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Human metapneumovirus (HMPV) is a paramyxovirus that causes acute respiratory-tract infections in
children and adults worldwide. A safe and effective vaccine could decrease the burden of disease asso-
ciated with this novel pathogen. We engineered HMPV viral-like particles (HMPV-VLPs) derived from
retroviral core particles that mimic the properties of the viral surface of two HMPV viruses of either
lineage A or B. These VLPs functionally display F and G HMPV surface glycoproteins. When injected in
mice, HMPV-VLPs induce strong humoral immune response against both homologous and heterologous

Keywords: . strains. Moreover, the induced neutralizing antibodies prevented mortality upon subsequent infection
Metapneumowrus . . . . .
Vaccine of the lungs with both homologous and heterologous viruses. Upon challenge, viral titers in the lungs of

immunized animals were significantly reduced as compared to those of control animals. In conclusion, a
HMPV-VLP vaccine that induces cross-protective immunity in mice is a promising approach to prevent

Virus-like particle
Neutralization

Antibody HMPV infections.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Human metapneumovirus (HMPV) is a newly described mem-
ber of the pneumovirinae subfamily [1]. HMPV is related to
respiratory syncytial virus (RSV), which is the most significant
respiratory pathogen of infancy and early childhood. Epidemi-
ologic studies showed that HMPV is associated with significant
morbidity in infants and other high-risk populations, such as
immunocompromised patients [2-5]. Thus, HMPV is an impor-
tant cause of hospitalizations, in the same way as the other
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respiratory viruses, RSV, parainfluenza virus or influenza virus
[6].

HMPV isolates can be separated into two major lineages (A and
B). Nucleotide and amino-acid sequence identities between HMPV
lineages A and B are 80 and 90%, respectively [7]. HMPV displays 3
surface glycoproteins (GP): F, responsible for membrane fusion, G
involved in cell attachment and SH, a small hydrophobic protein.
Importantly, antibodies induced against F correlate with protection
in animal models [8-10].

As HMPV has a major impact on human health, safe and effec-
tive vaccines could decrease the disease burden associated with
this new pathogen. Since the discovery of HMPV [1], several stud-
ies have focused on vaccine development. Different strategies have
been investigated, such as inactivated virus, live-attenuated virus,
recombinant proteins, or DNA encoding viral proteins. A major
challenge is the difficulty to induce strong and long-lasting immune
responses through the development of a sufficiently safe vac-
cine. Indeed, recombinant proteins do not always induce potent
immune responses, live-attenuated viruses present reversion risks
and inactivated vaccines often lead to enhanced diseases. Thus,
alternative HMPV vaccine candidates are required to induce sus-
tained immune responses and, specifically, high-titer neutralizing
antibodies.
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Apromising approach to induce potent humoral responses relies
in the development of viral-like particles (VLP)-based vaccines [11].
VLPs mimic the overall structure of virus particle surface and can
be used as carriers for foreign antigens [12]. For non-enveloped
viruses, such as papillomavirus, neutralizing antibodies have been
successfully generated by VLPs [13]. For enveloped viruses, for-
mation of VLPs is a more complex process, since it requires the
expression of multiple proteins in cell culture systems. Yet, as
shown for influenza [14,15] or HCV [16], retrovirus-derived VLPs
could represent a flexible and efficient platform for developing vac-
cines. Indeed, such VLPs are formed by the sole expression of the
retroviral Gag protein, on which a wide array of heterologous viral
envelope proteins can be functionally displayed [17]. Influenza-
or HCV-VLPs have recently been shown to induce potent immune
responses [14,16].

Here, we engineered retroviral-based VLPs displaying HMPV
glycoproteins. We demonstrate that immunization with such par-
ticles stimulated robust neutralizing antibody responses in mice.
Furthermore, HMPV-VLPs induced protection against homologous
and heterologous HMPV challenge.

2. Materials and methods
2.1. Cell and viruses

293T (ATCCCRL-1573), Vero (CCL-81),HEp-2 (CCL-23), LLC-MK2
(CCL-7), A549 (CCL-185) and TE671 (CRL-8805) cells were grown
in Dulbecco’s modified Eagle medium (DMEM) supplemented with
10% fetal calf serum (FCS). HMPV C-85473 (group A) and CAN98-
75 (group B) are clinical strains obtained from the CHUQ-CHUL
hospital (Québec), passaged nine and eight times, respectively, in
LLC-MK2 cells using Opti-MEM medium (Life Technologies) sup-
plemented with 0.0002% trypsin (Sigma, St. Louis, MO).

2.2. Expression constructs

The pTG5349 (Friend-murine leukemia virus [MLV] GagPol)
and pTG13077 expression vectors (MLV-based transfer vector
coding for green fluorescent protein [GFP]) were described else-
where [14,18,19]. Sequences encoding the full Fc_g5473, Fcangs-75,
Gc-gs473 and Gcangg-7s GPs were amplified by PCR using 5'-
attcggccgCTCGAGcaccatggcttcttggaaagtggtgatcattttttcattgttaata-
3’ and 5’-attcggccgAGATCTctaattatgtggtatgaagecattgtttgtgac-3/,5'-
attcggccgCTCGAGcaccatggcttcttggaaagtgatgattatcatttcgttactcata-
3’ and 5’-attcggccgAGATCTctaactatgeggtataaaaccgecgttggtaac-3/,
5’-attcggccgCTCGAGceaccatggaggtgaaagtggagaacattcgaacaataga-3/
and 5’-attcggccgAGATCTttaactagtttggttgtatgttgttgatgtgetg-3/,
5’-attcggccgCTCGAGceaccatggaagcaagagtggagaacattcgggeaataga-3’
and 5’-attcggccgAGATCTttaactacttggagaagatgtgtctgtgttgtgt-3/
primers, respectively, and cloned in BamHI/Xhol restriction sites
in phCMV vector [20].

2.3. VLP production and characterization

293T cells were transfected with expression vectors encod-
ing viral GPs, retroviral core proteins, and GFP-transfer vector
using calcium-phosphate. Twenty-four hours post-transfection,
the media were replaced with Opti-MEM. Supernatants were har-
vested 24 h after changing the medium and filtered. Before infection
of target cells, VLPs were digested 5min with 0.7 g/ml of TPCK
trypsin, which was inactivated with 1% FCS. Serial dilutions of viral
supernatants were added to cells and incubated for 7 h. Super-
natants were then removed, and infected cells were grown for 72 h
before analysis of GFP-positive cells by fluorescence-activated cell
sorter (FACS) analysis.

HMPV-VLPs were characterized by western blot after con-
centration through a 20% sucrose cushion by ultracentrifugation
(110,000 x g for 2 h) to 1/100 of the initial volume.

2.4. Immunizations

Groups of 4-6-week-old BALB/c mice (Charles River Labora-
tories) were immunized by intraperitoneal injection with 100 vl
of concentrated HMPV-VLPs incorporating Fc_gs473, F/Gc.gs473,
Fcanos-75, or no GP or with PBS. Before each immunization or infec-
tion, blood samples were taken to evaluate antibody production
(PO-P6), as schematized in the figures.

2.5. HMPV challenge

Mice were immunized with VLPs as described above or were
infected intranasally with 0.8 x 106 TCIDsq of either C-85473 or
Can98-75 at each time. Twenty-one days after the last immuniza-
tion, mice were infected intranasally with HMPV strain C-85473
(8 x 10° TCID5o/mouse) or Can98-75 (1 x 106 TCIDs), as described
previously [21]. Mice were monitored for weight loss, clinical signs
and mortality for 14 days. On day 5 post-infection, lungs were
removed from 6 mice per group and viral titers in the lungs were
determined. Animal studies were approved by the local committee
for animal experimentation.

2.6. ELISA

Antigens used as targets in ELISA were Fc_g5473-VLPs and, as con-
trols, VLPs harboring a heterologous MLV-A GP. Microtiter plates
were coated overnight at 4°C with lectin from Galanthus nivalis
(Sigma) in carbonate buffer. After overnight binding of the VLP
antigens, wells were blocked in TBS-2.5% BSA for 1h at room
temperature. Serum samples were diluted (1/500 and 1/2500) in
TBS-tween-2.5% BSA, added to the wells and incubated for 2h
at room temperature. HRP-conjugated anti-mouse IgG, IgG1 or
IgG2a (Southern Biotech) were added and incubated for 1h at
room temperature before addition of TMB substrate followed by
0.18 M H,SO4. The optical density was read in a 450nm plate
reader.

2.7. VLP micro-neutralization assay

Serum samples from immunized mice were heat-inactivated at
56°C for 30 min before determining neutralizing antibody titers.
Briefly, HMPV-VLPs harboring an MLV-based transfer vector cod-
ing for GFP were produced, incubated with diluted serum samples
from vaccinated mice, and mixed with Vero target cells in 96-
well plates. The GFP-transduction efficiency was determined as
the percentage of GFP-positive cells by high-throughput FACS
analysis 72h after transduction. The titer of neutralizing anti-
bodies was the reduction of GFP-transduction induced by P1
or P2 immune serum samples relative to PO pre-immunization
samples.

2.8. HMPV neutralizing-antibody assay

HMPV neutralizing-antibody titers were determined by an end-
point dilution assay as described previously [22]. Briefly, two-fold
dilutions of heat-inactivated sera pools were mixed with an equal
volume of infection medium containing 100-500 TCID5, HMPV
strain C-85473 or Can98-75, incubated at 37°C for 2h and then
transferred onto confluent monolayers of LLC-MK2 cells in 24-
well plates. Following 5 h incubation, the antibody/virus mixture
was removed, fresh infection medium was added and plates were
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incubated at 37 °C. Neutralization titers were defined as the high-
est dilution of antibody at which culture wells were negative for
infection.

2.9. Virus titers in lungs

On day 5 post-infection, which is the time of maximal viral
replication in BALB/c mouse lungs [21], animals were euthanized
and their lungs were removed and snap frozen in liquid nitro-
gen. Subsequently, lungs were homogenized in PBS, and viral titers
were determined as described previously [21]. Briefly, 10-fold serial
dilutions of lung homogenates were performed in 24-well plates
containing LLC-MK2 cells. Infected plates were incubated at 37 °C
with 5% CO, and replenished with 1l fresh trypsin (0.0002%)
every other day. Virus titers were reported as logo(TCID5q)/ml lung
homogenate. TCID5q values were calculated by the method of Reed
& Muench.

3. Results
3.1. Incorporation of F and G glycoproteins into retroviral VLPs

Incorporation of F and G glycoproteins of HMPV strain C-85473
could be detected on retrovirus-derived VLPs (Fig. 1). G protein was
detected at a molecular weight of about 100 kDa for both digested
and not digested VLPs. The uncleaved FO form was detected at the
expected molecular weight of 60 kDa, while the active F1 form was
detected at a molecular weight of 47 kDa for trypsin-digested VLPs
(Fig. 1). Thus, for all the subsequent experiments, HMPV-VLPs were
activated by trypsin digestion. We noticed that F incorporation
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particles (HMPV-VLPs). 293T cells were co-transfected with four expression
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competent MLV-derived genome encoding the green fluorescent protein (GFP) and
the F envelope glycoprotein and/or G envelope as indicated glycoprotein from the
C-8547. VLPs were harvested from the supernatant of transfected cells and were
digested with trypsin. Biochemical analysis of HMPV-VLPs purified by ultracen-
trifugation over a sucrose cushion. Upon separation by SDS-PAGE, the incorporation
levels of F and G on MLV core particles were determined by Western blot analysis
using polyclonal sera against HMPV C-85473 strain and MLV capsid (CA) protein.
HMPV-VLPs were analyzed before and after trypsin digestion, as indicated.
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Fig. 2. Humoral immune responses induced by HMPV-VLPs. (A) Outline of the immunization protocol. BALB/c mice were inoculated 3 times (I1 to I3), at 28-days intervals,
by IP injection HMPV-VLPs displaying F, G, or F/G HMPV glycoproteins from HMPV strain C-85473. At different time points following immunization, blood samples were
harvested (P1 to P6) to determine the production of neutralizing antibodies. The neutralization curves of sera from mice immunized with F-VLPs (B) and F/G-VLPs (C),
harvested 28 days after each injection (P1, P2 and P3), were determined for different serum dilutions (1/20, 1/100, 1/500 and 1/2500). The results are expressed as the
neutralization levels (mean +SD; n=4) determined in the immune sera relative to PO pre-immune sera. Curves in graph B were compared with corresponding curves in
graph C using a paired Student’s t-test and did not show any significant difference. (D) Dilution allowing 50% neutralization (ND50) obtained via immunization with F-VLPs
and F/G-VLPs were deduced from the neutralization curves that were determined until P6, i.e. 161 days after the first immunization (A). (ns), no statistically significant

difference (p > 0.05).
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Fig. 3. Induction of IgG in the serum of VLP-vaccinated mice. (A) Outline of the immunization protocol. BALB/c mice were vaccinated twice (I1 and I2), at a 21-days interval,
with HMPV-VLPs displaying F, G, or F/G HMPV glycoproteins from either C-85473 or Can98-75 strains. Control mice were vaccinated with PBS only, with VLPs devoid of
glycoproteins (NoEnv-VLPs) or were infected intranasally with live C-85473 or Can98-75. Twenty-one days after each inoculation, blood samples were harvested (P1 and
P2) to determine the production of antibodies. Twenty-one days after the last immunization, mice were intranasally infected with C-85473 or Can98-75 HMPV (challenge).
An HMPV-Fc_gs473 ELISA was performed on the blood samples to detect F antibodies using Fc_gs473-VLPs as antigen, and anti-IgG (B and C), anti-IgG1 and anti-IgG2a (D and

E) as secondary antibody.

was reduced by 25-40% when G was co-incorporated. An identi-
cal strategy was used for F and G from HMPV strain Can98-75 (B
lineage).

Moreover, we demonstrated that F incorporated on VLPs was
correctly folded and functional (Supplemental Figure 1). Indeed,
when the HMPV-VLPs were generated with replication-defective
viral components encoding a GFP marker, their cell entry capacity
could precisely [23] be determined by FACS analysis. Specifically,
we found that HMPV-VLPs harboring F and G proteins (F/G-VLPs)
or F alone (F-VLPs) from either C-85473 or Can98-75 strains were
functional and mediated robust entry into cells.

3.2. HMPV-VLPs induce humoral immune responses

To analyze the humoral immune responses of immunized mice,
we developed here a VLP-micro-neutralization assay. Indeed,
such VLP-based assays are particularly sensitive, flexible, robust
and reproducible and allow a large screen of multiple serum
samples [15,24,25]. We found that P1 sera, harvested 4 weeks
after the first injection of Fc gs473-VLPs (Fig. 2A and B), had

significant neutralizing activity, with over 75% neutralization
obtained at 1/100 dilution. The P2 and P3 sera had much higher
neutralizing activities, allowing over 95% neutralization even
at 1/500 dilution. Of note, the third injections did not increase
neutralization. The neutralization curves obtained for sera of mice
injected with F/G-VLPs exhibited a similar neutralizing activity as
compared to those obtained with F-VLPs (Fig. 2C), while sera of
mice injected with G-VLPs did not show any neutralizing activity
(Supplemental Figure 2). In order to evaluate the persistence
of neutralizing antibodies over time, we harvested sera at 3
other time points (P4, P5, P6), to up to 161 days after the first
immunization. The dilutions allowing 50% neutralization (ND50)
were calculated and showed. The apparent increase of ND50 at
P4 compared to P3 was not statistically significant and, despite
a slight decrease, high-level neutralizing antibodies persisted
for up to 5 months (Fig. 2D). Immunization with Fcangg-75-VLPs
similarly induced neutralizing antibodies (Supplemental Figure
3).

Altogether, these results indicated that retroviral-derived
VLPs incorporating F alone or in combination with G induced


https://www.researchgate.net/publication/26274987_DNA_Vaccination_with_a_Single-Plasmid_Construct_Coding_for_Viruslike_Particles_Protects_Mice_against_Infection_with_a_Highly_Pathogenic_Avian_Influenza_A_Virus?el=1_x_8&enrichId=rgreq-a1844b360e488b9bed8d1c5b205a6b85-XXX&enrichSource=Y292ZXJQYWdlOzIzNjE4MDUyNztBUzoyNTM5OTAxOTM1OTQzNjlAMTQzNzU2NzM4OTQzMA==
https://www.researchgate.net/publication/38074641_Optimization_and_evaluation_of_an_influenza_A_H5_pseudotyped_lentiviral_particle-based_serological_assay?el=1_x_8&enrichId=rgreq-a1844b360e488b9bed8d1c5b205a6b85-XXX&enrichSource=Y292ZXJQYWdlOzIzNjE4MDUyNztBUzoyNTM5OTAxOTM1OTQzNjlAMTQzNzU2NzM4OTQzMA==
https://www.researchgate.net/publication/23800942_Characterization_of_Lassa_Virus_Cell_Entry_and_Neutralization_with_Lassa_Virus_Pseudoparticles?el=1_x_8&enrichId=rgreq-a1844b360e488b9bed8d1c5b205a6b85-XXX&enrichSource=Y292ZXJQYWdlOzIzNjE4MDUyNztBUzoyNTM5OTAxOTM1OTQzNjlAMTQzNzU2NzM4OTQzMA==
https://www.researchgate.net/publication/10874592_Infectious_Hepatitis_C_Virus_Pseudo-particles_Containing_Functional_E1-E2_Envelope_Protein_Complexes?el=1_x_8&enrichId=rgreq-a1844b360e488b9bed8d1c5b205a6b85-XXX&enrichSource=Y292ZXJQYWdlOzIzNjE4MDUyNztBUzoyNTM5OTAxOTM1OTQzNjlAMTQzNzU2NzM4OTQzMA==

2782 C. Lévy et al. / Vaccine 31 (2013) 2778-2785

A Injections °
o 14d
11 12 @ || ————>Follow-up
©
<
% y_ S S
1{ 21d 1( 21d 5d -
|i’0 P1 PIZ Lungs harvest
T
Blood sampling
Neutralization
B F -VLPs
120 Can98-75
_. 100
8
c 80 I T
2 T I P1
g o0
® T HP2
=
3 T [
Z 2
QQ)L’ Q\?ﬁ 4\3‘) \3‘1 4\36 R;"& (9%7\‘7
F 6 b S QIR
S LS éb,« R Q
(@ o (TS
<\ Immunogen
300 A
w 250
@
£ 200
)
(=
'~ 150
<
£ 100
[}
Z 50

o
%

5 @ Q@ < &
EFTE LS

9 )
Y & o o A
& &8 SSE
S« o N

Immunogen

Fc.gsa73-VLPs
120
__ 100 _
g T1a:
s 8 T
5 P1
8 60
s mP2
£ 40
2
20
SRS N 98463’& g“’&
%@ «,,V/\% ‘0@% RN QA‘J
¥ (F o (FfF TS
<\ Immunogen
300 hm PVC-85473
2
2
=
w P1
]
© H P2
}=]
=1
[
2

Q”) 7\")
AF
< >

& & o N\

S N

o © xJ S
& /48 ,48 14\3
‘é\x
N & 09« & TS

< Immunogen

Fig. 4. Induction of neutralizing antibodies in the serum of VLP-vaccinated mice. (A) Outline of the immunization protocol. In a VLP microneutralization assay, the neutral-
ization efficiency was determined for 1/100 dilution of serum samples using Fcangs-75-VLPs (B) or Fc_gs473-VLPs (C) incorporating a GFP marker gene. Results are expressed
as percentages of neutralization (mean standard deviation; n=6) of the transduction titers relative to PO pre-immune serum samples. Neutralizing antibodies present in P1
and P2 serum samples were evaluated by an HMPV neutralization assay against Can98-75 (D) and C-85473 (E). Neutralization titers were defined as the highest dilution of
antibody at which culture wells were negative for infection. (*) Statistically significant difference (p <0.05) between Fc_gs473-VLPs mice and other groups of mice (Student’s

t-test).

neutralizing antibody responses in mice. Maximal lev-
els of neutralization could be reached after 2 consecutive
injections.

3.3. HMPV-VLPs induce a IgG2a-dominant antibody response

Serum samples (P1 and P2) of mice inoculated with Fc_gs473-
VLPs, F/Gc.g5473-VLPs or Fcangg.75-VLPs, or infected with HMPV
85473 or Can98-75 were harvested 21 days after each immuniza-
tion to evaluate IgG, IgG2a and IgG1 antibody production, using
an ELISA with Fc_gs473-VLP-coated microplates (Fig. 3A). High-level
total anti-F IgGs were induced after boost in all mouse groups, with
relative ODs 40-60 fold higher for sera from the immunized animals
compared to controls (Fig. 3B and C). Low IgG1 antibody responses
were observed both after prime and boost injections in contrast
to the high levels of IgG2a antibody that increased significantly
(Fig. 3D and E).

These results confirmed that HMPV-VLPs are immunogenic and
induce IgG2a-dominant responses.

3.4. HMPV-VLPs induce cross-neutralizing antibodies

To compare the immunogenicity of both F proteins, cross-neutra
lizing antibodies against Fc_gs473-VLPs or Fcangg 75-VLPs were
determined using our VLP micro-neutralization assay (Fig. 4A-C).
After the first injection, all vaccinated mice developed neutralizing
antibodies against VLPs carrying the homologous and heterolo-
gous F proteins. After the boost injection, the neutralization levels
reached almost 100%, in agreement with above results (Fig. 2).

Then, we determined if these antibodies could cross-neutralize
live virus using a HMPV-neutralization assay with C-85473 and
Can98-75 HMPV strains (Fig. 4D and E). HMPV neutralizing-
antibody titers were determined by end-point dilution assays.
Similar to the VLP-micro-neutralization assay, the results showed
that sera from all mice immunized twice with VLPs displaying
C-85473 or Can98-75 glycoproteins neutralized both HMPV
strains and therefore validated our micro-neutralization assay.
Neutralization levels were higher in the case of Fc.gs473-VLP-
immunized mice suggesting an higher immunogenicity of Fc_gs473,
perhaps owing to a better incorporation of this F GP on the VLPs.
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Altogether, these results showed that injection of VLPs dis-
playing HMPV glycoproteins from either lineage A or B induces
cross-reactive antibody responses that can efficiently neutralize
infectious HMPV.

3.5. Immunization with HMPV-VLP protects mice against HMPV
infection

Infection by the Can98-75 strain led to 100% mortality by day
8 after challenge in control mice inoculated with PBS as well as
with NoEnv-VLPs (Fig. 5A-C, left panels). In contrast, mice pre-
viously infected with the homologous virus, Can98-75, recovered
and survived the challenge. Similarly, most mice immunized with
HMPV-VLPs survived the challenge, indicating a cross-protection
induced by immunization by VLPs harboring non-homologous F or
F/G glycoproteins. On the other hand, challenge with the C-85473
strain of HMPV was sub-lethal due to a slightly lower inoculum than
that of Can98-75 virus (as determined by back titration studies),
since mice immunized with PBS only or with NoEnv-VLPs exhibited
profound weight loss yet with 67% survival by day 8 post-challenge
(Fig. 5B and C, right panels). In contrast, mice previously immunized
with the homologous virus, C-85473, or with homologous or het-
erologous HMPV-VLPs exhibited partial weight loss and survived
the challenge.

Atday 5 post-challenge, HMPV present in the lungs of 6 mice per
group was quantified. For mice challenged with the C-85473 virus,
almost no virus was detected in lungs from animals previously
infected with homologous virus, or immunized with homologous
Fc.g5473-VLPs and F/Gc_gs473-VLPs or with heterologous Fcangs-75-
VLPs, in contrast to naive mice or to mice injected with NoEnv-VLPs
(Fig. 5D). As for Can98-75 challenge, residual viruses were
detected among all groups of immunized mice, but the amount
of virus was significantly lower than that present in control mice
(Fig. 5D).

Altogether, these results demonstrated that HMPV-VLPs injec-
tion induce cross-protection in mice.

4. Discussion

The development of vaccines that prevent serious HMPV respi-
ratory tract disease in young children, immuno-compromised
individuals and the elderly is of utmost importance. In this study,
we used a new approach to develop an HMPV vaccine based on
HMPV-VLPs that rely on the incorporation of HMPV glycoproteins
from either of the two main lineages onto retroviral core parti-
cles. The immunogenicity of VLPs displaying the F and/or G HMPV
glycoproteins was evaluated in mice. We showed that HMPV-VLPs
stimulated cross-protective humoral immune responses. More
importantly, immunization of mice with HMPV-VLPs resulted in
protection of animals against lethal infection.

VLPs may represent effective and highly safe vaccines, although
this strong potential remains to be fully exploited. While the pro-
duction of VLPs based on the expression of RSV structural proteins
alone was inefficient [26], VLPs based on assembly of RSV glyco-
proteins onto heterologous systems, such as viral cores derived
from Newcastle disease virus [26,27] or from influenza virus [28]
were efficiently produced. Such VLPs displaying RSV-F and/or RSV-
G induced neutralizing antibodies and protected mice against RSV
infection. Alternatively, recent studies have underscored the suc-
cessful use of retrovirus-derived VLPs as a vaccine platform that can
specifically induce neutralizing antibody responses against HCV
[16] or influenza virus [14]. Thus, the further development of such
VLPs represents a promising approach for pneumovirinae vaccines.
Here, we have developed a novel HMPV vaccine candidate based on
retroviral cores. These HMPV-VLPs are efficient immunogens and

elicit robust and cross-reactive humoral responses. They exhibit
attractive features for their further development as HMPV vaccine
candidate.

First, the incorporation of F alone on VLPs was sufficient to
induce neutralizing antibodies whereas co-incorporation of F and
G proteins did not improve the yield of neutralizing antibodies.
This confirms previous studies showing that anti-G antibodies do
not neutralize HMPV [29,30] whereas F is a major protective anti-
gen [8,9]. Moreover, immune responses that we observed were
IgG2a-dominant, suggesting a Th1-oriented response that could
circumvent issues of enhanced disease associated with inactivated
vaccine [31].

Second, HMPV-specific neutralizing antibody titers induced by
our F-VLPs or F/G-VLPs persisted at high levels for several months.
Whether this persistence can induce long-term protection will be
the scope of our further studies in large animal models. Indeed,
HMPV-infected patients exhibit a transient production of HMPV
specific antibodies [32], which is reproduced in experimentally-
infected macaques that showed a decrease over time of the
protective immunity induced by HMPV infection [33].

Third, we showed that HMPV-VLPs displaying F from either
lineage A (C-85473) or B (Can98-75) of HMPV induced cross-
neutralizing antibodies and cross-protection. This result is
consistent with the fact that cross-protection was detected when
animals were immunized with HMPV particles from one lineage
and challenged with HMPV of another lineage [8,33,34]. In contrast,
soluble F protein used as immunogen induced only partial cross-
neutralization between the two HMPV lineages in hamsters [35]
and did not protect macaques [36]. Our VPLs displaying HMPV-F
protein most probably induced potent cross-neutralizing antibody
responses because the incorporated F glycoprotein was expressed
in its native and functional conformation.

Finally, when mice vaccinated with HMPV-VLPs were chal-
lenged with HMPV, they survived the challenge and virus
replication in the lungs was strongly reduced. Moreover, although
HMPV Can98-75 was very virulent (due in part to a higher inocu-
lum) and although residual virus was still detected in the lungs
after 5 days post-challenge, most vaccinated animals survived this
challenge in contrast to naive mice. Importantly, in agreement with
the results of neutralization assays, no difference was observed for
HMPV-VLPs incorporating F protein of either lineage A or B, which
demonstrated cross-protection. Similar to the results of neutral-
ization assays, co-presentation of G and F proteins on the VLPs did
not influence the yield of protection in vivo. Thus, VLPs incorporat-
ing F from any lineage seemed sufficient to confer cross-protection
against HMPV challenge. Of note, high-level neutralizing antibodies
were induced by HMPV-VLPs that were injected without adjuvant.
This contrasted with the finding that soluble F, used in several pre-
vious vaccine studies, was only protective in the presence of strong
adjuvants [35-37].

In conclusion, using VLPs displaying HMPV-F glycoproteins,
we were able to induce high-titer neutralizing antibodies that
protected animals against a lethal HMPV challenge. This study
underlines the potential of VLPs as a vaccination strategy against
HMPV. Besides, HMPV-VLPs could easily be adapted to take advan-
tage of the promising approach of DNA immunization. Indeed,
genetic information necessary to produce HMPV-VLPs (glyco-
proteins and structural Gag protein) can be encoded on a single
minimal expression vector [15,38]. Resulting vaccines would be
inexpensive, easy to produce and easy to store.
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