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ABSTRACT

Human metapneumovirus (HMPV) is a leading cause of respiratory disease in infants, children, and the elderly worldwide, yet
no licensed vaccines exist. Live-attenuated vaccines present safety challenges, and protein subunit vaccines induce primarily an-
tibody responses. Virus-like particles (VLPs) are an attractive alternative vaccine approach because of reduced safety concerns
compared with live vaccines. We generated HMPV VLPs by expressing viral proteins in suspension-adapted human embryonic
kidney epithelial (293-F) cells and found that the viral matrix (M) and fusion (F) proteins were sufficient to form VLPs. We pre-
viously reported that the VLPs resemble virus morphology and incorporate fusion-competent F protein (R. G. Cox, S. B. Livesay,
M. Johnson, M. D. Ohij, and J. V. Williams, J. Virol. 86:12148-12160, 2012), which we hypothesized would elicit F-specific anti-
body and T cell responses. In this study, we tested whether VLP immunization could induce protective immunity to HMPV by
using a mouse model. C57BL/6 mice were injected twice intraperitoneally with VLPs alone or with adjuvant and subsequently
challenged with HMPV. Mice were euthanized 5 days postinfection, and virus titers, levels of neutralizing antibodies, and num-
bers of CD3" T cells were quantified. Mice immunized with VLPs mounted an F-specific antibody response and generated CD8™*
T cells recognizing an F protein-derived epitope. VLP immunization induced a neutralizing-antibody response that was en-
hanced by the addition of either TiterMax Gold or a-galactosylceramide adjuvant, though adjuvant reduced cellular immune
responses. Two doses of VLPs conferred complete protection from HMPYV replication in the lungs of mice and were not associ-
ated with a Th2-skewed cytokine response. These results suggest that nonreplicating VLPs are a promising vaccine candidate for
HMPV.

IMPORTANCE

Human metapneumovirus (HMPV) is a leading cause of acute respiratory infection in infants, children, and the elderly world-
wide, yet no licensed vaccines exist. Live-attenuated vaccines present safety challenges, and protein subunit vaccines induce pri-
marily antibody responses. Virus-like particles (VLPs) are an attractive alternative vaccine approach. We generated HMPV VLPs
by expressing the viral matrix (M) and fusion (F) proteins in mammalian cells. We found that mice immunized with VLPs
mounted an F-specific antibody response and generated CD8" T cells recognizing an F protein-derived epitope. VLP immuniza-
tion induced a neutralizing-antibody response that was enhanced by the addition of either TiterMax Gold or a-galactosylcer-
amide adjuvant. Two doses of VLPs conferred complete protection against HMPV replication in the lungs of mice and were not
associated with a Th2-skewed cytokine response. These results suggest that nonreplicating VLPs are a promising vaccine candi-
date for HMPV.

uman metapneumovirus (HMPV) is a leading cause of acute
lower respiratory tract infection worldwide, with high prev-
alence in pediatric, elderly, and immunocompromised patients
(1-12). There are no licensed vaccines against HMPV. Several
strategies to develop live-attenuated HMPV vaccines have been
explored, including cold passage, gene deletion, and chimeric vi-
ruses (13—17). While live-virus vaccines elicit humoral and cellu-
lar responses, they also pose safety risks. Attenuated virus strains
have the potential to revert to a wild-type phenotype and cause
disease or be transmitted to nonimmune individuals. For these
reasons, live attenuated vaccines are often contraindicated for im-
munocompromised patients, individuals who are at risk for severe
HMPYV infections. Moreover, it is often difficult to find the correct
balance between attenuation and immunogenicity. Many years of
research on respiratory syncytial virus (RSV) live attenuated vac-
cines attest to the challenges (18-22).
Subunit protein vaccines against HMPV targeting mainly the
fusion (F) protein have been effective in rodent models by induc-
ing B cell responses only (23, 24). Experience with formalin-inac-
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tivated (FI) RSV and HMPYV vaccines in humans and animals
further raises concern about imbalanced immunity (25-30).
Studies demonstrate that the generation of antibodies to a dena-
tured F protein or low-affinity nonneutralizing antibodies is asso-
ciated with enhanced respiratory disease (31-36). Thus, a safe and
effective vaccine should induce both potent neutralizing antibod-
ies and cytotoxic T cell responses.

A vaccination strategy combining elements of both live virus
and subunit vaccines is virus-like particles (VLPs). VLPs are
formed by the self-assembly of viral structural proteins but lack
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the virus genome and thus are not able to replicate. VLPs are an
attractive vaccine candidate because they are noninfectious, but
the particles mimic virus structure and are capable of inducing
protective humoral and cellular immune responses. Viral antigens
can be presented in a native conformation, similar to viral protein
contained in infectious virus particles. VLPs are similar in size to
infectious virus and present viral antigens in a repetitive and or-
dered fashion, making it likely that the immune response to the
antigen will be similar to the response induced by infectious virus.
Furthermore, VLP-based particles can be designed to incorporate
alimited number of viral proteins, thus focusing the humoral and
cellular immune responses on protective antigens. Several VLP-
based vaccine strategies are currently being developed for a variety
of nonenveloped and enveloped viruses (reviewed in reference
37). For example, VLP vaccines for hepatitis C virus (38), influ-
enza virus (reviewed in references 39 and 40), and HIV-1 (re-
viewed in reference 41) are being developed and tested in preclin-
ical trials. Furthermore, VLP vaccine formulations for hepatitis B
virus (42) and human papillomavirus (43) have been licensed.

There are three HMPV surface glycoproteins, the fusion (F)
protein, the glycoprotein (G), and the small hydrophobic (SH)
protein (Fig. 1A). Only the F protein is required for virus assem-
bly, fusion, and entry (13, 44). Furthermore, the HMPV F protein
is the primary target of neutralizing antibodies (13, 23, 45-48). In
contrast, while HMPV G is immunogenic in rodents, G-specific
antibodies do not neutralize HMPV and G vaccines provide no
protection in animals (47-49). Thus, we hypothesized that stim-
ulation of immune responses with VLPs bearing the F protein
would be sufficient to induce protective immunity against HMPV
infection.

The HMPV F protein is a trimeric type I membrane glycopro-
tein that must be proteolytically cleaved to convert the inactive
precursor, F0, into a fusion-competent, disulfide-linked F1-F2
heterodimer. After cleavage, HMPV F exists in a metastable, pre-
fusion structural conformation that mediates virus entry into cells
during infection. We used a mammalian expression system to
generate HMPV VLPs that display the F protein in a membrane-
anchored trimeric native conformation. Particle-based entry as-
says previously reported by our group demonstrated that the F
protein on the surface of VLPs is functional in mediating particle
binding and fusion (50).

In this study, we tested whether immunization with HMPV
F-bearing VLPs could induce humoral and cellular immunity in a
mouse model of HMPV infection. We show that the VLPs are
immunogenic in mice, inducing F-specific antibodies and a neu-
tralizing-antibody response. Immunization with VLPs induced T
cell migration to the lungs after HMPV inoculation, and F-epitope
CD8™ T cells were identified in the lungs and spleens of immu-
nized mice. Finally, we demonstrate that immunization with
HMPV VLPs restricts HMPV replication in the upper respiratory
tract and completely protects mice from HMPV replication in the
lungs. These results suggest that VLPs containing the F protein
represent a promising vaccine candidate for the prevention of
HMPYV infection.

MATERIALS AND METHODS

Cell culture and HMPV preparation. LLC-MK2 (ATCC CCL-7) cells
were maintained in Opti-MEM I medium (Invitrogen) containing 2%
fetal bovine serum—2 mM L-glutamine—50 pg/ml gentamicin—2.5 pwg/ml
amphotericin. Suspension 293-F cells were maintained as recommended
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FIG 1 HMPV VLPs resemble virus in morphology and incorporate the F and M
proteins. (A) Schematic representation of an HMPV virion. The F, G, and SH
proteins are depicted at the virion surface. The M protein lines the inner leaflet of
the virus membrane. Encapsidated within the viral envelope is the RNA genome
that is associated with the nucleoprotein (N), viral polymerase (L), phosphopro-
tein (P), and matrix 2 (M2) proteins, which are notlabeled. (B) Schematic showing
the procedure used to generate VLPs. 293-F cells were transfected with HMPV M
or M-plus-F protein expression plasmids. At 4 days posttransfection, cell super-
natants were harvested and purified through 20% sucrose and VLP pellets were
resuspended in PBS. (C, D) Particles released from untransfected (mock VLPs),
HMPV-infected (HMPV), M-transfected (M-VLP), and M-plus-F-transfected
(F-VLP) cells were harvested, purified, and analyzed by Western blot assay to
verify their composition. The same amount (20 g total protein of either VLP or
virus) of each preparation was separated by denaturing, reducing SDS-PAGE and
immunoblotted with anti-F MAD (C) or polyclonal anti-HMPV M antiserum (D).
Molecular mass markers are shown to the left of the protein ladder. Bands corre-
sponding to FO (uncleaved F), F1 (cleaved F), and M are indicated. (E) F-VLPs
released from cells transfected with HMPV M plus F were purified and analyzed by
electron microcopy. An electron micrograph of a negatively stained sample show-
inga cluster of F-VLPs is shown. Magnification, X 28,000. F glycoprotein spikes are
visible on the VLP surface.
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by the manufacturer (Freestyle 293 Expression System; Invitrogen).
HMPV TN/94-49, a clinical isolate passaged five to seven times and thrice
plaque purified in LLC-MK2 cells, was propagated by using suspension
293-F cells in 293 Freestyle Expression medium supplemented with 5
pg/ml trypsin-EDTA (both from Invitrogen). Briefly, 293-F cells were
infected at 0.1 PFU/cell. Four days postinfection, supernatant virus was
collected and infected cells were rapidly frozen and thawed three times to
release cell-associated virus. The pooled virus preparation was clarified by
centrifugation at 300 X g for 5 min and pelleted through a 20% sucrose
cushion via ultracentrifugation at 100,000 X g for 90 min at 4°C. The virus
pellet was resuspended in phosphate-buffered saline (PBS), snap-frozen
in a dry ice-alcohol bath, and stored at —80°C. Virus was titrated on
LLC-MK?2 cells as previously described (51).

Generation of HMPV VLPs. HMPV VLPs were generated in suspen-
sion 293-F cells by transient expression of the HMPV matrix (M) and/or
fusion (F) proteins. Full-length M and F viral protein sequences were
derived from pathogenic clinical HMPV (genotype A2) isolates TN/94-49
and TN/92-4, respectively. Expression plasmids for HMPV F and M were
optimized for mammalian expression as previously described (23, 50).
Two types of VLPs were prepared, M-VLPs (containing the HMPV matrix
protein) and F-VLPs (containing the HMPV matrix and fusion proteins).
Suspension 293-F cells were transfected with pcDNA3.1-M (40 pg) and
either pcDNA3.1 (20 pg) or pcDNA3.1-F (20 ng) with 293fectin trans-
fection reagent (60 pl) as recommended by the manufacturer and grown
in serum-free medium (Invitrogen). Eighteen hours posttransfection, the
growth medium was changed and 5 pg/ml trypsin was added. Three days
posttransfection, the supernatant was collected, clarified by centrifuga-
tion at 300 X g for 5 min, and pelleted through 20% sucrose as described
above for virus. VLP pellets were resuspended in PBS, snap-frozen in a dry
ice-alcohol bath, and stored at —80°C. A mock particle preparation was
generated from the supernatant collected from 293-F cells. HMPV was
also prepared as described for VLPs, except that cells were incubated for 4
days before harvesting of the supernatant virus for purification.

Characterization of VLPs. (i) Protein content. The protein content of
particle preparations was determined with the DC Protein Assay (Bio-
Rad). Particle preparations contained similar levels of total protein, mock
preparation (1.19 % 0.07 mg/ml), HMPV (2.39 * 0.08 mg/ml), M-VLP
(2.32 = 0.04 mg/ml), and F-VLP (2.08 * 0.14 mg/ml).

(ii) Electron microscopy. Sucrose-purified F-VLPs were stained with
uranyl formate (0.75%) and prepared for transmission electron micros-
copy as described previously (52). Samples were imaged on a FEI Mor-
gagni electron microscope operated at an acceleration voltage of 100 kV.
Images were recorded at a magnification of X22,000 and collected with a
charge-coupled device camera (AMT) at a 1,000-by-1,000 resolution.

(iii) Western blot analysis. Purified virus or VLPs (20 g total pro-
tein) were lysed with 1% SDS, boiled in NuPAGE LDS Sample Buffer
(Invitrogen) containing 5% [-mercaptoethanol (Sigma), separated on
10% NuPAGE Bis-Tris gels (Invitrogen), and transferred to polyvi-
nylidene fluoride membranes. Membranes were blocked for 30 min with
5% milk in PBS plus 0.1% Tween (PBS-T; blocking buffer). An Armenian
hamster anti-F monoclonal antibody (MAb; mAb1017, kindly provided
by Nancy Ulbrandt [46]) and rabbit anti-M serum were diluted in block-
ing buffer and incubated with membranes overnight at 4°C. Cy5-conju-
gated anti-Armenian hamster (Jackson ImmunoResearch) or LI-COR
IRDye 800CW anti-rabbit secondary antibodies were diluted in blocking
buffer and incubated with membranes for 1 h at room temperature. Mem-
branes were washed three times in PBS-T and twice in PBS to remove
residual detergent and dried. Bands were imaged with an Odyssey infrared
imaging system (LI-COR).

(iv) HMPYV F protein content. F protein content was determined for
virus and F-VLP particles by Western blot assay. Recombinant F protein
lacking the transmembrane domain (FATM) (23) was used to generate a
standard curve in the linear range of the fluorescent signal obtained under
the anti-F blotting conditions described above. HMPV, F-VLPs, and F
protein standards were analyzed on the same membrane, and bands were
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quantified with the Odyssey infrared imaging software (LI-COR). HMPV
particles contained 396 * 55 ng/ul and F-VLPs contained 136 = 13 ng/pl
F protein.

Immunization of animals. Six-week-old female C57BL/6 (B6) mice
were purchased from Jackson Laboratory. Animals were anesthetized with
ketamine-xylazine prior to virus inoculation. Mice in groups of five were
immunized by intraperitoneal (i.p.) injection with 100 wl of VLPs adju-
vanted 1:1 with PBS, TiterMax Gold (TMG; Sigma), or a-galactosylcer-
amide (aGC; Funakoshi). TMG and aGC were chosen as adjuvants on the
basis of our experience with their use and immunogenicity in rodents (23,
49, 53, 54). The i.p. route was chosen over the intramuscular route on the
basis of the National Institutes of Health Office of Animal Care recom-
mendations for adjuvant use in rodents (http://oacu.od.nih.gov). HMPV-
infected animals were anesthetized with ketamine-xylazine and infected
intranasally (i.n.) with 1.5 X 10° PFU of HMPV in a 100-pl volume.
Serum was collected from mice by submandibular bleeding prior to im-
munization and before boost immunization.

HMPV challenge. Mice were inoculated on day 28 i.n. with 10® PFU of
HMPYV in a 100-p.l volume. Five days later, mice were euthanized by CO,
asphyxiation and exsanguinated. Briefly, nasal turbinates (NT) and lung
tissues were harvested and virus titers were measured by plaque titration
on LLC-MK?2 cells as previously described (51). HMPV neutralizing-an-
tibody titers in mouse serum samples were determined by plaque reduc-
tion assay as previously described (51).

Immunohistochemistry of mouse lung specimens. The lower half of
the left lung was inflated with 10% formalin, fixed overnight, and pro-
cessed as previously described (51). Lungs were stained with anti-mouse
CD3 (Santa Cruz Biotechnology) for 60 min at room temperature. A
trained pathologist who was blinded to the immunization group scored
the stained lung sections on the basis of the level of CD3™ cell infiltrate
present in the alveolar septa, which was defined as follows: none, 0; some,
1; moderate, 2; marked, 3. Stained slides also were converted to digital
images with an Aperio ScanScope CS2 (magnification, X20) and analyzed
with Aperio Image Scope software (v11.2.0780), and CD3™ cells were
quantified by using a color deconvolution algorithm. Ten random regions
of interest across the entire lung section were chosen, and the CD3" area
was calculated.

ELISA. Flat-bottom microtiter 96-well plates (Immulon 2HB;
Thermo) were coated with 100 ng of HMPV FATM protein (23). The
plates were blocked with 5% milk in PBS-T (blocking buffer) for 2 h at
room temperature. Serial 2-fold dilutions of each mouse serum sample,
starting at 1:40, were prepared in blocking buffer and added to FATM-
coated plates for 1 h of incubation at room temperature on an orbital
rocker. The plates were washed thrice with PBS-T and then incubated
with an anti-mouse Ig (H+L) horseradish peroxidase-coupled secondary
antibody (Southern Biotech) for 1 h at room temperature on an orbital
shaker. The plates were washed four times with PBS-T and developed with
Pierce Ultra-TMB colorimetric substrate. Color development was
stopped with 2 M sulfuric acid, and absorbance at 450 nm was measured
with a plate reader (Chameleon V; Hidex). Nonlinear regression analyses
(sigmoidal, variable slopes) were performed to fit dose-response curves to
enzyme-linked immunosorbent assay (ELISA) absorbance values and
used to calculate the HMPV F-specific antibody titer at the half-maximum
response (50% inhibitory concentration [IC,]).

Flow cytometry staining and gamma interferon (IFN-y) enzyme-
linked immunosorbent spot (ELISPOT) assay. Lymphocytes were iso-
lated from the lung and/or spleen and tetramer stained or restimulated for
intracellular cytokine staining (ICS) as previously described (55). Briefly,
isolated lymphocytes were first stained with LIVE/DEAD dye violet (In-
vitrogen), Fc receptors were blocked with anti-CD16/32 (BD Biosciences)
antibody at 1 pg/10° cells, and finally cells were incubated with allophy-
cocyanin-labeled HMPV H2-DP-F,, 5, (F528) tetramer (0.1 to 1 pg/
ml), anti-CD8a (clone 53-6.7; BD Biosciences), anti-CD4 (clone RM4-5;
BD Biosciences), and anti-CD19 (clone 1D3; iCyt) antibodies for 1 h at
room temperature in the presence of 50 nM dasatinib (LC Laboratories).
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An irrelevant influenza virus-specific tetramer (H2-D°/NP,, 5,,) was
used for gating. Flow cytometric data were collected with an LSR II (BD
Biosciences) and analyzed with FlowJo software (Tree Star).

For ICS, lung lymphocytes were restimulated in vitro for 6 h at 37°C
with F528 or an irrelevant peptide (10 wM final concentration), with
brefeldin A and monensin (BD Bioscience) added for the final 4 h of
restimulation. Stimulation with 50 ng/ml phorbol myristate acetate plus 2
pg/ml ionomycin (Sigma) served as a positive control. After restimula-
tion, cells were surface stained for CD3¢ (clone 145-2C11), CD8a, and
CD19, followed by fixation-permeabilization and staining for intracellu-
lar IEN-vy (clone XMG1.2) (all from BD Bioscience), and analyzed by flow
cytometry. Background IFN-vy levels following restimulation with an ir-
relevant peptide were subtracted from each experimental value.

ELISPOT analysis was performed as previously described (55).
Splenocytes were incubated with F528 peptide, an irrelevant peptide as a
negative control, or concanavalin A (ConA; Sigma) as a positive control.
The average number of spots in the negative-control wells was subtracted
from each experimental value, and the number of spot-forming cells
(SFC) per 10° lymphocytes was calculated and expressed as a percentage
of the response of mock-immunized animals (set at 100%).

Real-time RT-PCR. Lungs were collected on day 5 postchallenge and
homogenized, and RNA was extracted with the MagNA Pure LC Total
Nucleic Acid Isolation kit (Roche Applied Sciences) on a MagNA Pure LC.
Real-time reverse transcription (RT)-PCR was performed with commer-
cial gene probes (Life Technologies) and 25-pl reaction mixtures contain-
ing 5 ul of extracted RNA on an ABI StepOnePlus real-time PCR system
(Life Technologies) with the AgPath-ID One-Step RT-PCR kit (Life Tech-
nologies). All values were normalized to the hypoxanthine phosphoribo-
syltransferase (HPRT) housekeeping gene, and experimental results are
reported as fold differences (determined by the AAC, method) from
those of mice that were mock VLP immunized.

Statistical analysis. To calculate mean serum neutralization titers,
plaque counts (in the presence of serial dilutions of mouse serum) were
normalized to an untreated control by calculating the percent plaque re-
duction. Percent plaque reduction was plotted versus serum dilution, and
nonlinear regression curves assuming a sigmoidal dose-response curve,
allowing variable slopes, with bottom = 0 and top = 100 constraints, were
calculated. The mean IC, for each curve was defined as the mean neu-
tralizing-antibody titer. Multiple-group comparisons were performed by
one-way analysis of variance (ANOVA) with Dunnett’s multiple-compar-
ison posttest for comparison of individual groups. Comparisons of two
groups were performed with an unpaired two-tailed Student ¢ test. For all
analyses, P = 0.05 was considered statistically significant.

Study approval. All animals were maintained in accordance with the
NIH Guide for the Care and Use of Laboratory Animals and handled
according to protocols approved by the Vanderbilt University Institu-
tional Animal Care and Use Committee.

RESULTS
Development of HMPV VLPs. Different viral structural proteins
are necessary for paramyxovirus particle formation (reviewed in
reference 56). Thus, we first explored which HMPV structural
proteins (F, M, N, and/or P) are required to form VLPs by tran-
sient expression of viral proteins in cells. We chose to produce
VLPs in suspension 293-F cells because these cells (i) have a high
transfection efficiency; (ii) express large amounts of plasmid-en-
coded proteins; (iii) grow to very high densities (>3 X 10°/ml)
without loss of cell viability; (iv) propagate readily in serum-free
medium, allowing the medium to be supplemented with trypsin,
which is required to process the HMPV F protein; and (v) have
been previously used to generate recombinant HMPV F and G
proteins (23, 49, 57).

In initial experiments, we transfected plasmids encoding the
HMPV M; F; Fand M; or F, M, N, and P proteins into 293-F cells,
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and analyzed the cell supernatants at 72 h posttransfection by
Western blotting (data not shown). We determined that HMPV
VLPs could be reproducibly recovered when 293-F cells were
transfected with plasmids encoding HMPV M alone (M-VLP) or
the M and F proteins (F-VLP) (Fig. 1B). We purified and concen-
trated the VLPs by ultracentrifugation through a 20% sucrose
cushion and analyzed the particle pellets. We confirmed the incor-
poration of HMPV F and M by Western blotting (Fig. 1C and D).
The uncleaved FO form of the F protein was detected at a molec-
ular mass of ~60 kDa, and the trypsin-cleaved, active F1 form was
detected at ~47 kDa. HMPV M was detected at the expected mo-
lecular mass of 28 kDa. The levels of F protein were similar in virus
and F-VLP preparations, while less M protein was incorporated
into F-VLPs than into virus particles. However, the levels of M
protein were similar in M-VLP and F-VLP preparations (Fig. 1D).
We examined the F-VLPs by electron microscopy and found
enveloped particles with surface glycoprotein spikes (Fig. 1E) re-
sembling HMPYV virions. A detailed characterization of the mor-
phological similarities between F-VLPs and HMPV has been pre-
viously published (50). Briefly, F-VLPs range in diameter from 54
to 240 nm (mean =+ standard error of the mean [SEM], 123 = 10
nm) and F glycoprotein spikes measuring 13.3 nm are visible on
the F-VLP and HMPV virion surfaces. We previously reported
that F incorporated into F-VLPs is folded into the prefusion con-
formation and is functional in binding and fusion assays (50). We
have found that VLP preparations stored at —80°C retain their
fusion capacity for >12 months.

HMPV VLPs induce neutralizing humoral immune re-
sponses. To test whether the VLPs were immunogenic in a mouse
model of HMPV respiratory infection, we conducted preliminary
experiments with B6 mice. Groups of mice were either immunized
i.p. with F-VLPs alone on days 0 and 35 or infected i.n. with
HMPV on days 0 and 35. The serum neutralizing-antibody titers
of both groups were determined on days 35 (preboost) and 42
(postboost). The serum neutralizing-antibody titer in F-VLP-im-
munized mice at 35 days (preboost) was 5.0 = 0.5 log,, which was
significantly lower (P < 0.01) than the F-VLP postboost (8.4 = 0.6
log,), HMPV preboost (7.9 = 0.8 log,), and HMPV postboost
(8.7 = 0.3 log,) titers, none of which differed from one another.
Thus, a single dose of F-VLPs without adjuvant yielded lower se-
rum neutralizing-antibody titers than HMPV infection, but a
boost increased titers to a level indistinguishable from that of in-
fected mice.

On the basis of these results, we designed an experiment where
we could monitor humoral immune responses and determine
protective efficacy against HMPV infection. A schematic of the
experimental protocol is shown in Fig. 2A. We administered the
VLPs by using a prime-boost strategy, where mice received two
doses of the same HMPV particle preparation with a 2-week rest
between doses. We injected groups of B6 mice i.p. with M-VLPs or
F-VLPs alone, M-VLPs or F-VLPs in suspension with TMG, or
M-VLPs or F-VLPs in suspension with «GC. A mock VLP prepa-
ration was used as a negative control, and one group was infected
i.n. with HMPV on day 0 as a positive control.

Mouse serum was sampled before immunization (preim-
mune) and 14 days after the first injection, when a second injec-
tion was given. Mice were challenged i.n. with HMPV on day 28,
and blood was collected 5 days postinfection, when all of the ani-
mals were euthanized (postimmunization). To analyze the hu-
moral immune responses of immunized mice, we first measured
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FIG 2 Immunization with HMPV VLPs induces F-specific antibodies. (A) Schematic showing the immunization protocol. B6 mice (five per group) were
immunized two times, 14 days apart, by i.p. injection with VLPs containing either HMPV M (M-VLP) or M plus F (E-VLP) protein. VLPs were administered
alone, with TMG adjuvant, or with aGC adjuvant. Negative-control mice were injected with purified supernatant from untreated 293-F cells (mock VLPs).
Positive-control mice were infected i.n. with HMPV on day 0. Blood was collected at the time points indicated and at euthanasia to determine the production of
F-specific and neutralizing antibodies. (B to J) HMPV F-specific antibody levels in serum samples were measured by ELISA. Preimmune serum was collected on
day 0. Postinfection and postimmunization serum samples were collected 5 days after an HMPV challenge. The absorbance resulting from serum antibody
binding to plates coated with recombinant F protein is shown for each vaccination group as follows: panel B, mock VLPs; panel C, HMPV; panel D, M-VLP; panel
E, M-VLP plus TMG; panel F, M-VLP plus aGC; panel G, F-VLP; panel H, F-VLP plus TMG; panel I, F-VLP plus a GC. Absorbance data are shown as the mean *+
the SEM for five mice from three independent ELISAs. Nonlinear regression analyses were performed for groups with F-specific antibodies and used to calculate
reciprocal serum titers at half-maximal absorbance (ICs,), shown in panel J. Data points represent individual mice, and the bar depicts the mean ICs, titer of each
immunization group. Comparisons of multiple groups were made by one-way ANOVA for the P values shown in panel J.
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TABLE 1 Serum neutralizing-antibody titers of immunized groups of mice

HMPV VLPs Are Immunogenic and Protective

Mean log serum neutralizing-antibody titer = SEM? (statistical group|[s])*

14 days 5 days
Vaccination type” Adjuvant Preimmunization postimmunization postchallenge
Mock None <3.0 <3.0 <3.0
M-VLP None <3.0 <3.0 <3.0
M-VLP ™G <3.0 <3.0 =3.0
M-VLP aGC <3.0 <3.0 3.6 = 0.6 (A)
F-VLP None <3.0 4.0 £0.2(A) 43 *+0.3(A)
F-VLP ™G <3.0 6.1 0.7 (B) 92 *0.7(A,B,C)
F-VLP aGC <3.0 7.7 = 0.7 (B, C) 7.4+ 03 (C,D)
HMPV None <3.0 9.0 £0.1(C) 8.8 £0.8(B,D)

“ Mice were inoculated in the i.p. cavity with vaccine preparations on days 0 and 14, except that the HMPV group was infected i.n. on day 0.
¥ Serum samples were collected preimmunization, 14 days after primary immunization before boost inoculation, and 5 days after HMPV i.n. infection. Titers of neutralizing
antibody against HMPV were determined with an HMPV plaque reduction assay. The neutralizing-antibody titer was calculated as the antibody dilution at which the HMPV

plaque number was reduced by 50%, based upon nonlinear regression analysis.

¢ Mean antibody titers were compared by one-way ANOVA and assigned to statistically similar groups by using Tukey’s multiple-comparison test. Values within a column that have

a letter in common do not differ significantly (P > 0.05).

the HMPV F-specific IgG antibody response to recombinant F
protein by ELISA (Fig. 2B to J). Mock-immunized mice had no
detectable levels of HMPV F-specific antibody (Fig. 2B), and mice
that had been previously infected with HMPV had elevated titers
of F-specific antibodies (Fig. 2C). As expected, immunization with
M-VLPs alone or with adjuvant did not induce F-specific antibody
responses (Fig. 2D to F). Immunization with F-VLPs induced F-
specific IgG antibody responses in all of the immunized animals
(Fig. 2G to I). F-VLP immunization resulted in F-specific anti-
body titers that were similar to the antibody levels of previously
infected mice, while mice immunized with F-VLPs in the presence
of either adjuvant had significantly higher levels of F-specific IgG
antibodies (Fig. 2J). These results demonstrate that immunization
with HMPV F-VLPs induces a serum IgG antibody response to the
F protein.

To determine whether the F-specific serum antibodies were
capable of neutralizing HMPV infection, we measured antibody
function with a plaque reduction assay. Serum samples collected
from mice immunized with F-VLPs significantly inhibited HMPV

and B, diamonds). Immunization with M-VLPs with or without
adjuvant did not protect from HMPV infection of the NT, and
M-VLPs alone did not reduce the lung virus titer. However, mice
that received M-VLPs plus either adjuvant exhibited lower levels
of HMPYV replication in the lungs, though this did not quite reach
statistical significance (Fig. 3B, open and gray squares). Immuni-
zation with F-VLPs alone conferred a 1-log,, reduction in HMPV
replication in the NT (Fig. 3A, circles), with a significantly greater
virus titer reduction in mice vaccinated with F-VLPs plus either
adjuvant (open and gray circles). F-VLP immunization in the ab-
sence or presence of adjuvant led to undetectable levels of repli-
cating HMPV in the lungs of all of the mice (Fig. 3B, circles). In a
replicate experiment, mice immunized twice with nonadjuvanted
F-VLPs and subsequently challenged were completely protected
against lung virus replication, in contrast to mock VLP-immu-
nized mice (data not shown). These results demonstrate that im-

infection (Table 1). F-VLPs administered with TMG or aGC in- A Nasal turbinates B Lungs
duced a significantly higher neutralizing-antibody titer than F- 6- . 54 . . =
VLPs alone. Two doses of F-VLPs with either adjuvant were suf- =
ficient to induce a neutralizing-antibody response similar to that g 515 . 0% ag .‘|—| g 44 .
seen after HMPV infection. A neutralizing-antibody response in ‘& o L O
mock-immunized, HMPV-challenged mice was not detectableon & oL 2 Y,
day 5 postinfection, and M-VLP immunization with or without £ 3. ©w L =
adjuvant did not induce a neutralizing-antibody response. Collec- E g 2. Di u
tively, these results confirm that HMPV VLPs are immunogenic = 21 = "B
and induce a humoral neutralizing-antibody response in B6 mice. 1 1

Immunization with HMPV VLPs protects mice against F A QOO R O O R Q@ D8 O
HMPYV infection. Infection of B6 mice witlil the TN94-49 st;g;iin of & '\\:f‘\:x & Q'A:x&in & *“ooé‘xg\&i’x“:x & ::‘\:x g
HMPYV leads to viral replication in the NT and lungs, with peak & &

titers occurring on days 4 and 5 postinfection, respectively (55).
To determine whether immunization with HMPV VLPs could
protectagainst HMPV infection, we harvested the NT and lungs of
HMPV-challenged mice and quantified the amount of replica-
tion-competent virus by plaque assay. HMPV infection led to rep-
lication in the NT and lungs of mock-immunized mice (Fig. 3A
and B, triangles). Mice previously infected with HMPV had no
detectable levels of replicating HMPV in the NT or lungs (Fig. 3A

June 2014 Volume 88 Number 11

FIG 3 Immunization with HMPV VLPs protects mice against HMPV infec-
tion. The experimental protocol used is shown in Fig. 2A. Levels of replicating
HMPV were quantified by plaque assay on day 33 (5 days after an HMPV
challenge). (A) Nasal titers of HMPV. (B) Lung titers of HMPV. The dotted
lines in panels A and B indicate the limits of detection (20 and 35 PFU/g,
respectively); the bars represent the mean virus titers of groups of mice (n = 5).
Comparisons of multiple groups were made by one-way ANOVA with Dun-
nett’s posttest (*, P < 0.05). Comparisons of two groups were made with an
unpaired Student ¢ test (**, P < 0.05).
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munization with two doses of F-VLPs confers complete protec-
tion against HMPYV replication in the lungs of mice. Furthermore,
when F-VLPs are delivered in the presence of immune adjuvants,
they induce partial protection from HMPV replication in the up-
per respiratory tract.

HMPV VLPs induces T cell migration into mouse lungs. In-
terestingly, immunization with M-VLPs and adjuvant led to re-
duced HMPV replication in the lungs of infected mice. Because
these mice had a negligible neutralizing humoral immune re-
sponse, we reasoned that the modest level of protection might be
cell-mediated immunity to HMPV. Thus, we sought to determine
whether VLP immunization induces T cell responses. Lung sam-
ples from immunized and HMPV-challenged mice were collected
5 days postinfection, fixed, and stained for CD3™ T cells. Perivas-
cular CD3" T cells were present in all of the lung sections. Mice
immunized with either M-VLPs or F-VLPs in the presence of
TMG or aGC had a trend toward greater CD3 ™ cell infiltrate levels
in the lung sections than primary infected mice (Mock), previ-
ously infected mice (HMPV), or mice that received only VLPs
(Fig. 4A), though this did not reach statistical significance. We also
quantified the CD3 " area of the lung in digital images of the entire
lung sections by using a computer algorithm as described in Ma-
terials and Methods (Fig. 4B). Acute infection with HMPV, rep-
resented by the mock-immunized and HMPV-challenged mice
(mock treatment group), was used as the background reference
for this analysis, because the HMPV-specific T cell response in the
lungs of infected mice begins on day 5 and does not peak until day
10 postinfection (55). Compared to mock-immunized mice, sig-
nificantly higher levels of CD3 " T cell infiltrate were observed in
mice that received M-VLPs with TMG adjuvant, F-VLPs, or F-
VLPs with TMG adjuvant (Fig. 4B). Representative images from
the lung sections stained for CD3™ T cells are shown (Fig. 4C to
H). These results suggest that immunization with HMPV VLPs
leads to increased T cell migration to the site of HMPV infection.

F-VLPs generate HMPV-specific CD8" T cells in the respira-
tory tract and spleen. Infection of mice with HMPV elicits a lo-
calized CD3™ T cell response (Fig. 4) (55), and vaccines that spe-
cifically elicit CD8™ T cells provide various degrees of protection
against paramyxovirus infection (55, 58—60). To determine
whether HMPV VLPs are capable of eliciting cellular immunity,
mice were infected with HMPV or immunized with F-VLP with-
out adjuvant and 7 days later splenic CD8™ T cells were tested for
IFN-vy secretion in response to stimulation with the immuno-
dominant H2-DP-restricted Fs,q 554 (F528) epitope peptide by ICS
(Fig. 5A). F-VLP immunization, even without adjuvant, was ca-
pable of inducing F528-specific CD8™" T cells at a higher level than
primary HMPV infection on day 7. To test whether repeat VLP
immunization could boost the T cell response, mice were either
infected with HMPV or immunized on days 0 and 14 with F-VLP
without adjuvant or mock VLP, and then all of the groups were
challenged on day 28 with HMPV. Splenocytes were collected on
day 5 postchallenge and stimulated with either F528 peptide or
controls, and IFN-vy secretion was measured by ELISPOT assay.
Both previously HMPV-infected and F-VLP-immunized groups
mounted significantly greater IFN-vy responses than mock-immu-
nized and challenged mice (Fig. 5B). To test whether VLP immu-
nization was capable of inducing CD8" T cell responses in the
lung, we either immunized mice i.p. with F-VLPs plus adjuvant or
infected mice i.n. with HMPV on day 0 and quantified the HMPV-
specific CD8™ T cell response via tetramer staining on day 10. We
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found that F-VLPs induced CD8" T cells specific for the F528
epitope at levels comparable to those induced by HMPV infection
in both the lungs (2.7% for F-VLPs versus 5.0% for HMPV) and
spleen (0.4% versus 0.6%) (Fig. 5C and D). These results confirm
that VLP immunization generates cellular immunity.

F-VLP vaccination induces balanced Th1 and Th2 responses.
Enhanced respiratory disease was associated with FI RSV vaccine,
one component of which was an exuberant Th2 response (19). To
test whether VLP vaccination was associated with Th2 bias upon
HMPYV challenge, cytokine gene expression levels in lung homog-
enates were measured by real-time RT-PCR. Mice immunized
with VLPs in conjunction with TMG adjuvant exhibited signifi-
cantly greater transcription of both Thl (IFN-y; F-VLP plus
TMG) and Th2 (interleukin-10 [IL-10]; M- and F-VLPs plus
TMG) cytokines than mock-immunized and challenged mice,
while groups immunized with aGC exhibited increased IL-4 ex-
pression (Fig. 6). There was a nonsignificant trend toward greater
IL-2 transcription in adjuvant-treated mice. Importantly, mice
immunized with nonadjuvanted VLPs did not differ in cytokine
profile from previously infected mice. Thus, VLP vaccination in-
duced a mostly balanced Th cytokine response, especially in mice
without adjuvant.

DISCUSSION

HMPV causes a significant disease burden in young infants. Fur-
thermore, reinfection with HMPV occurs in healthy and immu-
nocompromised humans, despite the presence of serum antibody
(5, 61, 62). This may occur because of limited cross-protective
immunity between different strains of HMPV or may indicate that
antibody-mediated protection is not sufficient to prevent HMPV
infection. However, studies with animal models indicate that pas-
sive transfer of anti-HMPV neutralizing antibodies can protect
against HMPV replication and disease (45, 46, 63). Furthermore,
in otherwise healthy adults, HMPV infection is typically limited to
the upper respiratory tract, suggesting that neutralizing antibodies
can ameliorate HMPV disease pathogenesis. Thus, an effective
vaccine could prevent severe disease in children and adults.

T cell immunity is thought to be important for HMPV clear-
ance and resolution of infection. For example, HMPV infections
are more severe, and at times fatal, in HIV-infected or other im-
munocompromised patients (10-12, 64). The contribution of T
cells to protection against HMPV remains poorly defined, al-
though limited studies with mouse models suggest that T cells
contribute to protective immunity (55, 65). Thus, an ideal HMPV
vaccine would elicit both humoral and cellular immune responses
(66).

VLPs are an attractive platform for an HMPV vaccine. VLPs
are replication incompetent and nonpathogenic, with minimal
concerns about adventitious agents. These particles can be admin-
istered via the parenteral or mucosal route with or without adju-
vant. VLPs are amenable to large-scale production, and the use of
biologics can be largely avoided, as in this study, where VLPs were
produced in serum-free medium. The generation of VLPs in
mammalian cells ensured proper glycosylation and folding of F,
both of which are important for the induction of high-affinity
neutralizing antibodies while avoiding enhanced respiratory dis-
ease (33). In addition, VLPs could be designed to incorporate all
four F subtypes to ensure cross-protective immunity. While F-
VLP particles are fusion competent (50), the length of the F pro-
tein measured by EM suggests that particles may contain both pre-
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collected from the left lung of each vaccinated mouse. Lung samples were fixed, paraffin embedded, sectioned at a 5-pum thickness, and stained with anti-CD3 antibody.
(A) Lung samples were analyzed and scored for CD3™" T cell infiltration on a scale of 0 to 3. Infiltrate scores (mean = SEM) of two mice from each group are shown.
Comparisons of multiple groups were made by one-way ANOVA with Dunnett’s posttest. No significant differences were noted. (B) Digital images of the CD3-stained
lung sections were generated with an Aperio ScanScope CS2, and a color deconvolution algorithm was used to quantify CD3 staining. Ten random regions, covering the
entire lung area, from two mice per group were chosen, and the CD3™ area of each region was calculated. Results are presented as the mean * the SEM. Comparisons
of multiple groups were made by one-way ANOVA with Dunnett’s posttest (¥, P < 0.05). (C to H) Representative images of lung sections from immunized or infected
mice at 5 days after an HMPV challenge. Magnification, X20. CD3™" T cells are stained dark brown. Scale bars are shown in the lower left corners.
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FIG 5 HMPV VLPs generate HMPV-specific CD8* T cells. (A) B6 mice were infected with HMPV or immunized with F-VLP without adjuvant, and splenocytes
were isolated 7 days later. Lymphocytes were stimulated with either an HMPV-specific Fs,5_s36 peptide or an irrelevant influenza virus-specific NP5, _5,, peptide
as described in Materials and Methods and analyzed for IFN-y secretion. The two groups were compared by using an unpaired Student ¢ test. (B) B6 mice were
infected with HMPV on day 0 or immunized on days 0 and 14 with F-VLP without adjuvant, and then all of the groups were challenged on day 28 with HMPV.
Splenocytes were collected on day 5 postchallenge and tested by ELISPOT assay by using stimulation with an HMPV-specific F,g 55 peptide, an irrelevant
peptide, or ConA. The average number of spots in the negative-control wells was subtracted from each experimental value, and the number of SFC per 10°
lymphocytes was calculated and is expressed as a percentage of the response of mock VLP-immunized animals (set at 100%). Comparisons of multiple groups
were made by one-way ANOVA with Dunnett’s posttest (¥, P < 0.05). (C) B6 mice were infected with HMPV or immunized with F-VLP plus TMG, and spleen
and lung lymphocytes were isolated 10 days later. Lymphocytes were tetramer stained with either an HMPV-specific Fq,4 554 tetramer or an irrelevant influenza
virus-specific NP5 5, tetramer and anti-CD8 antibody as described in Materials and Methods. The percentage of tetramer™ F-specific lung Ty, or spleen T g
cells was calculated. Data (mean = SEM) represent an independent experiment with three to five mice per group. (D) Representative flow cytometry plots
showing Fs,g 556 tetramer staining on the gated CD8™ T cell population from the lungs of HMPV-infected or F-VLP-immunized mice. The values under the

quadrants are the percentages of HMPV-specific F528-536 tetramer™ CD8™" T cells.

and postfusion forms of F, as described for RSV (67). The fact that
neutralizing-antibody titers were similar for HMPV and adju-
vanted VLPs, while ELISA F-binding titers were significantly
higher for F-VLP than for HMPV, suggests that the conformation
of the F molecules on VLPs may not be uniform. This could affect
immunogenicity, since for RSV, neutralizing epitopes are present
in both forms of the F protein (68, 69). Atleast one HMPV F MAb
epitope is conserved in both the pre- and postfusion forms (57).
HMPV VLPs induced CD8™ T cell responses, though the exact
mechanism of this is not clear. Soluble antigens normally pre-
sented by major histocompatibility complex (MHC) class II can
be cross-presented in the context of MHC class I, though at a low
rate (70, 71). However, since HMPV VLPs are fusion competent,
we speculate that fusion of the VLP envelope with the cell mem-
brane might mediate the cytosolic delivery of HMPV F and M
proteins, facilitating the loading of proteolytic peptides derived
from F and M proteins onto MHC class I molecules. VLPs are
capable of delivering proteins to the cytosol and mediating MHC
class I presentation (72-76). The murine and human HMPV
MHC class I epitopes described are generally conserved (55, 58,
77), and thus, CD8™ T cell memory would be expected to be
broadly protective. Further studies are needed to answer this ques-
tion, the answer to which could be applicable to the challenge of
inducing effective T cell immunity with a nonreplicating vaccine.
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A critical issue for any paramyxovirus vaccine, especially a
nonreplicating vaccine, is the concern for enhanced disease such
as that observed following FI RSV (29, 30). Enhanced disease as-
sociated with FI RSV is thought to be due in part to poor neutral-
izing-antibody induction and imbalanced Th2 responses (21, 31—
34). Studies with rodents and primates show that FI HMPV is
associated with a similar phenomenon, including Th2 bias (25,
26). We found that while aGC adjuvant was associated with in-
creased IL-4 levels, VLPs alone were not, and VLPs with TMG
were associated with increased IL-10 or IFN-vy levels. Vaccination
with recombinant F protein or alphavirus-vectored F was not as-
sociated with enhanced disease in cotton rats (23, 47). It is impor-
tant to note that rodent models do not always reflect human biol-
ogy and that rodents are not faithful models of human respiratory
disease. Studies with nonhuman primates before human clinical
trials are important.

In summary, our results suggest that HMPV VLPs are promis-
ing HMPYV vaccine candidates. Vaccination with VLPs induces a
neutralizing-antibody response, stimulates an HMPV-specific
CD8™ T cell response, and protects mice from HMPV infection of
the lungs. Future directions of this work include mucosal delivery
in the absence and presence of adjuvants, the effective cross-reac-
tivity of antibody responses to other strains of HMPV, preclinical
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FIG 6 VLP immunization is associated with both Th1 and Th2 responses. Groups of mice were immunized with mock VLPs, M-VLP, M-VLP plus TMG, M-VLP
plus aGC, E-VLP, E-VLP plus TMG, or F-VLP plus aGC on days 0 and 14 or infected with HMPV on day 0. All of the mice were then challenged with HMPV
on day 28. Their lungs were collected and homogenized on day 5 postchallenge, and RNA was extracted and tested by real-time RT-PCR for multiple cytokines.
All of the values were normalized to the housekeeping gene for HPRT and are reported as fold differences (determined by the AAC;. method) from mice that were
mock VLP vaccinated. Comparisons of groups were made by one-way ANOVA with Dunnett’s posttest (¥, P < 0.01; **, P < 0.001; ***, P < 0.0001).

testing with other animal models, and determination of the dura-
tion of immunity.
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