for 1 h with 10 �g/ml motavizumab
in 5% nonfat dry milk. Following the washing steps described above, the membranes were incubated
with 1:3,000 diluted anti-human horseradish peroxidase (HRP)-conjugated antibodies in 5% nonfat dry
milk for 1 h. After washing as described above, membranes were treated with 1.2 ml of ECL Prime
Western blotting detection reagent (GE Healthcare) for 5 min. Images were captured with a GeneSys
System. A dilution was chosen for each virus that produced signal intensity similar to dilutions selected
for the other viruses on the same blot. Three microliters of diluted viruses, and purified pre-F protein
(0.94 �g/ml) as a control, then were blotted onto nitrocellulose membranes in duplicate and assessed for
binding by MAb D25, AM14, and 5C4 (specific to pre-F) and motavizumab and 1129 (which bind both
pre- and post-F) using the conditions described above. Secondary HRP-conjugated antibodies of
matching species (1:3,000) were used, followed by ECL detection as described above. Densitometry
readings for each virus were normalized to pre-F protein control signal for that blot. All reported values
per virus were an average of duplicates.

Hamster studies. Hamster studies were carried out by following protocols approved by the National
Institutes of Health (NIH) Institutional Animal Care and Use Committee (IACUC). Groups (n � 6) of
6-week-old Golden Syrian hamsters (Envigo Laboratories), confirmed to be seronegative for RSV and
HPIV3 by plaque reduction neutralization assay using RSV expressing green fluorescent protein (GFP) and
hemagglutination inhibition (HAI) assay, respectively, were anesthetized and intranasally (i.n.) inoculated
with 105 TCID50 of rB/HPIV3 vectors or 106 PFU of wt RSV in 0.1 ml of Leibovitz’s L15 medium (Thermo
Fisher Scientific). After euthanasia, nasal turbinates and lungs were collected on days 3 or 5 after
inoculation in two separate studies. Virus replication was assessed by determining virus titers in tissue
homogenates by TCID50 assay in 96-well plates of LLC-MK2 cells for rB/HPIV3 vectors, detected by
hemadsorption, and plaque assay in 24-well plates of Vero cells for wt RSV, detected by immunostaining
(33). In a separate study, hamsters in equivalent groups were inoculated as described above, and sera
were collected on day 28 to evaluate the RSV- and HPIV3-specific neutralizing serum antibody titers by
60% plaque reduction neutralization test (PRNT60) in 24-well plates of Vero cells in the presence or
absence of added guinea pig complement (Lonza), using RSV and HPIV3 recombinants expressing GFP.
To evaluate the protective efficacy against RSV, hamsters were challenged i.n. on day 30 with 106 PFU
of wt RSV A2 strain. Nasal turbinates and lungs were harvested on day 3 postchallenge, homogenates
were prepared, and titers of challenge RSV were determined by plaque assay in 24-well plates of Vero
cells using immunostaining.

Nonhuman primate study. The nonhuman primate study was approved by the NIH Institutional
Animal Care and Use Committee (IACUC). The NIH’s Public Health Service Policy on the Humane Care and
Use of Laboratory Animals served as the guidelines for the care and use of animals in this study (56). A
total of 14 rhesus macaques seronegative for HPIV3 and RSV (confirmed by assays described above) each
were inoculated i.n. and intratracheally (i.t.) with 106 TCID50 of rB/HPIV3 vectors. Three groups consisting
of four, six, and six monkeys were inoculated with GA/DS/B3TMCT, GA/DS-Cav1/B3TMCT, and GS/DS-
Cav1/B3TMCT, respectively. Nasopharyngeal (NP) swab samples were collected daily from days 0 to 10
and days 12 and 14; tracheal lavage (TL) samples were collected every other day from day 2 to day 14.
Sera were collected on days 0, 14, 21, and 28. Titers of replicated vectors in NP and TL samples were
determined by TCID50 assay in 96-well plates of LLC-MK2 cells detected using hemadsorption. Serum
RSV-neutralizing antibody titers were determined by PRNT60 with RSV-GFP as described above.

Octet assay for pre-F-specific antibodies. Hamster sera were assessed for the presence of anti-
bodies binding to pre-F or post-F in the presence or absence of competing soluble post-F by bilayer
interferometry (BLI) using an Octet HTX instrument (ForteBio). Briefly, RSV pre-F or post-F protein was
loaded onto HIS1K biosensors (ForteBio) through polyhistidine tags by incubation for 300 s in 30 �g/ml
of purified pre-F or post-F in PBS with 1% BSA. Typical capture levels were between 2.0 and 2.3 nm, and
variability within a row of 8 tips did not exceed 0.2 nm. The loaded biosensor tips were then equilibrated
for 60 s in 1% BSA in PBS, and the biosensors were then incubated for 300 s with diluted serum samples
(diluted 1:20 in 1% BSA in PBS) in the presence or absence of 4 �g untagged post-F. The percentage of
pre-F or post-F binding retained in the presence of competing soluble post-F was calculated relative to
the absence of competition. Octet assays were performed at 30°C.

Octet assay for epitope-specific RSV F antibodies. The epitope specificity of antibodies in hamster
sera was evaluated by a competitive binding assay with D25 (specific for pre-F) and motavizumab (which
binds both pre- and post-F) Fabs, performed by BLI using an Octet HTX instrument. Briefly, RSV pre-F
protein trimers were loaded onto HIS1K biosensors and equilibrated as described above. They were then
incubated for 300 s with D25 or motavizumab Fab or an unrelated control, Fab 310.63 (30 �g/ml in 1%
BSA in PBS), followed by a baseline equilibration of 60 s. This was followed by incubation for 300 s with
individual test hamster serum specimens (diluted 1:20 in 1% BSA in PBS). The percent inhibition of
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hamster serum binding to pre-F was determined with the equation [100 	 (serum binding in the
presence of RSV Fab/serum binding in the presence of Fab 310.63 � 100)].

Quantification of the IFN response in infected A549 cells. Human lung alveolar epithelial A549
cells were seeded in 24-well plates and infected with viruses at an MOI of 10 PFU per cell. Six wells of
A549 cells were infected by each virus or mock infected with cell culture medium. At 18 h p.i., cells in
triplicate wells were lysed in RLT buffer and total RNA was extracted using the RNeasy minikit (Qiagen),
followed by treatment with RNase-Free DNase I (Qiagen) and reverse transcription using the high-
capacity cDNA reverse transcription kit (Applied Biosystems). Transcripts encoding various IFN-stimulated
genes (ISGs) were quantified by real-time PCR (relative quantification) using the TaqMan universal PCR
master mix (Applied Biosystems) on a 7900HT Fast real-time PCR system. Each sample of cDNA was
analyzed in duplicate by real-time PCR. The threshold cycle (CT) values for GS were used as a calibrator
(given a value of 1.0), and those for GA were calculated as fold change relative to GS with the 2	ΔΔCT

method using RQ Manager software (Applied Biosystems). TaqMan assays of the following ISG (Thermo
Fisher Scientific), with their identities in parentheses, were used: IFN-�1 (Hs00256882_s1), IFN-�2
(Hs00265051_s1), IFN-� (Hs01077958_s1), IFN-�1 (Hs00601677_g1), IFN-�2 (Hs00820125_g1), MX1
(Hs00895608_m1), ISG15 (Hs09121425_s1), IFIT1 (Rh00929909_m1), IRF7 (Hs00185375_m1), IL-6
(Hs00985641_m1), and GAPDH (Hs99999905_m1). From another set of triplicate wells, the cell culture
medium supernatants were collected at 24 h p.i. and clarified, and secreted type 1 (IFN-�) and type 3
(IFN-�1, �2/3) IFNs were quantified by ELISA (BioLegend).
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