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ABSTRACT The human respiratory syncytial virus (hRSV) fusion (F) protein is consid-
ered a major target of the neutralizing antibody response to hRSV. This glycoprotein
undergoes a major structural shift from the prefusion (pre-F) to the postfusion
(post-F) state at the time of virus-host cell membrane fusion. Recent evidences sug-
gest that the pre-F state is a superior target for neutralizing antibodies compared to
the post-F state. Therefore, for vaccine purposes, we have designed and character-
ized a recombinant hRSV F protein, called Pre-F-GCN4t, stabilized in a pre-F confor-
mation. To show that Pre-F-GCN4t does not switch to a post-F conformation, it was
compared with a recombinant post-F molecule, called Post-F-XC. Pre-F-GCN4t was
glycosylated and trimeric and displayed a conformational stability different from that
of Post-F-XC, as shown by chemical denaturation. Electron microscopy analysis sug-
gested that Pre-F-GCN4t adopts a lollipop-like structure. In contrast, Post-F-XC had a
typical elongated conical shape. Hydrogen/deuterium exchange mass spectrometry
demonstrated that the two molecules had common rigid folding core and dynamic
regions and provided structural insight for their biophysical and biochemical proper-
ties and reactivity. Pre-F-GCN4t was shown to deplete hRSV-neutralizing antibodies
from human serum more efficiently than Post-F-XC. Importantly, Pre-F-GCN4t was
also shown to bind D25, a highly potent monoclonal antibody specific for the pre-F
conformation. In conclusion, this construct presents several pre-F characteristics,
does not switch to the post-F conformation, and presents antigenic features re-
quired for a protective neutralizing antibody response. Therefore, Pre-F-GCN4t can
be considered a promising candidate vaccine antigen.

IMPORTANCE Human respiratory syncytial virus (RSV) is a global leading cause of
infant mortality and adult morbidity. The development of a safe and efficacious RSV
vaccine remains an important goal. The RSV class I fusion (F) glycoprotein is consid-
ered one of the most promising vaccine candidates, and recent evidences suggest
that the prefusion (pre-F) state is a superior target for neutralizing antibodies. Our
study presents the physicochemical characterization of Pre-F-GCN4t, a molecule de-
signed to be stabilized in the pre-F conformation. To confirm its pre-F conformation,
Pre-F-GCN4t was analyzed in parallel with Post-F-XC, a molecule in the post-F con-
formation. Our results show that Pre-F-GCN4t presents characteristics of a stabilized
pre-F conformation and support its use as an RSV vaccine antigen. Such an antigen
may represent a significant advance in the development of an RSV vaccine.
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Human respiratory syncytial virus (hRSV) is an enveloped single-stranded RNA virus
belonging to the Paramyxoviridae family. It is one of the major causes of lower

respiratory tract infections in very young children (1). The hRSV disease spectrum
includes respiratory signs such as rhinitis, otitis, pneumonia, and bronchiolitis. Among
these, pneumonia and bronchiolitis are the major causes of hRSV-associated morbidity
and mortality (2, 3). In the United States, data collected from 1993 to 2008 for infants
less than 1 year of age showed that hRSV was annually responsible for 2,350 per
100,000 severe respiratory infections needing hospitalization (4). The incidence of hRSV
is higher in children born prematurely or those with cardiopulmonary diseases (5, 6).
These populations are considered particularly at risk for severe hRSV infections. In
addition, hRSV is increasingly recognized as an important cause of morbidity and
mortality in the elderly, causing influenza-like illnesses (7–11).

There is currently no licensed vaccine to protect against hRSV despite multiple
attempts and persistent efforts during the last 50 years. The only licensed prophylactic
treatment currently available is palivizumab (12), a neutralizing monoclonal antibody
given to infants considered at higher risk for hRSV infection (13–15). Therefore, the
development of an efficacious and safe hRSV vaccine is still a priority. Several vaccine
candidates are currently under development (recently reviewed in references 16–18),
but a commercial vaccine against hRSV has yet to be licensed.

Induction of potent neutralizing antibodies is a major goal for a hRSV vaccine, as the
presence of serum neutralizing antibodies has been linked with protection against
hRSV infection (19–22). In this regard, the hRSV F protein is probably the most
appealing vaccine antigen candidate. Indeed, this antigen was shown to be the target
of most of the RSV-neutralizing activity in human serum (23, 24) and is known to be the
target of palivizumab (12). In addition, its amino acid sequence presents a high degree
of similarity between the two known hRSV subtypes, subtypes A and B (25, 26).

The F protein is a trimeric glycoprotein that mediates viral entry into host cells
through the fusion of the viral envelope and cell membrane (27–29). The monomeric
precursor peptidic chain, called F0, is subdivided into two main segments, F1 and F2.
These two segments are separated by an intervening peptide, designated peptide 27
(pep27), flanked by two furin sites (Fig. 1A). During maturation, F0 is activated through
proteolytic cleavage at the two furin sites, leading to the removal of pep27. F1 and F2
remain bound together by two disulfide bridges.

To allow host cell-viral membrane fusion, the F protein undergoes a conformational
switch from a prefusion (pre-F) state, a transiently stabilized or metastable state, to a
more stable postfusion (post-F) state (30). During this transition, two regions of F1,
heptad repeat A (HRA) and HRB, are subjected to a dramatic and irreversible rearrange-
ment resulting in the formation of a thermodynamically favored 6-helix bundle (6HB),
characteristic of the post-F conformation. The pre-F and post-F conformations were
shown to be structurally and antigenically distinct (31). Some antibodies specifically
recognize the pre-F conformation (32), others are directed against the post-F-specific
6HB structure (33), and the others bind both pre-F and post-F structures, such as
palivizumab (34–37). Importantly, data suggested that a hRSV subunit vaccine based on
pre-F triggers a broad protective antibody response, as it has been shown that most of
the neutralizing antibodies produced during natural infection are directed against the
pre-F conformation (24, 38, 39). In addition, it was reported previously that monoclonal
neutralizing antibodies directed against the pre-F state can prevent the conformational
changes leading to the post-F state (32), thereby inhibiting virus-cell fusion. The
generation of a soluble prefusion F protein has long been a challenging task due to
the transient nature of the prefusion state and its spontaneous rearrangement into the
postfusion conformation when produced as a soluble recombinant protein. Neverthe-
less, several stabilized pre-F proteins were described recently (40–45). We have also
designed and produced a molecule with pre-F characteristics, called Pre-F-GCN4t, that
has now reached clinical development.

In this study, we present the design and characterization of Pre-F-GCN4t. We present
data showing that Pre-F-GCN4t can be produced as a soluble, stable, and homoge-
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neous protein trimer. Particularly, Pre-F-GCN4t was analyzed in parallel with Post-F-XC,
an F molecule in the postfusion conformation, in order to dissect their differences and
to ensure that Pre-F-GCN4t did not spontaneously rearrange into the postfusion
structure. Finally, we evaluated the ability of Pre-F-GCN4t to bind palivizumab, to
deplete hRSV-neutralizing antibodies from a human immunoglobulin preparation, and
to bind the pre-F-specific D25 monoclonal antibody and compared these activities to
those of Post-F-XC.

RESULTS
Pre-F-GCN4t and Post-F-XC design. Two constructs based on the hRSV RSS2

sequence were produced in this study: (i) Pre-F-GCN4t, an RSV F vaccine candidate
stabilized in the prefusion conformation, and (ii) Post-F-XC, a post-F conformer made
for comparison purposes.

For the pre-F construct, both the transmembrane and C-terminal domains of F0
were replaced by the engineered Saccharomyces cerevisiae GCN4 trimerization domain
(46); the furin cleavage sites and pep27 sequences were removed with a single lysine
residue remaining at this position, between F2 and the fusion peptide (FP). To convert
the HRB C terminus into a canonical left-handed trimeric coiled-coil and create a
network of oppositely charged side chains (47), a leucine (L) residue was mutated into
a lysine (K) residue (residue 482 in the Pre-F-GCN4t sequence) (Fig. 1B). Two additional
mutations were introduced to increase protein homogeneity and stability (data not
shown). The original design of the pre-F protein was N-glycosylated at three different
sites: N27, N70, and N470 (corresponding to N500 in the native sequence). SDS-PAGE
analysis supported by liquid chromatography-mass spectrometry (LC-MS) investigation

FIG 1 (A) Comparison between the structures of native RSV F0 and the Pre-F-GCN4t and Post-F-XC monomers. Sp, signal peptide; N glyc,
N-glycan; FP, fusion peptide; Fur 1 and Fur 2, furin cleavage sites; TM, transmembrane sequence, C-tail, C-terminal tail; aa, amino acids.
F1 and F2 are the two main domains of RSV F. Black stars represent the added mutations L112Q, Q471G, and L482K. (B) Full amino acid
sequence of Pre-F-GCN4t. The lysine residue (K) that remains after the deletion of pep27 is highlighted in boldface type and a larger font.
The three point mutations are shown with white letters on a black background. The GCN4t domain replacing the transmembrane domain
and C-terminal tail is shown in gray italics. The rest of the sequence is unchanged compared with the native one.
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indicated partial N-glycosylation at position N470 (data not shown). Modification of the
NQS N-glycosylation site by the NGS sequence (Q471G mutation) increased the
N-glycosylation yield and protein expression levels in transiently transfected Chinese
hamster ovary (CHO) cells. Further analyses identified the hydrophobic region of the FP
as a region potentially susceptible to degradation. Therefore, the leucine residue at
position 112 was replaced by a glutamine residue (L112Q), resulting in a reduction in
proteolysis as well as an unexpected improvement in expression levels (data not
shown). These two mutations that were added to the initial construct led to the final
design of the pre-F molecule, identified as Pre-F-GCN4t. Sequence modifications of
Pre-F-GCN4t, compared to the unmodified hRSV F protein and Post-F-XC, are summa-
rized in Fig. 1A.

Comparative primary and quaternary structure analysis of Pre-F-GCN4t and
Post-F-XC. After purification, the trimeric nature of Pre-F-GCN4t and Post-F-XC was
confirmed by analytical ultracentrifugation (AUC) (data not shown). It was observed in
both cases that more than 90% of the protein adopted a trimeric structure. Both
molecules were also analyzed by SDS-PAGE under nonreducing and reducing condi-
tions. For Pre-F-GCN4t (Fig. 2A, lanes 1 and 2, respectively), band patterns were similar
under both conditions, indicating that Pre-F-GCN4t consisted of a single polypeptide.

FIG 2 SDS-PAGE analysis of Pre-F-GCN4t (A) and Post-F-XC (B) under reducing (with dithiothreitol [�DTT]) and nonreducing (without
dithiothreitol [�DTT]) conditions. Lane 1, nonreducing conditions; lane 2, reducing conditions; lane 3, N-glycosidase-treated sample under
reducing conditions. Band a, polypeptide with incomplete cleavage at the second furin site; band b, fully processed polypeptide; bands
c and f, F1 with pep27; bands d and g, F1 without pep27; bands e and h, F2; band w, higher-order protein structure; M, molecular mass
markers. The band at 35 kDa represents the N-glycosidase F enzyme (NG). Expected molecular masses (with and without glycosylations)
are shown at the bottom of each gel photograph.
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Moreover, after N-glycosidase treatment, the observed protein band shifted to a lower
molecular weight (MW), consistent with the removal of glycan moieties (Fig. 2A, lane 3),
which is in line with the N-glycosylation pattern of the native protein.

On the other hand, the band profile of purified Post-F-XC was more complex. Under
nonreducing conditions, three bands (bands a, b, and w) were detected (Fig. 2B, lane
1). LC-tandem MS (LC-MS/MS) analysis (data not shown) revealed that band a is the
polypeptide resulting from incomplete cleavage at the second furin site, whereas band
b corresponds to the fully processed protein. This result is consistent with furin site 1
being the site most susceptible to proteolytic cleavage upon the preparation of the
anchorless fusion protein (48). Band w represents a higher-order protein structure.
Under reducing conditions, the gel profile was different, because of the dissociation of
the F1 and F2 subunits. F1 was present as a doublet migrating at 50 to 70 kDa (bands
c and d). These bands represent the F1 polypeptide with (band c) and without (band
d) pep27. F2 migrated as a doublet at 20 kDa (band e), which we attributed to
glycosylation heterogeneity. This pattern was confirmed by the presence of a single
band (band h) after N-glycosidase treatment, migrating near the theoretical molecular
mass of F2, i.e., 10 kDa. After N-glycosidase treatment, the F1 band bearing pep27
(band f) showed a shift in the migration pattern due to the removal of up to 4
saccharide moieties, which was not observed for F1 lacking pep27, as it harbors only a
single N-glycosylation site (band g). The sequence identity of electrophoresed Post-
F-XC bands was confirmed by LC-MS/MS (data not shown). Besides partial cleavage of
pep27, this gel profile reflected band patterns expected from the designed molecule.

Chemical denaturation. Pre-F-GCN4t and Post-F-XC polypeptide chain unfolding
was assessed by monitoring the intrinsic fluorescence intensity under denaturing
conditions. Thermodynamic analysis of protein denaturation profiles can provide in-
formation on the stability and domain organization of large protein molecules. Both
constructs contain the same number of tryptophans, since the GCN4 coiled-coil added
to the pre-F structure is devoid of tryptophans. Because neither urea nor guanidine
hydrochloride (GnHCl) treatment was able to completely denature these two proteins
(data not shown), a series of urea-GnHCl equimolar mixtures with increasing concen-
trations was used (Fig. 3). Pre-F-GCN4t and Post-F-XC started unfolding at similar
denaturant concentrations and reached comparable plateau values. However, under
these conditions, the Pre-F-GCN4t structure changed in what appeared to be a one-
step process, with unfolding starting at 3.1 M urea–3.1 M GnHCl. In contrast, Post-F-XC

FIG 3 Chemical unfolding of Pre-F-GCN4t and Post-F-XC. Chemical unfolding profiles of Pre-F-GCN4t and
Post-F-XC were monitored by the change in the fluorescence emission center of spectral mass (CSM) upon
incubation with a solution containing various equimolar concentrations of urea and guanidine-HCl.
Samples were excited at 295 nm.
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unfolded in a two-step process, with the first unfolding step at 3.0 M urea–3.0 M GnHCl,
thus being similar to the single unfolding step of Pre-F-GCN4t, and the second
unfolding step at 5.1 M urea–5.1 M GnHCl. This two-step unfolding profile suggests that
Post-F-XC consists of at least two domains with different thermodynamic stabilities.

Electron microscopy. We used electron microscopy (EM) and single-particle anal-
ysis to determine whether Pre-F-GCN4t and Post-F-XC adopt conformations similar to
those reported previously (24, 36, 37). Figure 4 presents two-dimensional (2D) class-
average images generated from representative particle populations (representing be-
tween 70 and 80% of the total) and surface representations derived from structural
models of both proteins for comparison (PDB accession no. 4JHW for the pre-F
structure and 3RKI for the post-F structure). In order to adjust the molecules to scale,
protein modeling and distance measurements were performed with Swiss-PdbViewer
software. A Pre-F-GCN4t homology model was generated by using a combination of the
recently reported structure of the RSV pre-F ectodomain (32) and the structure of the
GCN4 trimeric coiled-coil region added at the C-terminal end. Representative 2D
class-average images agreed well with the respective molecular surface of the Pre-F-
GCN4t model (Fig. 4, green) and post-F (red). It was observed that the Pre-F-GCN4t
adopts a lollipop-like structure, with a size and shape similar to those of the model. In
approximately 13% of these particles, the head portion appeared to have an indenta-
tion in the center.

Post-F-XC appeared as an elongated conical structure, consistent with post-F struc-
tures described previously (36, 37, 49). 2D class-average images also suggested a 3-nm
difference in length between Pre-F-GCN4t and Post-F-XC, consistent with the predic-
tions from the models.

Hydrogen/deuterium exchange mass spectrometry. Overall, hydrogen/deute-
rium exchange mass spectrometry (HDX-MS) patterns of Pre-F-GCN4t and Post-F-XC
were very similar, indicating that the dynamic properties of the two proteins are
comparable despite the expected structural differences (Fig. 5). This is in line with the
fact that a sizeable portion of their secondary and tertiary structures is superimposable
(32). Since Pre-F-GCN4t and Post-F-XC share most of the sequence, a direct comparison
of the two HDX-MS patterns was possible. There were 37 proteolytic segments ob-
served in both constructs. Among the 37 common segments, 24 segments did not
show a significant difference (�10% change) in the average deuteration levels between
the two constructs (Fig. 6A). Average deuteration levels at five time points for each
segment in Pre-F-GCN4t and Post-F-XC correlated very well with a coefficient of

FIG 4 Superimposition of representative averaged electron micrograph images with structural models for Pre-F-
GCN4t and Post-F-XC at the same scale. (A) Superimposition of a representative image from the Pre-F-GCN4t
electron micrograph with the structural model reported under PDB accession no. 4JHW; (B) superimposition of a
representative image from the Post-F-XC electron micrograph with the structural model reported under PDB
accession no. 3RKI.
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determination (R-squared value) of 0.87. This implies that most of the dynamic regions
in Pre-F-GCN4t are dynamic in Post-F-XC and that most of the rigid regions in Pre-F-
GCN4t remain rigid in Post-F-XC.

Six segments, spanning positions 57 to 58, 201 to 202, 203 to 206, 252 to 259, 267
to 269, and 370 to 382, showed very low levels of deuterium incorporation in both
proteins (average deuteration level of �15% in both states). Such behavior is typical of
protein core regions, since the minimal local fluctuation protects the amide hydrogens
from exchanging with the surrounding deuteriums. The first core region included five
segments: the C terminus of �2 (segment spanning positions 57 to 58), the C terminus
of �5 (segments spanning positions 201 to 202 and 203 to 206), the N terminus of �6
(segment spanning positions 252 to 259), and the N terminus of �7 (segment spanning
positions 267 to 269). According to model prediction, these segments are part of the
core of the globular head in the HRA-proximal region (Fig. 6B). The second region was
around �15 (segment spanning positions 370 to 382). This region involves an antipa-
rallel �-hairpin structure, which is part of a three-stranded �-sheet located within the
HRA-distal subunits. It should be noted that these rigid regions are easily superimpos-
able when both conformation models are compared, with a calculated �-carbon root
mean square deviation (RMSD) of less than 2 Å, indicating that they remain in the core

FIG 5 Color representation of data from HDX-MS analysis of Pre-F-GCN4t and Post-F-XC. HDX-MS results for each pepsin-released peptide at each time point
(15, 50, 150, 500, or 1,500 s) are represented as colored bars above and below the sequences of Pre-F-GCN4t and Post-F-XC, respectively. Exchange values are
presented in the key. Secondary structure motifs are specified above and below the HDX-MS results for Pre-F-GCN4t and Post-F-XC, respectively. Antibody
binding sites are highlighted in gray with white amino acid letters in the sequences, and their names are shown in gray above the secondary structure motifs.
N-glycosylation sites are indicated in red in the sequences. To facilitate residue counting, a black dot is inserted between the two sequences every 10 residues.
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of the globular structure and do not account for the conformational differences
between Pre-F-GCN4t and Post-F-XC.

There were four very dynamic regions in Pre-F-GCN4t with deuteration levels at 15
s of �90% (Fig. 5 and 6C). They are the C-terminal region of F2 (segment spanning
positions 98 to 107), the FP (segments spanning positions 108 to 109, 110 to 111, and
112 to 117), the N-terminal region of HRA (positions 126 to 132 and 133 to 141), and
the C-terminal region of HRA (segment spanning positions 170 to 189). Similarly, there
were three very dynamic regions in Post-F-XC: the C-terminal region of F2 (segment
spanning positions 98 to 107), the C terminus of HRA (segment spanning positions 170
to 189), and �10 of HRB (segments spanning positions 460 to 473, 474 to 475, 476 to
477, and 478 to 502). All of these very dynamic regions experience a drastic confor-
mational change between the pre-F structure and the post-F structure.

There were 11 segments that increased average deuteration levels by 10% or more
(becoming more dynamic or less stable) in Post-F-XC compared to Pre-F-GCN4t. These
11 segments are part of three regions. The first region (Fig. 6Di) lies in the HRA-proximal
part of Pre-F-GCN4t and includes the N-terminal side of �2 (segment spanning posi-
tions 50 to 56), �1 (segments spanning positions 81 to 92 and 95 to 97), and �5
(segments spanning positions 192 to 193 and 194 to 200). The removal of the HRB
region from the HRA-proximal part upon the transition from the pre-F state to the
post-F state makes the HRA-proximal part thinner. This may weaken the hydrogen
bond network and give more flexibility to this part of the molecule. The second region
(Fig. 6Dii) is also in the HRA-proximal parts of Pre-F-GCN4t and covers �3-�4 (segment

FIG 6 Categorized HDX-MS results on the modeled Pre-F-GCN4t and Post-F-XC structures. (A) Segments with similar deuterium incorporation (difference in
average deuterium incorporation of �10%). (B) Segments with no or little deuterium incorporation (slow-exchanging segments; shown in dark blue). (C)
Segments with high deuterium incorporation (fast-exchanging segments). Red, shared by both structures; dark gray, exclusive to each structure. (D) Segments
which show significant change in deuterium incorporation (difference in average deuterium incorporation of �10%) between Pre-F-GCN4t and Post-F-XC.
Purple, slower exchange for Pre-F-GCN4t; black, slower exchange for Post-F-XC.
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spanning positions 144 to 158). It sustains a complete transition from �3-�4 in
Pre-F-GCN4t to �5 in Post-F-XC upon a structural switch and participates in the
formation of the HRA coiled coil buried in the center of the 6HB. The third region
adjacent to the pre-F HRB inverted pyramid (Fig. 6Diii) consists of �17-�18 (segment
spanning positions 389 to 404), �19 (segment spanning positions 405 to 410), �20
(segment spanning positions 413 to 420), �21 (segment spanning positions 421 to 427),
and �22 (segment spanning positions 429 to 437). Here, the parallel strand �22 sustains
a large-scale rearrangement in order to accommodate the movement of HRB toward
HRA, which translates into more flexible structures. The higher stability of Pre-F-GCN4t
in the pre-F state may result from this additional beta-strand reinforcing the hydrogen
bond network of this particular beta-sheet.

A region near the N terminus of HRA (segments spanning positions 126 to 132 and
133 to 141) showed significantly lower deuteration levels in Post-F-XC than in Pre-F-
GCN4t (Fig. 6Div, black highlighting). This region is located in the globular head in
Pre-F-GCN4t and within the membrane-proximal part of 6HB in Post-F-XC. This is the
only region with a much lower deuteration level in Post-F-XC than in Pre-F-GCN4t. We
suggest that it contributes to the free energy released upon post-F refolding.

HDX-MS results were mostly consistent with predicted Pre-F-GCN4t and Post-F-XC
structures. Figure 7 shows a ribbon backbone model representation of deuteration
levels at the 15-s time point. As HDX reactions occur through local and global unfolding
events, HDX results should correlate with dynamic properties of each segment, not
necessarily with solvent accessibility or distance from the surface (50). However, one
can probably expect some secondary correlation between the retardation in HDX
reactions and solvent accessibility in such a large polymeric protein. This appears to be
the case for most of the segments except for two regions. The first region covered the
FP (Fig. 7A), where the deuteration level was �90%, even at 15 s, despite being
internally located according to the modeled structure (32). The second region covered

FIG 7 HDX-MS data transposed on the structural models of Pre-F-GCN4t and Post-F-XC. Two of the Pre-F-GCN4t monomers are shown
in a surface representation, while the third is shown in a ribbon representation. Results from the 15-s deuteration time point are shown.
Deuteration levels are presented in the key. Red arrows indicate the positions of two peptides lacking correlation between surface
accessibility and deuterium incorporation. (A) Exchange kinetics of peptides from Pre-F-GCN4t in longitudinal sections (left and bottom
right) and from above (top right); (B) exchange kinetics of peptides from Post-F-XC as seen in longitudinal sections. The positions of �-helix
�1 and the palivizumab binding site (site II) are shown by black arrows.
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site II (the palivizumab binding site) and showed low-level deuterium incorporation
despite its location at the surface of both constructs (Fig. 7A and B).

Antigenic characterization. Pre-F-GCN4t and Post-F-XC were compared in a neu-
tralization inhibition experiment using palivizumab and a hRSV-positive human serum
pool. As expected, Pre-F-GCN4t was more efficient than Post-F-XC at depleting the
neutralizing activity of the seropositive serum pool throughout the range of concen-
trations tested (Fig. 8A, left) but even more so at the lower competitor concentrations.
On the other hand, Pre-F-GCN4t and Post-F-XC were equally efficient at inhibiting
palivizumab neutralizing activity (Fig. 8A, right). The affinity of palivizumab for Pre-F-
GCN4t was measured by surface plasmon resonance in a Biacore device (Fig. 8B). The
KD (equilibrium dissociation constant) for the interaction was 2.24 nM, which is similar
to data reported previously for a C-terminally truncated RSV A2 F protein (22, 51).

To confirm the structural and antigenic relationships between the present constructs
and the expected pre-F and post-F structures, the binding of the two antigens to the D25
antibody was compared by an enzyme-linked immunosorbent assay (ELISA) (Fig. 8C). We
demonstrated the binding of D25 to Pre-F-GCN4t, but in contrast to what was observed
with palivizumab (Fig. 8A, right), D25 bound Post-F-XC only minimally (Fig. 8C).

FIG 8 Pre-F-GCN4t antigenicity. (A) Pre-F-GCN4t or Post-F-XC at decreasing concentrations was used to inhibit the neutralizing activity of a convalescent-phase
serum pool (left) or palivizumab (right) in a neutralization inhibition assay. (B) Biacore sensorgrams of Pre-F-GCN4t injected at different concentrations onto
captured palivizumab. Association and dissociation constants (ka, kd, and KD) are indicated in the table. (C) Binding of the D25 antibody to Pre-F-GCN4t and
Post-F-XC. D25 at increasing concentrations was used to bind immobilized Pre-F-GCN4t or Post-F-XC in a microtiter plate. D25 binding was revealed by
peroxidase-labeled anti-human IgG Fc antibody followed by a peroxidase substrate. OD, optical density.
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DISCUSSION

The field of recombinant RSV F vaccine candidate development has recently been
successful at stabilizing both pre- and post-F states, and both approaches present
opportunities for innovative RSV vaccine development. In this report, we present the
characterization of a recombinant RSV F antigen that was specifically designed to adopt
a pre-F conformation. Modification of hRSV F was initially inspired by a structural study
of the parainfluenza virus 5 (PIV5) F protein in a prefusion form (52, 53). We focused on
well-established structural and functional features of the RSV F sequence and modified
some of them to stabilize the protein in the pre-F conformation, which led to the
Pre-F-GCN4t design. The major characteristics of Pre-F-GCN4t were the lack of F2-F1
processing in the absence of a linker region and the C-terminal fusion with an
engineered GCN4 coiled-coil region instead of the foldon domain. More particularly,
the two furin sites and pep27 were deleted. As a result, the FP remains attached to the
C terminus of F2, preventing a structural translocation of approximately 100 Å that
would normally be required for the formation of the post-F 6HB. In line with results
obtained by others, the removal of pep27 allowed the folding of the protein in its
trimeric form (42, 44, 54). We have shown that the presence of pep27 and the two furin
sites in the context of the Post-F-XC construct did not necessarily lead to a complete
processing of the peptide. Replacement of the C-terminal transmembrane and endodo-
main with GCN4 was meant to contribute to the trimerization and stability of the
soluble ectodomain in the pre-F conformation. The C-terminal GCN4 fusion was de-
signed to compensate for HRB instability in the absence of the transmembrane region,
preventing membrane interaction and aggregation and thus allowing secretion. More-
over, the presence of the C-terminal GCN4 triple-helix coiled-coil structure should
prevent HRB translocation and formation of the post-F 6HB. N-glycosylated Pre-F-
GCN4t was purified from CHO cell culture supernatants with the expected soluble
quaternary structure. Finally, the L112Q, Q471G, and L482K substitutions were intro-
duced in the context of Pre-F-GCN4t to improve the stability, homogeneity, and
production yield, which are critical parameters for large-scale recombinant vaccine
production. For comparison purposes, a recombinant F protein adopting a post-F
conformation, called Post-F-XC, was also produced based on data from a previous study
(37). AUC analysis confirmed that Post-F-XC was purified in the expected oligomeric
state, and EM data also confirmed adequate post-F morphological characteristics. In EM
images, Post-F-XC appeared as an elongated conical structure, consistent with post-F
structures described previously (36, 37, 49). In addition, Post-F-XC did not bind D25,
which was a further indication of its post-F conformation.

Chemical unfolding and HDX-MS analyses were performed to establish the thermo-
dynamic characteristics of both molecules. The chemical unfolding profile highlighted
clear thermodynamic differences. This technique showed that the globular heads of
both Pre-F-GCN4t and Post-F-XC are remarkably resistant to treatment, as the complete
unfolding of either protein required high concentrations of the urea-GnHCl mixture.
Nevertheless, Post-F-XC was shown to be globally more stable than Pre-F-GCN4t. A
recent report presented differential scanning fluorimetry (DSF) results for protein F
prefusion (DS-Cav1) and postfusion (FΔFP) conformers (55). Those DSF results showed
a very high melting temperature (Tm) (90°C) for the postfusion conformer and a slightly
lower Tm for the prefusion conformer (61 to 81°C). Such data agree well with our
chemical unfolding results showing that Post-F-XC has a higher stability than Pre-F-
GCN4t. In our work, the unfolding of Post-F-XC occurred with two main transitions. It
is noteworthy that Pre-F-GCN4t unfolding and the first unfolding step of Post-F-XC
occurred at about the same denaturant concentrations, which suggests that there is a
Post-F-XC domain(s) whose stability is similar to that of Pre-F-GCN4t. The second
transition in the Post-F-XC unfolding profile could be attributed to the 6HB structure at
first sight, as this structure has already been reported to be highly stable (56). However,
as there are no tryptophan residues in the HRA or HRB regions which form the 6HB, the
chemical unfolding experiment could not monitor its stability directly. In contrast,
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HDX-MS data showed that all detectable amide hydrogens in the HRA and HRB regions
finished exchanging by the 1,500-s time point, which rather indicates that the 6HB is
not stable by itself in Post-F-XC. One hypothesis is that the HRA-proximal subunit in
Post-F-XC is more stable than that in Pre-F-GCN4t, while the HRA-distal subunits
have the same stability in the two constructs. This would be in line with the fact that
the HRA-proximal subunit is fused with the 6HB, implying that the two domains
would form a single cooperatively unfolding structural entity. As only the HRA-
proximal and the HRA-distal subunits in the globular head include a tryptophan
residue(s), it is reasonable to assume that these two subunits unfold at different
denaturant concentrations in Post-F-XC. There are two tryptophan residues in the
HRA-distal subunit and one in the HRA-proximal subunit. As the red shift of the first
chemical unfolding transition is approximately twice as large as that of the second
transition, it is more likely that the first unfolding event represents the HRA-distal
subunit and that the second one represents the HRA-proximal subunit. Therefore, as
expected, the HRA-proximal subunit is most probably stabilized in Post-F-XC compared
to Pre-F-GCN4t. This observation may be considered a unique post-F thermodynamic
signature. Pre-F-GCN4t does not show this signature, which indicates that this molecule
does not adopt a post-F conformation.

EM provided further evidence about the morphological specificity of Pre-F-GCN4t.
Indeed, the appearance of Pre-F-GCN4t in EM images was easily distinguishable from
that of Post-F-XC. However, the Pre-F-GCN4t lollipop-shaped structure was slightly
divergent from the rounded pre-F structure presented in works by others (24, 43). We
attributed this morphological difference to the addition of the GCN4 trimeric coiled-coil
domain. Our goal to obtain a pre-F molecule supposedly stabilized in the pre-F
conformation was almost achieved after the demonstration that the molecule does not
reassemble into a post-F conformation. However, we did not yet know to which extent
the structural specificities induced by the present stabilization strategy could influence
the antigenicity of the molecule.

The HDX-MS data are in line with the fact that Pre-F-GCN4t and Post-F-XC share
most of their three-dimensional (3D) coordinates, with most peptides showing similar
exchange kinetics in both molecules. This technique revealed subtle dissimilarities
between the two constructs. Among the regions presenting different deuterium incor-
poration between Pre-F-GCN4t and Post-F-XC, two trends are of particular interest. We
first observed that some regions were more stable in the context of Pre-F-GCN4t than
in the context of Post-F-XC. This local stability may reflect the present design approach,
as this molecule was especially designed to be stabilized in the pre-F conformation. The
second trend concerns regions undergoing a significant drop in deuterium incorpora-
tion in the context of Post-F-XC. In line with the 6HB contributing to the stability of
Post-F-XC, such regions are localized mostly in HRA. A particular segment of interest is
localized in the N-terminal part of Post-F-XC HRA. This �-helical segment may be an
important contributor to the free energy loss driving protein folding into the native
form and may be essential for membrane fusion activity.

The HDX-MS results indicated a high deuteration level for the FP in Pre-F-GCN4t,
suggesting that this region is highly flexible. This is consistent with the observation that
the FP is exposed to degradation from secreted endogenous proteases during in-
process stability monitoring (data not shown). On the other hand, this might appear to
contradict the pre-F crystal structure, which showed that the FP lies inside a protecting
cavity (32). There are two possible explanations for this apparent discrepancy. One
possible explanation is that the region around pep27 flanked with two furin sites and
the FP is dynamic in the native pre-F conformation. In this way, the two furin sites are
susceptible to furin cleavage despite their possible location inside the cavity. The
dynamic property of this region was just sustained in the Pre-F-GCN4t construct. The
other explanation is that the removal of the two furin cleavage sites and pep27
hampers its folding inside a Pre-F-GCN4t internal cavity. In this case, Pre-F-GCN4t may
resemble more the previously reported PIV5 pre-F structure (52, 53), and the surface
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accessibility of the FP could provide specific antigenic attributes to Pre-F-GCN4t in
comparison with previously reported fully processed pre-F structures.

Pre-F-GCN4t was recognized by palivizumab, with the affinity constant in the same
range as known palivizumab–pre-F affinity values. The epitope of palivizumab is site II,
which is displayed by both the Pre-F-GCN4t and Post-F-XC constructs. Two segments
covering this site in HDX-MS analysis, the segments spanning positions 222 to 227 and
230 to 247, showed very similar and relatively low deuteration levels in both Pre-F-
GCN4t and Post-F-XC, implying that both constructs present this site in similar ways.
This reflects the fact that both molecules were equally efficient at inhibiting palivi-
zumab neutralizing activity. Despite being an interesting site to consider for the
antigenicity of Pre-F-GCN4t, site II is not specific to the pre-F conformation, and thus,
the binding at site II does not confirm the supposed pre-F conformation of Pre-F-GCN4t.
Data from two antigenic assays suggested the pre-F nature of Pre-F-GCN4t. First,
Pre-F-GCN4t was more efficient than Post-F-XC at inhibiting the neutralizing activity of
a human convalescent-phase serum pool. A major contributor to the human neutral-
izing antibody response is antigenic site ø, which was initially identified by D25 epitope
characterization (32, 38). This conformational epitope consists of two segments, resi-
dues 62 to 69 in the F2 fragment and residues 166 to 179 in the HRA region of the F1
fragment. After folding into the post-F state, the F1 segment refolds into the 6HB, so
the conformational epitope is lost. Accordingly, we showed in a second antigenic assay
that D25 bound to Pre-F-GCN4t but not to Post-F-XC in an ELISA. The latter observation
reveals a pre-F-like structure but does not confirm the quaternary structure of the
molecule, as D25 is known to also bind monomeric pre-F (54). Nevertheless, the trimeric
nature of Pre-F-GCN4t was supported by data from AUC experiments. It may be worth
pointing out that site ø resides in a very dynamic region, unlike site II, and that dynamic
regions are often involved in conformational changes (see above).

Altogether, these data show that Pre-F-GCN4t has important characteristics of a
prefusion conformation. It has the requisite product quality and antigenic attributes
desired for an RSV F protein vaccine candidate. Further preclinical, particularly immu-
nogenicity characterization, but also clinical assessments of Pre-F-GCN4t are in progress
to demonstrate the ability of this recombinant subunit RSV vaccine candidate to
address the unmet RSV vaccine needs.

MATERIALS AND METHODS
Design of genetically modified F proteins. The design of Pre-F-GCN4t was based on the hRSV RSS2

reference strain (subtype A) F0 protein sequence and the PIV5 pre-F structure (52). Peptide 27, located
between the two furin cleavage sites of F0, was deleted. A Lys residue from one of the two furin sites
was conserved to keep a positive charge at this position. The transmembrane and C-terminal regions
were replaced by the engineered yeast GCN4 isoleucine zipper domain variant EDKIEEILSKIYHIENEIARI
KKLIGEA (46). This modified GCN4 stabilizes as a trimer, hence the denomination GCN4t. Additional
L112Q, Q471G, and L482K point mutations (amino acid numbering refers to the Pre-F-GCN4t sequence)
(Fig. 1B) were introduced by using the QuikChange II site-directed mutagenesis kit (Agilent Technolo-
gies).

The construct design of Post-F-XC was based on the RSV reference strain RSS2 F0 protein sequence
and the known post-F structure (36, 37). In this design, the following modifications were made to F0:
deletion of the transmembrane domain and the C-terminal domain and truncation of the first 9 amino
acids of the FP. In addition, a C-terminal His tag was added to facilitate purification.

Synthesis of the genes corresponding to Pre-F-GCN4t and Post-F-XC, with codon optimization
favoring Cricetulus griseus species, was performed by GeneArt Gene Synthesis Services (Life Technolo-
gies).

Design modifications of Pre-F-GCN4t and Post-F-XC, compared with the native RSS2 F0 sequence, are
shown in Fig. 1A.

Cloning and expression of Pre-F-GCN4t and Post-F-XC. The synthetic Pre-F-GCN4t and Post-XC
genes were cloned into the pEE14 mammalian expression vector using HindIII-XbaI restriction sites
(Lonza). The pEE14 plasmids expressing PreF-GCN4t or Post-F-XC were introduced into host CHO cells by
lipofection using the FreeStyle Max reagent (Life Technologies). Glutamine selection was used to
establish stable CHO clones. Transfected cells were grown in serum-free CD-CHO medium (Life Tech-
nologies) in shake flasks at 37°C with 5% CO2 and passaged at 2- to 3-day intervals. Protein expression
was triggered by shifting the incubation temperature to 29°C and adding 2 mM sodium butyrate. After
6 days, the culture supernatant was harvested, and Pre-F-GCN4t or Post-F-XC proteins were purified.

Purification of F proteins. For the purification of Pre-F-GCN4t, cell debris were removed by
centrifugation at 10,000 � g for 10 min, and the supernatant was filtered on a Sartobran 0.45/0.2 filter
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(Sartorius), adjusted to pH 6.0 with HCl, and injected into a CM ceramic HyperD ion-exchange chroma-
tography column (Pall) equilibrated in 20 mM sodium phosphate buffer (pH 6.0). Pre-F-GCN4t was eluted
by using a 0.3 M NaCl step gradient. Fractions containing Pre-F-GCN4t, as determined by SDS-PAGE and
Western blotting with a Pre-F-GCN4t-specific polyclonal antibody (from a rabbit immunized with
His-tagged Pre-F-GCN4t–incomplete Freund’s adjuvant), were pooled and transferred to ceramic hy-
droxyapatite type II resin (Bio-Rad) in 50 mM sodium phosphate buffer (pH 7.0), followed by stepwise
elution with 0.5 M NaCl. The eluate was directly loaded onto Capto Adhere resin (GE Healthcare)
equilibrated in 20 mM sodium phosphate (pH 7.0) containing 500 mM NaCl, washed with 10 mM sodium
phosphate buffer (pH 7.0) containing 0.1 M arginine, and eluted with a buffer containing 0.6 M arginine.
Finally, a pool of Pre-F-GCN4t-containing fractions was transferred to a size exclusion chromatography
column packed with Superdex 200 (GE Healthcare) in 10 mM sodium dipotassium phosphate–160 mM
NaCl (pH 6.5). Pooled fractions containing Pre-F-GCN4t were sterile filtered, aliquoted, and stored at
�70°C until use.

For the purification of Post-F-XC, the harvested supernatant was filtered, adjusted to pH 6.0, and
injected onto a CM ceramic HyperD ion-exchange chromatography column (Pall) equilibrated in 20 mM
morpholineethanesulfonic acid (MES) (pH 6.0). After a wash step with 5 mM sodium phosphate–20 mM
HEPES (pH 7.0), elution was performed with a NaCl gradient. The target protein was eluted in the range
of 300 mM to 1 M. As shown after evaluation by reducing SDS-PAGE, this fraction contained the two
fragments corresponding to the expected size of the furin-processed F protein. The fraction was loaded
onto His Trap FF crude resin (GE Healthcare) for immobilized-metal ion affinity chromatography and
equilibrated in 20 mM Bicine–500 mM NaCl (pH 8.3), and stepwise elution with 250 mM imidazole was
performed. The eluate was fractionated by size exclusion chromatography using Superdex 200 26/60
equilibrated in 20 mM Bicine buffer (pH 8.3) containing 0.5 M NaCl. Fractions containing the furin-
processed protein, as assessed by SDS-PAGE, were pooled, sterile filtered, aliquoted, and stored at �70°C
until use.

SDS-PAGE analysis of deglycosylated proteins. Protein N-deglycosylation was performed by using
an N-glycosidase F deglycosylation kit (catalog no. 11 836 552 001; Roche), according to the manufac-
turer’s instructions. Glycosylated and nonglycosylated proteins were analyzed by SDS-PAGE using a
Novex Bis-Tris 4 to 12% gel (Invitrogen) under reducing conditions. The gels were stained with a
Coomassie blue-based staining solution.

Analytical ultracentrifugation. Protein samples in different buffers were centrifuged at 25,000 rpm
in an AN-60Ti rotor at 15°C in a Beckman-Coulter ProteomeLab XL-1 analytical ultracentrifuge equipped
with an absorbance optical detection system. The absorbance profile at 280 nm was recorded every 5
min. Data were analyzed with Sedfit 14.1 (NIH, Bethesda, MD) using a continuous size distribution, c(S),
model (57).

Chemical denaturation. Chemical unfolding was performed at room temperature and monitored by
using fluorescence spectroscopy. Since Pre-F-GCN4t and Post-F-XC do not unfold completely in saturated
urea or GnHCl at 25°C, solutions containing equimolar amounts of both urea and GnHCl were used.
Buffers ranging from 0.5 M urea– 0.5 GnHCl to 6.5 M urea– 6.5 M GnHCl were freshly prepared in 20 mM
Bicine–150 mM NaCl (pH 8.0). Pre-F-GCN4t and Post-F-XC samples at 2 mg/ml were brought to different
concentrations of urea-GnHCl with these buffers and incubated for at least 2 h 30 min at room
temperature before analysis. Intrinsic fluorescence was measured by using a Spectramax M5e instrument
(Molecular Devices). Samples were excited at 295 nm, which is specific to tryptophan, and fluorescence
emission spectra were scanned from 300 to 420 nm with 1.0-nm increments. The center of spectral mass
(CSM) was calculated by using the formula CSM � �� � I(�)/�I(�).

Electron microscopy. Electron microscopy sample preparation and image analyses were performed
at NanoImaging Services, Inc. (San Diego, CA, USA). Samples were prepared by using a continuous-
carbon-grid method. Nitrocellulose-supported 400-mesh copper grids were prepared by applying the
sample suspension to a cleaned grid, blotting with filter paper, and immediately staining the sample with
uranyl formate. EM was performed by using an FEI Tecnai T12 electron microscope operating at 120 keV
equipped with an FEI Eagle 4,096- by 4,096-physical-pixel charge-coupled-device (CCD) camera. High-
magnification images were acquired at nominal magnifications of �110,000 (0.10 nm/pixel) and �67,000
(0.16 nm/pixel). The images were acquired at nominal underfocuses of �2 �m to �1 �m (magnification,
�110,000) and �3 �m to �2 �m (magnification, �67,000) and electron doses of �24 to 39 electron/Å2.
For 2D averaging analysis, individual particles in the images at a �67,000 magnification were selected
by using automated picking protocols (58), followed by two rounds of reference-free alignment and
classification using the XMIPP software package (59).

Model building. By using Swiss-PdbViewer (also called DeepView) (60), protein sequences of
Pre-F-GCN4t and Post-F-XC were aligned with the corresponding structural templates: pre-F (PDB
accession no. 4JHW) (32) and post-F (PDB accession no. 3RKI) (37). Modeling of the three-dimensional
structures was performed by using the automated Swissmodel homology modeling server (61). A
theoretical model of Pre-F-GCN4t fused with GCN4 was finalized by superposing the resulting Pre-F-
GCN4t model with the pre-F PIV5 structure, that is, the structured reported under PDB accession no. 2B9B
(52). Superposition of the Pre-F-GCN4t model and the GCN4 structure was achieved in accordance with
the designed construct. Energy minimization was achieved by using Molecular Operating Environment
(MOE) (Chemical Computing Group, Inc.), assisted by the Amber10:EHT force field. Structural analysis was
performed and figure representations were generated with Swiss-PdbViewer.

Hydrogen/deuterium-exchange mass spectrometry. HDX-MS experiments were performed at
ExSAR Corporation. Briefly, an exchange reaction was initiated by diluting 5 �l of a Pre-F-GCN4t stock
solution (28.2 �M in 10 mM Na2HPO4–150 mM NaCl [pH 6.5]) or 5 �l of a Post-F-XC stock solution (28.2
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�M in 20 mM Bicine–500 mM NaCl [pH 8.3]) with 35 �l of deuterated buffer (20 mM Bicine, 500 mM NaCl
[pH 8.3]). The reaction mixture was incubated at 0°C for various times (15, 50, 150, 500, and 1,500 s).
Control samples consisted of nondeuterated samples (run without deuterated buffers) and fully deuter-
ated samples [prepared by mixing 11 �l of 28.2 �M Pre-F-GCN4t or Post-F-XC with 77 �l of 100 mM
tris(2-carboxyethyl)phosphine (TCEP) in D2O (pH 7) and incubating the mixture at 60°C for 3 h]. The
reactions were quenched by mixing the solutions with 20 �l of 8 M urea and 1 M TCEP at pH 4.0 at 0°C.
The quenched solutions were immediately pumped over a column filled with porcine pepsin (Sigma-
Aldrich) immobilized on Poros 20 AL medium (Applied Biosystems) at 30 mg/ml (62) with 0.05%
trifluoroacetic acid (TFA) (200 �l/min) for 3 min, with contemporaneous collection of proteolytic products
by using a trap column (Poros R2 medium; Applied Biosystems). Subsequently, the peptide fragments
were eluted from the trap column and separated by using an analytical column (BioBasic-18, 1-mm inner
diameter [ID] by 50 mm, 5 �m, and a 300-Å pore size; Thermo Scientific) with a linear gradient of 13%
solvent B to 35% solvent B over 23 min (solvent A, 0.05% TFA in water; solvent B, 95% acetonitrile, 5%
water, and 0.0025% TFA) (flow rate of 5 �l/min to 10 �l/min). Mass spectrometric analyses were carried
out with a Thermo OrbiTrap XL mass spectrometer (Thermo Scientific) with a capillary temperature at
200°C. Prior to HDX-MS experiments, each pepsin-generated peptide had been identified (63).

The centroids of probe peptide isotopic envelopes were measured by using HDExpress (ExSAR
Corporation). The corrections for back-exchange were made by employing methods described previously
(64). The deuteration level (percent) was calculated as [m(P) � m(N)]/[m(F) � m(N)] � 100, where m(P),
m(N), and m(F) are the centroid values of the partially deuterated peptide, the nondeuterated peptide,
and the fully deuterated peptide, respectively.

Neutralization inhibition assay. Serial dilutions of a reference anti-hRSV adult human serum pool
(65) or palivizumab (MedImmune) were mixed with various concentrations of competitor proteins, either
Pre-F-GCN4t or Post-F-XC, or no protein, in 50% Dulbecco’s modified Eagle’s medium (DMEM)–50%
199-H medium containing 0.5% fetal bovine serum, 2 mM glutamine, and 50 �g/ml gentamicin (RSV
medium) and incubated for 30 min at 37°C in round-bottom 96-well plates. Sixty microliters of each serial
dilution of antibody and protein was mixed with 30 �l of hRSV A Long (ATCC VR-26; 1,000 PFU/ml) and
incubated for 20 min at 33°C with 5% CO2. Fifty microliters of the antibody-competitor-virus mixture was
then transferred into flat-bottom 96-well plates previously seeded with 1 � 104 Vero cells/well (ATCC
CCL-81) and emptied of cell culture medium. Plates were incubated for 2 h at 33°C with 5% CO2. After
incubation, the medium was removed, and cells were covered with 0.5% carboxymethylcellulose in RSV
medium. The plates were incubated for 3 days at 33°C with 5% CO2 prior to immunofluorescence
staining.

Immunofluorescence analysis was performed by using a goat anti-hRSV antibody followed by
fluorescein isothiocyanate (FITC)-labeled rabbit anti-goat IgG. Briefly, cell monolayers were washed
with phosphate-buffered saline (PBS) and fixed with 1% paraformaldehyde. After blocking with 2%
(wt/vol) skim milk in PBS, hRSV-infected cells were detected by using commercial polyclonal goat
anti-hRSV (BioDesign, Meridian Life Science) followed by rabbit anti-goat IgG conjugated to FITC
(Sigma-Aldrich) diluted in blocking buffer containing a final concentration of 0.01% Evans blue as
the counterstain. Following the washing steps, empty plates were read by using an automated
fluorescence microscope. Stained foci were counted with automated software (AxioVision v4.7; Carl
Zeiss Vision). For human pooled serum and palivizumab, the effective dose (ED60) titer was
determined as the serum dilution at which 60% of the virus was neutralized compared to control
wells containing virus and competitor protein but no antibody for each competitor-protein con-
centration. Control wells consisting of virus only (no competitor protein) were included on each
plate and had similar numbers of plaques, indicating that the addition of the competitor protein did
not impact viral infection. For each competitor-protein concentration, percent neutralization inhi-
bition was calculated as 1 � serum titer in the presence of competitor protein/serum titer in the
absence of competitor protein � 100.

Affinity of palivizumab for Pre-F-GCN4t. The affinity of palivizumab for Pre-F-GCN4t was analyzed
by surface plasmon resonance technology using a Biacore T100 instrument (GE Healthcare). Briefly, 1,500
resonance unit (RU) of a mouse monoclonal anti-human IgG (Fc) antibody (catalog no. BR-1008-39; GE
Healthcare) were immobilized on a CM5 sensorchip surface (catalog no. BR-1005-30; GE Healthcare) by
N-hydroxysuccinimide–1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride chemistry (amine
coupling kit, catalog no. BR-1000-50; GE Healthcare). Each cycle of analysis consisted of the capture of 60
RU of palivizumab followed by the injection of a Pre-F-GCN4t antigen solution prepared in running buffer
(phosphate-buffered saline with 0.005% surfactant P20) during 120 s at a 60-�l/min flow rate. The
dissociation phase was monitored for 300 s by using the same flow rate. Between cycles, three
regeneration cycles of 30 s in glycine (pH 1.5) were performed at a flow rate of 30 �l/min. Background
values obtained by antigen binding on the immobilized capture mouse monoclonal antibody were
subtracted from each data point. Binding curves at seven different concentrations (0, 25, 50, 75, 100, 150,
and 200 nM) of the Pre-F-GCN4t antigen were analyzed with the 1:1 Langmuir binding model using the
Biacore BIA evaluation program. Due to the trimeric nature of the antigen, a substantial avidity effect can
reduce the off-rate. The apparent dissociation constant (KD) was calculated as a ratio of the two rate
constants, koff/kon.

D25 immunoassay. Ninety-six-well flat-bottom microtiter plates (Thermo Fisher) were coated with
100 ng of either Pre-F-GCN4t or Post-F-XC (2 �g/ml) overnight at 4°C. One hundred microliters of various
concentrations of the D25 antibody (in-house produced, from DNA vectors kindly provided by ReiThera
SRL, Rome, Italy) was added to each well, and the mixture was incubated for 2 h at 37°C. D25 is a
monoclonal antibody that binds and locks the F protein in its prefusion state (32). In the microtiter plates,
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bound antibodies were detected by incubation with 50 �l of horseradish peroxidase-conjugated mouse
anti-human IgG Fc antibody (Life Technologies) for 1 h at 37°C, followed by 50 �l of the SureBlue
horseradish peroxidase substrate (KPL) for 30 min at room temperature. Between steps, plates were
washed with PBS– 0.05% Tween 20. The peroxidase reaction was stopped with 2 N 50 �l H2SO4 and 100
�l acetic acid. Plates were read in a Vmax microplate reader (Molecular Devices) at 450 nm, and results
were analyzed with Softmax Pro.
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