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Parainfluenza virus types 1–4 (PIV1–4) are highly infectious human
pathogens, of which PIV3 is most commonly responsible for severe
respiratory illness in newborns, elderly, and immunocompromised
individuals. To obtain a vaccine effective against all four PIV types,
we engineered mutations in each of the four PIV fusion (F) gly-
coproteins to stabilize their metastable prefusion states, as such
stabilization had previously enabled the elicitation of high-titer
neutralizing antibodies against the related respiratory syncytial
virus. A cryoelectron microscopy structure of an engineered
PIV3 F prefusion-stabilized trimer, bound to the prefusion-
specific antibody PIA174, revealed atomic-level details for how
introduced mutations improved stability as well as how a single
PIA174 antibody recognized the trimeric apex of prefusion PIV3 F.
Nine combinations of six newly identified disulfides and two
cavity-filling mutations stabilized the prefusion PIV3 F immuno-
gens and induced 200- to 500-fold higher neutralizing titers in mice
than were elicited by PIV3 F in the postfusion conformation. For
PIV1, PIV2, and PIV4, we also obtained stabilized prefusion Fs, for
which prefusion versus postfusion titers were 2- to 20-fold higher.
Elicited murine responses were PIV type-specific, with little cross-
neutralization of other PIVs. In nonhuman primates (NHPs), quadriva-
lent immunization with prefusion-stabilized Fs from PIV1–4 consistently
induced potent neutralizing responses against all four PIVs. For PIV3,
the average elicited NHP titer from the quadrivalent immunization was
more than fivefold higher than any titer observed in a cohort of over
100 human adults, highlighting the ability of a prefusion-stabilized
immunogen to elicit especially potent neutralization.
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Human paramyxoviruses and pneumoviruses are widespread
pathogens (1–3), cause considerable disease burden (4), and

include measles virus (MeV) (5), mumps virus (MuV) (6), re-
spiratory syncytial virus (RSV), metapneumovirus (MPV) (7),
and parainfluenza virus types 1–4 (PIV1–4) (Fig. 1A). The
paramyxovirus family members PIV1 and PIV3 (genus Respi-
rovirus) are important pediatric pathogens, with lower incidence
or disease severity caused by the paramyxovirus family members
PIV2 and PIV4 (genus Rublavirus) (8). While effective responses
to measles and mumps can be induced by live attenuated viral
vaccines (9), licensed vaccines for RSV, MPV, and PIV1–4 have
not been obtained using the same approach (10–13). Entry by
these viruses utilizes the viral fusion (F) glycoprotein (14, 15), a
type 1 fusion machine that transitions between a metastable pre-
fusion conformation and a stable postfusion conformation (Fig.
1B) to merge virus and cell membranes. Structure-based stabili-
zation of RSV F in its prefusion conformation has been shown to

induce high levels of RSV-neutralizing activity in vaccine ani-
mal models (16–20) and in a recent clinical trial.* While pre-
fusion F stabilization has been proposed as a general means of
inducing high titer protective responses, such stabilization with
the MPV F glycoprotein does not induce improved neutralization
titers (21), thus raising questions about the general utility of pre-
fusion F vaccine stabilization for paramyxoviruses. To investigate
the utility of prefusion PIV1–4 F vaccination, we utilized available
structural information to engineer soluble prefusion-stabilized
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glycoproteins to be promising vaccine candidates.
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versions of the F glycoprotein from PIV1, 2, 3, and 4, which we
characterized structurally and tested for immunogenicity in mice
and rhesus macaques.

Results
Structure-Based Design of Disulfide Bonds and Cavity-Filling
Mutations That Robustly Stabilize the Prefusion PIV3 F Trimer. As
PIV3 causes the most hospitalizations (8), we made it our top
priority for vaccine design. We used the crystal structures of the
simian prefusion PIV5 F glycoprotein (PDB ID 4GIP, 4WSG)
(22) to construct a homology model for the prefusion PIV3 F
protein, which consisted of three intertwined monomers con-
tributing to the quaternary assembly of four domains—DI, DII,
DIII, and the heptad repeat B (HRB) region—enclosing a large
internal cavity. We compared this model of the prefusion PIV3 F
to the crystal structure of uncleaved postfusion PIV3 F (PDB ID
1ZTM) (23) to predict regions of the F protein that undergo
conformational rearrangements between prefusion and post-
fusion forms. These regions were the focus of design efforts,
which resulted in over 100 prefusion-stabilized PIV3 F variants
(Fig. 1B and SI Appendix, Table S1) and which all had the
GCN4-trimerization domain appended to the C terminus at
residue 481 (SI Appendix, Table S1). These engineered variants
were predicted to stabilize the prefusion conformation of the
PIV3 F protein and to arrest its transition to the postfusion state.
To enable antigenic discrimination of the designed immunogens,
we screened B cells for F-directed antibodies capable of neu-
tralizing PIV3 and identified two, antibodies PIA56 and PIA75,
which bound postfusion PIV3 F, and two others, antibodies
PIA3 and PIA174, which were prefusion F-specific. Antigenic

screening of the F designs for binding to PIV3 prefusion
and postfusion F-specific antibodies identified variants that
expressed as stabilized prefusion trimers. The antigenic analysis
showed that introduction of various combinations of six non-
natural disulfide bonds, 172C-238C, V170C-I242C, I213C-
G230C, D216C-L221C, Q162C-L168C, and G85C-Q222C, and
two cavity-filling mutations, A463V and I474Y, resulted in PIV F
glycoproteins that preferentially bound the prefusion-specific
neutralizing antibodies PIA3 and PIA174 and not the post-
fusion F-specific antibody PIA56. (SI Appendix, Fig. S1 A–E).
Cavity-filling mutations, A463V and I474Y, were both located
within the HRB helical coiled-coil region, whereas the engi-
neered disulfide bonds linked regions that were predicted to be
close together in the prefusion-homology model, but to separate
in the postfusion state.
Numerous disulfide and cavity-filling prefusion F variants (e.g.,

I172C-N238C/I474Y-GCN4) showed complete prefusion-
conformational fixation over 4 weeks at 37 °C, in contrast to
the variant stabilized only with GCN4 (22) (Fig. 1C), with other
prefusion-stabilized variants displaying temporal stability, en-
hanced yield, and/or increased prefusion F physical stability (SI
Appendix, Fig. S2 and Table S1).

Structure of a Prefusion-Stabilized PIV3 F Trimer Bound to an Apex-
Binding Antibody Reveals Details of Trimer Organization and
Stabilizing Mutations. To provide atomic-level information on
the prefusion-stabilized PIV F, we determined the structure of
the PIV3 F Q162C-L168C, I213C-G230C, A463V, I474Y variant
in complex with the prefusion-specific antibody PIA174 by cryo-
EM to an overall resolution of 4.3 Å, as reported according to

Fig. 1. Structure-based design of a PIV3 F glycopro-
tein vaccine that elicits high-titer neutralizing re-
sponses. (A) Phylogenetic tree of pathogenic human
paramyxovirus F glycoproteins, with human para-
influenzas colored blue, orange, green, and purple
for types 1, 2, 3, and 4, respectively, throughout all
figures. Viruses for which vaccines have been licensed
are shown in bold font, viruses for which prefusion F
candidate vaccines have been created are underlined,
and the simian PIV5 is shown in italics. (B) Structure-
based design of prefusion-stabilizing mutations in
PIV3 F showing disulfide and cavity-filling changes in
the head and stem, respectively. Model was based on
PIV5 prefusion structure (PDB ID 4WSG). Additional
PIV F variants are shown in SI Appendix, Fig. S5 B–F.
(C) Temporal stability of prefusion F as determined by
negative-stain EM during a 4-wk incubation time
course in PBS at 37 °C. (D) Cryo-EM structure at 4.3-Å
resolution of prefusion PIV3 F stabilized by Q162C-
L168C, I213C-G230C, A463V, I474Y mutations and
bound to antibody PIA174. The complex was most
ordered at the core of the PIV3 F trimer and at its
interface with the PIA174 antibody, where the cryo-
EMmap showed a local resolution of 4.0 Å, calculated
using RELION (38). Insets show disulfide bonds (Left)
and antibody–apex interactions (Right). (E) Immuno-
genicity of various PIV3 F variants in CB6F1J mice (10
per group) showing immunization schema (Top),
neutralization data (Bottom), and statistical compar-
ison of prefusion-versus-postfusion F immunogens by
two-tailed Mann–Whitney U test (****P < 0.0001).
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the FSC0.143 gold-standard criterion (Fig. 1D and SI Appendix,
Fig. S2 A–D and Table S2). The resolution of the map pro-
gressively decreased towards the more disordered peripheries of
the complex, with the lowest resolutions observed for the con-
stant domains of the PIA174 Fab and the tip of the C-terminal
HRB (SI Appendix, Fig. S3 A and B). Overall, the cryo-EM re-
construction revealed a single Fab bound at the apex of the
prefusion F trimer, reminiscent of HIV-1 prefusion Env trimer
apex-specific antibodies PGT145 (24, 25), VRC26.09 (26), or
PG9 (27–29).
Similar to the PIV5 F trimer (PDB ID 4WSG), the PIV3 F

trimer presented a “tree-like” appearance, with three inter-
twined monomers forming DI, DII, DIII, and the HRB domains
and interconnecting loops (SI Appendix, Fig. S3). The GCN4-
trimerization motif and the C-terminal ends of the HRB heli-
ces, including the region that contained the I474Y cavity-filling
mutation, were disordered and not observed in the cryo-EM
reconstruction. One of the cavity-filling mutations (A463V)
was placed within the HRB helices and resulted in an increase in
van der Waals’ contacts between neighboring helices. The
prefusion-stabilizing disulfide I213C/G230C was well-defined in
the cryo-EM reconstruction in all three monomers, linking two
helices in the heptad repeat C (HRC) DIII domain that lay
adjacent to each other in the prefusion structure. The disulfide
Q162C/L168C connected two beta strands and, although located

in a more disordered region of the DIII domain, was also visible in
the cryo-EM reconstruction of the prefusion F PIV3 structure (Fig.
1D), although residues 162 and 168 were separated by 9.9 Å in the
postfusion form. Although there were similarities in the overall
shapes of the fusion proteins from the different paramyxoviruses,
their architecture and the topology of the protein secondary struc-
tural elements enclosing the internal cavity differed, as did the
mutations that were identified to stabilize prefusion RSV F (15, 17)
(SI Appendix, Figs. S1 F–H and S3 G–L).
The prefusion PIV3 F protein in the cryo-EM structure was

bound at its apex to neutralizing antibody PIA174, with a single
antibody Fab engaging the DIII domain and making contact with
all three protomers by using both its heavy and light chains. A
total of ∼1,970 Å2 surface area was buried at the Env–antibody
interface, with heavy-chain contacts accounting for 68% of this
total buried surface area. The heavy chain inserted its 17-amino-
acid–long CDR H3 loop into the trimer apex with the hydro-
phobic W100 and F100a side chains engaged between the three
apex protomer alpha helices [Kabat numbering (30) was used for
numbering antibody residues]. Although the overall fold and
topology of the PIA174-bound PIV3 F protomers was similar to
that of prefusion PIV5 F (22) with an rmsd of 2.6 Å (SI Appendix,
Fig. S1F), as was the domain organization within the trimer, the
interprotomer geometry varied (SI Appendix, Fig. S3 J–L).
Overall, these geometric differences in the structure highlight

Fig. 2. Structure-based design of PIV1, 2, and 4
prefusion-stabilized F vaccines based on EM confor-
mational verification. (A–C) Models of PIV1, PIV2,
and PIV4, respectively, based on PIV5 prefusion F
coordinates (PDB ID 4WSG) showing stabilizing mu-
tations that were used in immunization studies.
Glycans are shown in black sticks. Additional stabi-
lization based on transferring antigenically selected
PIV3 prefusion-stabilizing F disulfide designs to PIV1,
2, and 4 F is shown in SI Appendix, Fig. S5 B–F. (D)
Temporal stability of prefusion F as assessed for 7 d at
37 °C in PBS for prefusion-stabilized HPIV1, 2, and 4
designs. Representative negative-stain electron mi-
croscopy averages for prefusion-stabilized F (Right)
and postfusion F (Left) of corresponding PIV virus are
shown above each plot. (Box dimensions: 30 × 30
nm.) (E ) Immunogenicity of recombinant prefusion
and postfusion F glycoproteins from PIV1, 2, and 4,
showing statistically significant differences in neu-
tralization titers between prefusion and postfusion
conformations of the F glycoproteins from all three
viruses by two-tailed Mann–Whitney U test (****P <
0.0001, **P < 0.01).

Stewart-Jones et al. PNAS | November 27, 2018 | vol. 115 | no. 48 | 12267

M
IC
RO

BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811980115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811980115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811980115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811980115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811980115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811980115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811980115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811980115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811980115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811980115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811980115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811980115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811980115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811980115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811980115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811980115/-/DCSupplemental


the conformational malleability of the prefusion trimer, along
with its ability to undergo conformational adjustments while still
maintaining a prefusion topology and fold.

Prefusion PIV3 F Trimers Stabilized with Various Mutations Elicit High-
Titer Neutralizing Antibodies in Mice. To assess the ability of PIV3
prefusion F-stabilized variants to elicit neutralizing antibodies,
we immunized CB6F1/J mice with 10-μg doses of postfusion
or prefusion PIV3 F glycoprotein variants combined with 10 μg
polyinosinic–polycytidylic acid (poly-I:C) adjuvant at weeks
0 and 3 and measured the ability of week 5 sera to prevent PIV3
infection of HEp-2 cells. The PIV3 I213C/G230C/A463V/I474Y-
GCN4 prefusion variant elicited PIV3 neutralization titers 250-
fold higher than postfusion F (Fig. 1E), and the A463V/I474Y
cavity-filling variant elicited neutralizing titers 375-fold higher
than postfusion F [geometric mean effective concentrations
(EC50 values) of 334,000 and 1,300, respectively]. The double-
disulfide variant I213C-G230C/Q162C-L168C/A463V/I474Y (SI
Appendix, Fig. S4) elicited neutralizing titers 370-fold higher than
postfusion F with an EC50 value of 428,000. Additional PIV3 preF
variants showed EC50 values up to 593,000 and similar fold differ-
ences with postfusion F (SI Appendix, Fig. S5 A and B). Overall,
prefusion PIV3 F stabilized in multiple ways yielded ratios of pre-
fusion F to postfusion F neutralization titers that were substantially
higher than observed for RSV, MPV, and other paramyxoviruses.

Prefusion-Stabilized PIV1, 2, and 4 F Trimer Immunogens Obtained
Through Structure-Based Design Utilizing EM. Vaccines against
PIV1, 2, and 4 are also highly desired, particularly PIV1 and
PIV2, which are the primary causes of croup, infect most indi-
viduals during infancy, and cause an estimated 14,000 infant
hospitalizations (ages 0–4) each year in the United States alone
(8). In light of the high neutralization titers induced by PIV3
prefusion F-stabilized immunizations, we used homology design
of prefusion F-stabilized variants of PIV1, 2, and 4 (Fig. 2 A–C
and SI Appendix, Fig. S6). A strategy similar to that used as for
the prefusion PIV3 F design identified regions of high confor-
mational mobility between prefusion and postfusion conforma-
tions, which enabled the design of prefusion variants for PIV1,
PIV2, and PIV4 (Fig. 2 A–D) that locked the structures in the
prefusion state. Since no PIV1, 2, or 4 F-specific antibodies were
available to identify antigenically prefusion or postfusion con-
formation, we used negative-stain EM to assess directly the
proportion of prefusion F. The combination of a glycine-rich

linker at the F2-F1 cleavage site and stem cavity-filling muta-
tions yielded variants with high prefusion–postfusion ratios as
observed with EM micrographs with over 60% prefusion con-
formation for PIV1 and PIV2 F, while a soluble linker at the
F2-F1 cleavage site and a 172C-238C disulfide bond yielded a
variant with over 95% of prefusion conformation for PIV4 F
(Fig. 2C). To determine the stability of prefusion F PIV1, 2, and
4 designs, we assessed the proportion of prefusion-to-postfusion
conversion over time. Prefusion F-stabilized PIV1, 2, and 4 con-
formations were retained above 85% over the course of a week
at physiological conditions and 37 °C (Fig. 2D).

Prefusion-Stabilized PIV1, 2, and 4 F Elicit High-Titer Virus-Neutralizing
Responses. To understand how PIV1, 2, and 4 F conformation
impacted elicitation of neutralizing antibodies, we immunized
groups of 10 CB6F1/J mice with 10 μg/dose postF or preF PIV 1,
2, or 4 with 50 μg poly-I:C at weeks 0 and 3. Mice elicited a
statistically significant improved neutralization titer to all three
PIV types when immunized with the prefusion form compared
with the postfusion form, with fold improvements for PIVs 1, 2,
and 4 of 23, 10, and 2.6, respectively (Fig. 2E).

Multivalent Immunization in Mice with Prefusion-Stabilized PIV1–4 F
Immunogens Induces Neutralizing Titers Against PIV1–4. To in-
vestigate the ability of combinations of the prefusion-stabilized
immunogens to elicit pan-PIV neutralizing antibodies, we im-
munized mice with monovalent, trivalent, or quadrivalent prefusion
F (multivalent components were equimolar) and compared this
with quadrivalent postfusion F (Fig. 3 A and B). Since PIV1–4 are
related, we assessed whether omitting one of the four prefusion F
types in a multivalent immunogen might induce cross-neutralization
to the omitted virus type. In mice, using the same procedure as for
the monovalent immunization, quadrivalent PIV1–4 prefusion F
immunization yielded robust neutralization to all four types with
prefusion-to-postfusion F-fold differences of 9.3, 17, 450, and 9.7 for
PIV1, 2, 3, and 4, respectively. When one component was omitted
from the prefusion F immunogen, titers to the omitted type
equivalent to the quadrivalent postfusion F were achieved, while
titers to the remaining three viral types were equivalent to that
achieved by the quadrivalent prefusion F immunogen (Fig. 3C and
SI Appendix, Fig. S7). Last, monovalent immunization with PIV1
prefusion F yielded statistically similar titers in both trivalent or
quadrivalent immunizations, despite the three- to fourfold reduced
amount of immunized PIV1 F. Thus, for PIV1 prefusion F, there

Fig. 3. Multivalent PIV1–4 F immunizations reveal
high-titer neutralizing but serotype-specific responses
in mice. (A) Immunization matrix of prefusion or
postfusion PIV1–4 F glycoprotein mixtures, showing
the amounts of each F glycoprotein antigen in the
immunogen groups (A–G) with micrograms per im-
munization shown in the boxes in for each group. (B)
Immunization plan for CB6F1J mice (n = 10 per
group) with mixed immunogens A–G. (C) Week 5
sera neutralization readout with PIV1–4 virus infec-
tivity inhibition assay showing statistically significant
differences between quadrivalent prefusion F from
quadrivalent postfusion F in all four viral neutrali-
zation assays and statistical significance between the
quadrivalent prefusion F group and the trivalent
prefusion F groups where F glycoproteins correspond-
ing to the neutralization assay virus were omitted from
the immunogen. A two-tailed Mann–Whitney U test
was used (****P < 0.0001).

12268 | www.pnas.org/cgi/doi/10.1073/pnas.1811980115 Stewart-Jones et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811980115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811980115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811980115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811980115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1811980115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1811980115


appeared to be little difference in elicited titer in the multivalent
context; however, for PIV3 prefusion F, there did appear to be a
substantial reduction in the multivalent context (Figs. 1E and 3C).
Overall, the prefusion F responses appeared to be type-specific, the
level of titers induced by PIV prefusion F immunization in mono-
valent and quadrivalent formats appeared to also be type-specific,
and to achieve pan-PIV immunity, the results indicate a quadriva-
lent combination of the four PIV1–4 prefusion F immunogens to
be required.

Quadrivalent Prefusion-Stabilized PIV1–4 F Immunization of NHPs
Yields Pan-PIV1–4 Neutralizing Responses. To determine the abil-
ity of the quadrivalent PIV prefusion or postfusion F immuni-
zation in nonhuman primates (NHPs) to elicit pan-PIV1–4
neutralizing responses, we immunized two groups of five rhesus
macaques with 100 μg of either quadrivalent prefusion or post-
fusion F in combination with poly(IC:LC) (31) three times over
16 wk (Fig. 4A). Statistically significant superior neutralization
titers to all four PIV types were achieved by immunizing NHPs
with quadrivalent prefusion F compared with the quadrivalent
postfusion F (Fig. 4B). Prefusion-to-postfusion F-fold differences
were 3.3, 6.9, 13, and 32 for PIV1, 2, 3, and 4, respectively. Thus,
immunization with a quadrivalent PIV vaccine elicited neutral-
izing antibody titers of all four major serotypes of PIV.

Prefusion-Stabilized PIV3 F Vaccine Elicits Higher Neutralizing Titers in
NHP than Observed in a Cohort of over 100 Healthy Adults. To pro-
vide context for the prefusion F-induced titers by the PIV1–4
quadrivalent vaccine, we assessed the naturally occurring level of
titers in a cohort of 127 healthy adults. The average PIV3 titer in
the cohort was less than 100, with a highest observed titer of
∼1,600 (Fig. 4D). By contrast, the PIV3 titers after quadrivalent
prefusion F immunization were substantially higher, averaging
35,200 in mice and 11,400 in rhesus macaques. As the PIV3 titers
were higher in the monovalent context, we tested whether subsequent

monovalent immunization could boost titers in the rhesus macaques.
Two additional 100-μg immunizations with PIV3 prefusion F resulted
in further increases in neutralization titers with the prefusion F PIV3
immunized group, reaching an ID50 value of 60,500 (Fig. 4C).

Discussion
As humans can generate immunity to infection by PIV3 (32),
with titers in our cohort averaging ∼100, it seems likely that the
high-PIV3 neutralizing titers induced by the quadrivalent vaccine
in NHPs would be protective against PIV3 infection. The supe-
rior titers induced by prefusion-stabilized F versus postfusion F
for PIV1–4 indicate that these viruses are similar to RSV F, for
which prefusion F-induced titers were superior to those induced
by postfusion F, and, unlike MPV F, for which prefusion and
postfusion F immunization generated similar titers (21). Notably,
the PIV3 neutralization titers elicited by prefusion-stabilized
PIV3 F were much higher than those observed for prefusion-
stabilized RSV (16), MPV (21), PIV1, PIV2, or PIV4 F glyco-
proteins, suggesting the prefusion-stabilized PIV3 F immunogens
described here may be highly suitable PIV3 vaccine candidates. It
is not clear why prefusion PIV3 F elicits such high neutralization
titers; one possibility is that highly neutralization-sensitive epitopes
are exposed on the protein immunogen structure that can engage
effective counterpart neutralizing antibodies, such as the apex-
binding epitope for PIA174 and epitopes similar to site Ø of
prefusion RSV F (16). Despite identifying numerous prefusion-
stabilizing designs for PIV3 F, all nine combinations of stabilized
immunogens elicited similar neutralizing titers, suggesting that
stabilization into the prefusion state was the primary criterion for
the improved titers and contrasts with prefusion-stabilized RSV F
titers, where more graded immunogenicity was observed depend-
ing on the prefusion-stabilizing mutations (16).
It may be possible to develop a multivalent vaccine, which

combines prefusion-stabilized F immunogens from RSV and

Fig. 4. Quadrivalent immunization with prefusion
PIV1–4 F glycoproteins in NHP elicits high-titer neu-
tralizing responses. (A) NHP immunization scheme
for quadrivalent prefusion or postfusion PIV1–4 F
whereby three immunizations were administered
containing the four viral F glycoproteins, followed
by two immunizations with only PIV3 F glycopro-
teins. (B) Neutralization titers for NHP sera using
PIV1, 2, 3, or 4 virus following three quadrivalent
immunizations at week 18. Statistical significance is
observed when comparing prefusion and postfusion
groups for all four PIV virus types using a two-tailed
Mann–Whitney U test (**P < 0.01, *P < 0.05). Geo-
metric titers are shown above the x axis. (C) Neu-
tralization titers in NHPs at weeks 34 and 46
following two PIV3 F-only boosts. A fivefold increase
in prefusion-specific titers and statistically significant
differences between prefusion and postfusion
groups were observed (****P < 0.0001, **P < 0.01,
*P < 0.05). (D) Analysis of 127 human sera tested for
PIV3 neutralization showing the top 23 neutralizers
for which the highest recorded titer was 1,600.
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PIV1–4; together with licensed vaccines for measles and mumps,
such a multivalent vaccine would provide broad-spectrum im-
munity against pathogenic paramyxoviruses to which humans are
exposed throughout life. Multivalent vaccines have been found to
be useful against a number of pathogens and are currently licensed
for flavivirus vaccines (dengue virus serotypes 1–4) (33), rotavirus
vaccines (34), and HPV vaccines (35). Although our work here
focused on the use of purified recombinant proteins for vaccina-
tion, it seems likely that the prefusion designs can be utilized in
genetic contexts, as has been shown for prefusion-stabilized RSV
F in the context of a PIV1 vector (36) or as a mRNA vaccine (37).
Furthermore, prefusion-stabilized PIV F nanoparticles may be
particularly effective. Overall, our results show how prefusion stabi-
lization can substantially increase the titer of virus-neutralizing re-
sponses against PIV types, especially type 3. It will be interesting to
see if prefusion F vaccine strategies utilized here can succeed with
other members of the paramyxovirus family that are considered high
risk for pandemic outbreak, such as Nipah and Hendra viruses.

Materials and Methods
Prefusion and postfusion PIV3 F-specific monoclonal antibodies were isolated
by comparing B-cell culture supernatant neutralization potency and post-
fusion PIV3 F ELISA. The design of prefusion-stabilizing PIV3 F mutations was
performed based on the prefusion PIV5 F structure and antigenically analyzed
using prefusion and postfusion PIV3 F-specific monoclonal antibodies.

Prefusion-stabilized F glycoproteins were assessed for prefusion and post-
fusion conformation by negative-stain EM, and cryo-EM data were collected
for the PIA174-prefusion–stabilized PIV3 Q162C-L168C, I213C-G230C, A463V,
I474Y complex. CB6F1/J mice were immunized to assess the elicitation of
neutralizing antibodies to 10 μg of PIV1–4 F glycoprotein immunogens
adjuvanted with Poly-IC. Two groups of five nonhuman primates were im-
munized with 100 μg prefusion or postfusion PIV1–4 F immunogens adju-
vanted with Poly-IC:LC. Donors provided written informed consent for the
use of blood and blood components (such as sera), following approval by the
Canton Ticino Ethics Committee, Switzerland. Details are provided in SI
Appendix, SI Materials and Methods.
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