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A live attenuated vaccine candidate strain (M2) of human metapneumovirus (hMPV) was generated by removing the N-linked
carbohydrate at amino acid 172 in the fusion (F) protein. Previously, replication of M2 in mouse lungs could be detected by mo-
lecular assays but not by viral titration. In the present study, the protective effects of M2 against infection by homologous or het-
erologous viruses were evaluated in BALB/c mice. Immunization with M2 produced a high titer of serum virus-neutralizing anti-
bodies in BALB/c mice at 4 and 8 weeks postimmunization, with the titers against the homologous virus being higher than those
against the heterologous virus. Challenges at 4 and 8 weeks postinoculation with M2 or wild-type virus led to no replication
when mice were challenged with a homologous virus and extremely reduced replication when mice were challenged with a heter-
ologous virus, as determined by the detection of viral genomic RNA copies in the lungs, as well as significantly milder pulmonary
pathology. Thus, M2, with only one N-linked carbohydrate removed in the F protein, provides complete protection from homol-
ogous virus infection and substantial cross-protection from heterologous virus infection for at least 56 days after inoculation.
This vaccine strain may therefore be a candidate for further preclinical study. Furthermore, this attenuating strategy (changing
the glycosylation of a major viral protein) may be useful in the development of other viral vaccines.

Human metapneumovirus (hMPV) was first isolated from the
nasopharyngeal aspirates of young children suffering from

acute respiratory tract diseases in the Netherlands in 2001 (1). It
has been characterized as the only human respiratory pathogen in
the Metapneumovirus genus of the Paramyxoviridae family. Se-
quence analysis of hMPV isolates from various parts of the world
has revealed two major genetic lineages (lineages A and B), each
of which can be further divided into two sublineages (sublin-
eages A1 and A2 and sublineages B1 and B2). The two main
lineages, with prototype viruses NL/1/00 and NL/1/99 for lin-
eages A and B, respectively, have been found to differ in anti-
genicity, which may lead to periodic reinfection and circula-
tion around the world (1–6).

The clinical severity of hMPV warrants the development of
vaccines, particularly for the pediatric population, immunocom-
promised individuals, and the elderly. Since the discovery of
hMPV, a variety of studies on vaccines for hMPV have been con-
ducted in rodents and nonhuman primates (7). These have in-
cluded live attenuated vaccines (8–11), subunit vaccines (4, 5, 12),
a T-cell epitope vaccine (13), heat-inactivated vaccines (14), and
formalin-inactivated (FI) vaccines (15, 16). Some studies on FI
vaccines have indicated that classical inactivated vaccines for
hMPV might predispose the host to enhanced pulmonary disease,
as is the case with the vaccine for a close relative of hMPV, the FI
respiratory syncytial virus (RSV) vaccine (17, 18). Subunit vac-
cines usually induce conservative protective antibodies, which
provide complete or nearly complete protection of the host from
hMPV infection over time (4, 12). However, no licensed vaccine
has thus far been developed for clinical use against this human
pathogen.

Live attenuated viruses have the advantage of mimicking a nat-
ural infection and thus can provide better protection against sub-
sequent infections in immunologically naive individuals (8–11).
Therefore, live attenuated vaccines may be more useful for prim-

ing or boosting hMPV-specific immune responses in young chil-
dren. We previously generated a live attenuated recombinant vac-
cine candidate strain of hMPV, designated M2, by removing the
N-linked carbohydrate at amino acid 172 in the fusion (F) protein
(19). M2 led to a profoundly impaired growth capacity compared
with that of wild-type recombinant virus NL/1/00 (the prototype
strain of lineage A) both in Vero E6 cells and in mouse lungs. At
the same time, pulmonary pathology following M2 infection was
markedly milder than that following infection by the parent virus
of M2, wild-type (WT) recombinant hMPV strain NL/1/00 ex-
pressing green fluorescent protein (GFP), referred to as NL/1/00-
GFP. Thus, M2 has been considered to be substantially attenuated
and therefore a candidate vaccine strain for hMPV. In the present
study, we evaluated the protective effect of immunization with M2
against infection with hMPV of both lineages in BALB/c mice.

MATERIALS AND METHODS
Cells and viruses. Vero E6 (African green monkey kidney) cells were
purchased from the American Type Culture Collection (ATCC) and were
grown in Dulbecco’s minimum essential medium (DMEM; Gibco) con-
taining 5% fetal bovine serum (FBS; Gibco), 2 mM L-glutamine, 100
�g/ml streptomycin, and 100 IU/ml penicillin. Recombinant NL/1/00-
GFP (WT) and recombinant NL/1/99 (without GFP) viruses were recov-
ered from cloned cDNA, as described previously (19). The former was
used for the initial inoculation and the subsequent postinoculation chal-
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lenge, and the latter was used only for the postinoculation challenge. Re-
combinant live attenuated hMPV (M2) was prepared as previously de-
scribed (19). Briefly, the asparagine at position 172 in the F gene of WT
was mutated into glutamine using a QuikChange mutagenesis kit (Strat-
agene), which led to the removal of an N-linked carbohydrate and exten-
sive attenuation of the recovered virus. The GFP was inserted between the
P and M protein genes of the viral genome to prepare purified viral stocks.
Viruses were cultured in the infection medium, which consisted of
DMEM supplemented with 3% FBS, 100 IU/ml penicillin, 100 �g/ml
streptomycin, 2 mM glutamine, and 0.25 mg/ml trypsin (Sigma), until the
cytopathic effect reached 80 to 90%. After one freeze-thaw cycle, cell-free
supernatants were purified and concentrated using a 35% (wt/wt) sucrose
gradient. Viral titers were determined by plaque assay as described below
and expressed as the numbers of PFU per milliliter. More rounds of prop-
agation were required to make a stock of M2 with a titer of over 107

PFU/ml. M2 was also propagated in Vero E6 cells 30 times. The full-length
F-gene sequences of the input virus and the output virus at the endpoint
were identical, and no additional mutations were found in over 30 pas-
sages, indicating that the genetic alteration in the F gene of M2 was stable.

Full-length sequence analysis of WT and M2 genomic RNA. The WT
and M2 strains were propagated 30 times in vitro, and then the viruses
were purified using a 35% (wt/wt) sucrose gradient. RNA was isolated
from highly purified WT and M2 virus strains using a QIAamp viral RNA
minikit (Qiagen, CA), according to the manufacturer’s instructions. RNA
was extracted from a 140-�l sample and resuspended in 40 �l. Then, total
RNA was reversibly transcribed into cDNA using a PrimeScript reverse
transcription (RT) kit (TaKaRa, Shiga, Japan). Subsequently, the whole
genomic sequence was amplified by serial overlapping PCR and se-
quenced by the Sanger method, and the 13.5-kb genes were amplified with
14 pairs of primers (data not shown). The PCR amplification conditions
were as follows: 98°C for 30 s; 28 cycles of 98°C for 10 s, 58°C for 20 s, and
72°C for 30 s; and 72°C for 5 min. The sequencing was done with an ABI
3730 XL instrument (Applied Biosystems). For all of the PCR fragments,
both strands were sequenced at least twice. The complete protein from the
N terminus to the C terminus was constructed from the overlapping PCR
fragments using the DNAStar program (version 8.0). Nucleic acid and
amino acid sequences were analyzed by BLAST analysis of the sequences
in GenBank and DNAMAN (version 6.0). In the case of sequence pairs
with different bases, the fragments were amplified more than three times
to make sure that the final information was accurate.

Study design. Specific-pathogen-free, 6- to 7-week-old female
BALB/c mice were purchased and housed under pathogen-free conditions
in the animal research facility of Chongqing Medical University. One
hundred ninety-two mice were assigned to 24 groups (n � 8 per group),
and each group was housed separately. While they were under anesthesia,
mice were intranasally inoculated with 107 PFU of WT or M2 virus in 100
�l of medium. As a control, mice were inoculated with 100 �l of DMEM.

The mice in groups 1 to 12 were sacrificed at days 5, 14, 28, and 56 post-
inoculation (p.i.) to investigate viral growth and the production of neu-
tralizing antibodies. At day 28 or 56 p.i., the mice in the other groups were
challenged intranasally with 100 �l recombinant NL/1/00 or recombinant
NL/1/99 (107 PFU). Five days later, the animals were sacrificed. The left
lungs were collected for histopathology and RNA extraction, and the right
ones were weighed for viral isolation and titration (Fig. 1). The study
protocols were approved by The Ethics Committee of Chongqing Medical
University.

Viral titration of harvested lungs. A fluorescent plaque assay was
used to titrate the viruses in the mouse lungs. Briefly, Vero E6 cells were
plated into 6-well plates in DMEM containing 5% FBS (Gibco) and 2 mM
L-glutamine. On the next day, the confluence of Vero E6 cells reached 60
to 70%. Clarified lung homogenates were serially diluted, added into the
wells containing the Vero E6 cells, and then incubated for 2 h. The overlay,
containing equal volumes of DMEM with 0.25% SeaPlaque GTG agarose
(Lonza) and 2% FBS, was added to each well, and the plates were incu-
bated for 4 days at 37°C. Then, green fluorescent plaques were counted
under a fluorescence microscope. The resulting titers for each sample
were divided by the lung weight and are reported as the numbers of PFU
per gram of lung.

RT-PCR assay for viral genomic RNA in mouse lungs. Total RNA
was extracted from the mouse lungs with an EZgeno total RNA extraction
kit (Genemega) according to the manufacturer’s instructions. Total RNA
was reversibly transcribed into cDNA using a PrimeScript RT kit (TaKaRa
Bio Inc., Shiga, Japan). The F gene was amplified with the following prim-
ers: 5=-GTC TTG GAA AGT GGT GAT CAT-3= (forward) and 5=-ACT
GTG TCT GCG TCT TGG TT-3= (reverse) (GenBank accession number
AF371337) (20). At the same time, �-actin, an internal reference, was also
amplified using primers 5=-GTG ACG AGG CCC AGA GCA AGA G-3=
(forward) and 5=-AGG GGC CGG ACT CAT CGT ACT C-3= (reverse)
under the following cycling conditions: 95°C for 4 min; 35 cycles of 94°C
for 1 min, 55°C for 30 s, and 72°C for 1 min; and 72°C for 10 min. The
expected sizes of the F and �-actin genes were 450 bp and 940 bp, respec-
tively. The RT-PCR products were subjected to 1.5% agarose gel electro-
phoresis at 130 V for 40 min and photographed on a UV transilluminator.

Assessment of viral genomic RNA of recombinant hMPV NL/1/99 in
mouse lungs by real-time RT-PCR. In previous studies, recombinant
hMPV NL/1/99 was detected by real-time RT-PCR assay or determination
of the 50% tissue culture infective dose (4, 5, 21, 22). The recombinant
NL/1/99 virus used in our lab, unfortunately, was not a GFP-expressing
virus. To verify the presence of hMPV recombinant NL/1/99 in the lungs
and the protective effect of M2 virus, a real-time RT-PCR assay, instead of
a viral titration one, was used to quantitatively detect the replication of
recombinant NL/1/99 in the mouse lungs. The primers were (GenBank
accession number DQ336144) 5=-CGT TTC TTA CAT GCC GAC ATC
TG-3= (forward) and 5=-GCT CCC GTA GAC CCC TAT CAG-3= (re-

FIG 1 Study design. Schematic overview of the study. The time scale represents the number of days (d) after the initial inoculation with DMEM, M2, or WT.
Eight mice in each group were sacrificed at 5, 14, 28, and 56 days p.i. At 28 and 56 days p.i., mice in six groups were challenged intranasally with 100 �l of 107 PFU
of recombinant NL/1/00 or NL/1/99. Five days later, the animals were sacrificed.
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verse), and the probe was 5=-(6-carboxyfluorescein) CCC TTT CTT CGC
ACC ATC GCA CGG-3= (Eclipse) (23). Each lung sample was tested three
times by real-time PCR, and the mean copy number was obtained by using
a standard curve generated by RNA runoff transcripts of a PCR product.

Microneutralization assay. Serum virus-neutralizing (VN) antibody
titers were determined by a microneutralization assay as described else-
where, with slight modifications (24). Briefly, nine serial 2-fold dilutions
from 1:20 to 1:5,120 were prepared in 50 �l of DMEM in 96-well plates.
Fifty PFU of NL/1/00 or NL/1/99 virus in 50 �l of medium was added to
the serum dilutions. All serum samples were tested in the presence of 10%
guinea pig complement (Sigma). The serum-virus mixtures were incu-
bated at 37°C in an atmosphere with 5% CO2 for 1 h. Positive-control
wells without serum and negative-control wells without virus or serum
were included in triplicate in each plate. Fifty microliters of the serum-
virus mixture was added to Vero E6 cell monolayers in 96-well plates, and
the plates were incubated for 1 h. The supernatants were then removed.
Plates were blotted and washed with 100 �l per well DMEM, which was
then replaced by fresh viral growth medium, followed by incubation at
37°C in an atmosphere with 5% CO2 for 4 days. Then, cells were fixed in
80% acetone in phosphate-buffered saline (PBS) for 15 min at 4°C, air
dried, and blocked for 1 h in PBS containing 0.5% Tween 20 and 2% FBS.
A monoclonal antibody against hMPV F protein (FAb 80120; Millipore)
was diluted to 1:1,000 in PBS containing 1% FBS and 0.5% Tween 20 and
added to the cells, followed by incubation at 37°C for 2 h. Cells were
washed and treated with horseradish peroxidase-conjugated goat anti-
mouse IgG (1:5,000) in PBS with 1% FBS– 0.5% Tween 20 (50 �l/well) for
2 h at room temperature. After washing, 3=,3=,5=,5=-tetramethylbenzidine
was added at 100 �l/well, followed by incubation at 37°C for 30 min.
Then, H2SO4 was added at 35 �l/well to stop the reaction, and the neu-
tralization titer was defined as the titer of serum that reduced color devel-
opment by 50% normalized by that of the positive-control wells.

IFA to measure antibodies in sera from infected mice. Briefly, Vero
E6 cells were infected by recombinant NL/1/00 or NL/1/99 viruses and
used as antigens for indirect fluorescence assay (IFA), as described by
Ebihara et al (25). The Vero E6 cell suspension was prepared and washed.
First, cell smears were created by spotting one drop of the cell suspension
onto a glass slide, which was then air dried and fixed in acetone for 10 min.
Smears were incubated with serum from all groups of mice for 30 min at
37°C, and those treated with monoclonal antibody against the hMPV F
protein (FAb 80120; Millipore) served as positive controls. These smears
were then incubated with fluorescein-conjugated Affinipure goat anti-
mouse IgG (1:50) for 30 min at 37°C. After washing four times in PBS (5
min each), smears were air dried, stained with 0.001% Evans blue for 5
min, and then mounted with 35% glycerol in PBS. Under a fluorescence
microscope, the presence of positive staining in at least one cell was de-
fined as a positive result.

Pulmonary histopathology. Left lungs were collected and fixed in 4%
paraformaldehyde. Lungs were embedded in paraffin, cut into 4-�m sec-
tions, and stained with hematoxylin-eosin. The histopathologic score
(HPS) was determined by a pathologist in a blind manner using the
method described by Cimolai et al. (26).

Immunohistochemistry (IHC). The lung sections were placed on
slides and baked at 70°C for 48 h to remove the remaining paraffin. Then,
the slides were heated in 2 mM citric acid (pH 7.4) in a microwave oven for
10 min for antigen retrieval. After cooling, they were rinsed four times
with 0.01 M PBS containing 0.05% Tween 20. Nonspecific protein bind-
ing was blocked by goat serum. The slides were incubated at 4°C for 12 h
with monoclonal antibody (diluted 1:1,000) against the hMPV F protein
(FAb 80120; Millipore). Slides were successively incubated with biotinyl-
ated rabbit anti-mouse IgG (ZSGB-BIO, China) at 37°C for 1 h with
horseradish peroxidase streptavidin at 37°C for 30 min and at room tem-
perature with 3,3=-diaminobenzidine (DAB) for 3 min, rinsed with 0.01
M PBS four times, and stained with hematoxylin. Sections of positive
samples without primary antibody during incubation or sections without
challenge virus served as negative controls.

Statistical analysis. Data are presented as the mean � standard devi-
ation (SD). If the viral titers were 0, the minimum detectable titer was
assigned for statistical analysis. Statistical significance was determined us-
ing Student’s t test and one-way analysis of variance (ANOVA), where a P
value of �0.05 was considered statistically significant. All statistical anal-
yses were performed with the SPSS program, version 2.

RESULTS
Sequence analysis. Whole-gene sequences were constructed by
assembling overlapping PCR fragments until the entire protein-
encoding sequence from the N terminus to the C terminus was
obtained. The presence of a GFP gene (750-bp) insertion between
genes P and M was confirmed in WT and M2 strains. No addi-
tional gene mutation was found in the F gene, except for one
artificial mutation in WT and three artificial mutations in M2
(Table 1). At position 3352, both the WT and M2 sequences were
mutated from T to C, causing the substitution S101P. The virus
with the S101P mutation did not require trypsin for growth in
tissue culture (27, 28). Comparison of the WT and M2 sequences
from nucleotides (nt) 3365 to 3367 showed that AAT mutated into
CAG, resulting in the mutation N172Q in the F protein. This
resulted in a lower replication efficiency in M2. The F protein was
highly conserved, and its sequence was inconsistent with that of
the F protein in pneumovirus, which has a functionally and struc-
turally restricted amino acid mutation (29). There were four mu-
tations (three missense mutations and one synonymous muta-

TABLE 1 Sequence analysisa

Gene Position

Nucleotide sequence or amino acid

NL/1/00 WT M2

F 3352 TCT CCT CCT
3565 AAT CAG
3567 AAT CAG

L 8335 TGG TTG TTG
10040 AAT AAA
10045 GCG GAG
12203 TGC TGT TGT

F/M2 4690 Ins C
4693 Ins T
4695 Ins A
4696 Ins A
4697 Ins A Ins A
4699 Ins A
4700 Ins A
4701 Ins A
4703 Ins T

CDS 101 S P P
172 N Q
172 N Q
386 W L L
958 N K
973 A E
1679 C C C

a For the F and L genes and the noncoding region between the F and M2 (F/M2), the
nucleotide position is numbered from the 3= end of the negative-sense RNA (GenBank
accession no. AF371337). For CDS, the position is the protein position from the N
terminus. Underlining indicates the nucleotide changes resulting in a mutated amino
acid. F, fusion protein; L, large polymerase protein; M2, putative protein with a
molecular mass of 22 kDa; NL/1/00, wild-type strain NL/1/00; Ins, insertion.
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tion) in the large polymerase (L) gene of virus M2 and two
mutations (one missense mutation and one synonymous muta-
tion) in the L protein gene of the WT virus (see Table 3). There
were no mutations in domain III (amino acids 625 to 847 in the
hMPV L protein open reading frame [ORF]) in the L protein,
which was thought to be essential for a functional hMPV L ORF
since it contained four core polymerase motifs (30, 31). One in-
sertion was found in the noncoding region between the F and M2
genes. No deletions were detected.

Replication of WT and M2 viruses in mouse lungs. Our pre-
vious studies showed that the titer of the WT virus in BALB/c
mouse lungs peaked on the 5th day postinfection, whereas at the
same multiplicity of infection, M2 virus was undetectable in the
mouse lungs 5 days after infection by plaque assay and viral isola-
tion. However, molecular methods such as RT-PCR or real-time
PCR were able to identify the viral RNA in the lungs. On the
other hand, in severe combined immunodeficient (SCID) mice or
cyclophosphamide-treated mice in our previous study, M2 was
able to replicate at a low level and was detectable by plaque assay or
culture. In the present study, the kinetics of replication of WT and
M2 were assessed at 5, 14, 28, and 56 days p.i. The WT virus
replicated to a mean titer of 4.94 log10 PFU/g on the 5th day p.i. On
day 14 p.i., the WT virus was undetectable by plaque assay (Table
2) and viral culture but displayed a weak band following electro-
phoresis after amplification by PCR. M2 was detected at a very low
level by the same PCR assay on the 5th day p.i. but was undetect-
able on the 14th day p.i. The findings presented above were con-
sistent with those of our previous studies, indicating that the rep-
lication capacity of M2 was profoundly impaired compared with

that of the WT in the mouse lungs. We also demonstrated that the
replication level of the WT was close to that of recombinant NL/
1/00 (without GFP; data not shown), indicating that the insertion
of the GFP gene between the P and M genes did not have any
significant influence on replication capacity.

Pulmonary histopathology at inoculation. WT-infected mice
had a higher HPS than M2-infected mice at 5 days p.i. (16.25 �
1.04 versus 10.75 � 1.04; P � 0.05) (Fig. 2). The abnormalities of
the lungs of WT-infected mice were histopathologically character-
ized by abundant perivascular lymphocytic infiltrate and moder-
ate peribronchiolar and bronchiolar lymphocytic infiltrates.
These inflammatory responses were alleviated at 24 days p.i. The
lungs of M2-infected mice had mild peribronchiolitis and perivas-
culitis at 5 days p.i. which had largely resolved at 14 days p.i. In
the control group (inoculated with DMEM only), mice presented
clear alveoli without an inflammatory response around the bron-
chioles or vessels and a low HPS of 2.63 � 0.52. The HPS was
consistent with the results of immunohistochemistry (IHC) and
indirect fluorescence assay (IFA). More antigens were detected in
lung sections from mice inoculated with the WT or recombinant
NL/1/00 (without GFP) than in those from mice inoculated with
M2 (Fig. 3), although this result was more qualitative than quan-
titative. Both recombinant NL/1/00 and WT replicated well in
BALB/c mouse lungs. More positive fluorescence was detected in
the membrane and cytoplasm of the epithelial cells of lungs in-
fected with WT or recombinant NL/1/00 than in those of lungs
infected with M2 (detected by confocal microscopy; data not
shown).

Neutralization antibody titers in serum of infected mice. All
serum samples collected from the infected mice at 5, 14, 28, and 56
days p.i. were subjected to measurement of titers of neutralizing
antibodies against recombinant NL/1/00 and recombinant NL/
1/99 (Fig. 4) by microneutralization assay. All the DMEM-inocu-
lated mice were negative for neutralizing antibody to hMPV. Se-
rum neutralizing antibodies against hMPV NL/1/00 were initially
detectable at 5 days p.i. By 14 days p.i., the mean neutralizing titer
continued to rise, reaching a plateau (means, 10.95 log2 units
against NL/1/00 and 8.32 log2 units against NL/1/99) at 28 days p.i.
that was maintained (approximately 10.57 log2 units against NL/
1/00 and 7.90 log2 units against NL/1/99) throughout the 56 days
p.i. Mice that received M2 inoculation had neutralizing antibody
titers similar to those of mice infected with WT virus (P � 0.05).
The titers of neutralizing antibodies against NL/1/00 were gener-
ally higher than those of antibodies against NL/1/99, with the
highest homologous titers being in the WT-immunized animals.
Mean homologous VN antibody titers induced by M2 or WT in-

FIG 2 Histopathology. (A) BALB/c mouse lung inoculated with DMEM. At 5 days p.i., the lung was free of inflammatory cell infiltrates with normal pulmonary
alveoli. The HPS was 2.63 � 0.52. (B and C) BALB/c mouse lung inoculated with M2 (B) or WT (C) and at 5 days p.i. showing infiltration of mononuclear cells.
The HPSs were 10.75 � 1.04 (M2) and 16.25 � 1.0 (WT). P � 0.05 for M2 versus WT (Student’s t test). Hematoxylin-eosin stain was used. Magnifications, �200
(A) and �100 (B and C).

TABLE 2 Viral titers of the mouse lungs at 5 and 14 days p.i. with WT
or M2a

Day p.i. Inoculum
Mean viral titer
(log10 PFU/g � SD)

5 DMEM 0
5 M2 0
5 WT 4.94 � 0.56
14 DMEM 0
14 M2 0
14 WT 0
a Eight mice in each group were inoculated with DMEM (negative control) or the WT
or M2 virus. The viral titer was measured by florescent plaque assay at 5 and 14 days p.i.
If the viral titer was 0, the minimum detectable titer was assigned for the statistical
analysis. P � 0.001 for the M2 and DMEM group versus the WT group; P � 1 for the
DMEM group versus the M2 group. All P values were determined by one-way ANOVA.
The limit of detection was 100 PFU/g.
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oculation were 4- to 10-fold higher than heterologous antibody
titers (Fig. 4), indicating serological differences between the two
main lineages of hMPV, as described previously (6). The differ-
ence in protective effect was reflected in the difference between
homologous and heterologous neutralizing antibody titers, as ho-
mologously challenged animals were completely protected from
lower respiratory tract infection, but for the NL/1/99-challenged
animals, virus RNA was detectable in their lungs. In addition, after
inoculation with M2 or WT, there were enough virus antibodies to
protect the lower respiratory tract from homologous reinfection
completely and from heterologous reinfection partly, at least until
56 days p.i.

IFA to detect serum antibodies against recombinant NL/1/00
or recombinant NL/1/99 virus in infected mice. IFA was used to
visualize the patterns of the antibodies against both viruses in
tissue. Sera from mock-infected mice did not recognize either re-
combinant NL/1/00- or recombinant NL/1/99-infected cells. Sera
from WT- or M2-inoculated mice, however, invariably recog-
nized both the recombinant NL/1/00 and recombinant NL/1/99
antigens, suggesting cross seroreactivity of the viruses from differ-
ent subtypes. Since recombinant NL/1/99 replicated more slowly
in Vero E6 cells in our lab, fewer antigens may have been present in
the cells, which may have led to more sporadic fluorescence. The
differences in the amounts of fluorescence from the sera collected
at different time points were not significant, however, probably
because this assay was not sensitive enough to detect such differ-
ences.

Viral replication of recombinant NL/1/00 in mouse lungs af-
ter challenge. Viral replication in the mouse lungs was measured
at 5 days after challenge with recombinant NL/1/00. As expected,
for the recombinant NL/1/00-challenged animals, virus in the
lungs of the WT groups and M2 groups was undetectable by
plaque assay and viral isolation. In contrast, in the lungs of the
DMEM-only group, the challenge virus replicated to mean titers
of 4.11 log10 PFU/g and 4.56 log10 PFU/g at 28 and 56 days p.i.,
respectively (Table 3). Viral RNA was undetectable in the lungs of
the WT groups and M2 groups at the same time points, but viral
genomic RNA was readily detected in the lungs of the DMEM-
only groups by PCR, indicating that M2 is able to provide com-
plete protection against infection with homologous virus in
BALB/c mice at levels similar to those conferred by WT vaccina-
tion.

Viral replication of recombinant NL/1/99 in mouse lungs af-
ter challenge. The mice inoculated with the WT or M2 were chal-
lenged with the heterologous recombinant NL/1/99 virus at 28
and 56 days p.i. At 5 days after challenge, no recombinant NL/1/99
virus could be isolated from the lungs of mice inoculated with
either WT or M2. In addition, no cytopathic effect (CPE) was seen
and no fluorescence was detected by IFA. In contrast, only the
control mice inoculated with DMEM showed viral replication by
both CPE and IFA. Since the viral culture itself might not be sen-
sitive enough to detect low-level viral replication, PCR and real-
time PCR assays were employed to analyze viral genomic RNA
from all groups challenged with recombinant NL/1/00 and recom-

FIG 3 Immunohistochemistry. BALB/c mice were sacrificed at day 5 after the initial inoculation. (A) Lung from BALB/c mouse inoculated with DMEM only (no
virus); (B) lung from BALB/c mouse inoculated with virus but not incubated with primary antibody; (C) NL/1/00-infected BALB/c mouse lung (arrows, plentiful
antigens detected at the luminal surface and alveoli); (D) M2-infected BALB/c mouse lung (arrows, antigens detected at the luminal surface; fewer antigens were
detected in alveoli); (E) WT-infected BALB/c mouse lung (arrows, antigens detected at the luminal surface). Magnifications, �100 (A and B) and �200 (C to E).

FIG 4 Microneutralization assay. The titers of antibodies against recombinant NL/1/00 and recombinant NL/1/99 after immunization with M2, WT, or DMEM
are shown. Sera were collected at 5, 14, 28, and 56 days p.i. (dpi). All serum samples were tested in the microneutralization assay against NL/1/00 or against
NL/1/99. Eight mice were in each group. P � 0.001 for the M2 and WT groups versus the DMEM group (one-way ANOVA, two-tailed). Dotted line, limit of
detection; horizontal bars, means.
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binant NL/1/99 viruses. In accordance with the results of viral
culture, the F fragment was not detected in the lungs of mice
inoculated with the WT or M2 and then challenged with recom-
binant NL/1/00, but weak F-fragment expression was seen in mice
inoculated with the WT or M2 and then challenged with the het-
erologous virus, recombinant NL/1/99. The expected bands of the
F fragment that were amplified from the lungs of M2- and WT-
immunized mice were significantly weaker than those amplified
from the lungs of mice inoculated with DMEM only. Further,
real-time RT-PCR revealed that the mean copy number in the
lungs of the WT and M2 groups was reduced by at least 1,000-fold
compared with that in the lungs of the DMEM-only group (Table
4), which indicated that M2 can provide partial protection against
infection with hMPV of the heterologous genotype in BALB/c
mice.

Pulmonary pathology 5 days after challenge with recombi-
nant NL/1/00 or NL/1/99. To further assess the protective effects
of M2 inoculation, pulmonary histopathology was examined at
day 5 after challenge with recombinant NL/1/00. The lungs in the
DMEM-only groups showed accentuated peribronchiolitis and
perivasculitis, with high HPSs of 15.69 � 0.80 (Fig. 5A) and
15.81 � 0.75 (Fig. 5G), respectively. The lungs in the M2 groups
showed significantly milder pulmonary pathological changes,
with the HPSs being similar to those seen in the WT groups
(6.19 � 0.92 versus 5.5 � 0.93 for challenge at day 28 [P � 0.14]
and 6.38 � 0.95 versus 6.06 � 0.78 for challenge at day 56 [P �
0.46], respectively), indicating that both M2 and WT inoculation
provided complete protection against recombinant NL/1/00. Vi-
ral titers were undetectable in the lungs of the WT groups and M2
groups, but a mild inflammatory response was noted, which may
be attributed to immunopathogenesis or to transitory viral repli-
cation. Mice inoculated with M2 had a pathology similar to those
inoculated with WT (P � 0.05). The degree of pathology in mice
challenged with NL/1/99 at 28 or 56 days p.i. did not differ, but the
HPSs these for mice were significantly higher than those for mice
challenged with recombinant NL/1/00.

DISCUSSION

Infants and young children are at increased risk for hMPV infec-
tion and related severe respiratory diseases, such as bronchiolitis
and pneumonia (32–36). Since this population is most likely im-

munologically naive, traditional vaccines such as immunogenic
protein-subunit and FI vaccines have been studied, but the latter
were found to increase the likelihood of severe disease during
subsequent infection after immunization (14–16). A study in cyn-
omolgus macaques also found that the host-protective immunity
conferred by these vaccines was transient (22). Therefore, an effi-
cient candidate vaccine for hMPV should ideally be more immu-
nogenic and protective than natural hMPV. Live attenuated vac-
cines contain most of the protective epitopes of WT virus, mimic
the natural infection course, and are more likely to provide pro-
tection strong enough when used alone or in combination with
other vaccination strategies.

hMPV has three viral transmembrane surface proteins: a small
hydrophobic (SH) glycoprotein with unknown function, the G
protein (a putative major attachment protein), and the fusion (F)
protein, which mediates viral penetration and syncytium forma-
tion. F protein is synthesized as a precursor, and its activation
requires cleavage by host cell protease (37, 38). Vector-expressed
or mammalian cell-expressed F protein can induce high levels of
neutralizing antibodies and produce moderate resistance to the
replication of intranasally administered challenge virus, suggest-
ing that F protein is one of the major antigens that induce protec-
tion against hMPV infection (4, 11, 12). In our previous study, we
developed an attenuated hMPV NL/1/00 strain that has an N172Q
substitution in the F protein that results in the removal of an
N-linked carbohydrate. This virus, defined as M2, was genetically
stable during multiple propagations and was able to express the F
protein properly on the membrane of infected cells but showed a
significantly impaired replication capacity both in vitro and in
vivo. The immunoprotection conferred by M2 was similar to that
conferred by WT virus. The present study demonstrated that M2
could induce high levels of neutralizing antibodies and produce
complete resistance to challenge homologous virus, indicating
that the removal of the carbohydrate at amino acid 172 altered the
replication ability of the virus but did not alter immunoprotec-
tion. A good balance between attenuation and immunogenicity is
usually difficult to obtain. However, the balance between the level
of attenuation and induction of a specific immune response by M2
in BALB/c mice indicates that M2 may be an ideal vaccine candi-
date for hMPV.

Two major genetic subgroups of hMPV have been identified.

TABLE 3 Viral titers in mouse lungs 5 days after challenge with
recombinant NL/1/00a

Time of challenge
(day p.i.) Inoculum

Mean viral titer
(log10 PFU/g � SD)

28 DMEM 4.11 � 0.28
28 M2 0
28 WT 0
56 DMEM 4.56 � 0.21
56 M2 0
56 WT 0
a All of the mice inoculated with the WT or M2 virus or mock inoculated were
challenged with recombinant hMPV strain NL/1/00 at 28 or 56 days after the initial
inoculation. Five days later, the mouse lungs were harvested for viral titration by
fluorescent plaque assay. If the viral titers were 0, the minimum detectable titer was
assigned for statistical analysis. At 28 and 56 days p.i., P � 0.001 for the M2 and WT
groups versus the DMEM group; at 28 and 56 days p.i., P � 1 for the WT group versus
the M2 group. All P values were determined by one-way ANOVA. The limit of
detection was 100 PFU/g.

TABLE 4 Number of copies of virus RNA in mouse lungs 5 days after
challenge with recombinant NL/1/99a

Time of challenge
(day p.i.) Inoculum

Mean log10 no. of
copies/g � SD)

Reduction of mean
log10 no. of copies/g

28 DMEM 8.18 � 0.43
28 M2 4.66 � 0.83 3.52
28 WT 4.31 � 0.82 3.87
56 DMEM 8.23 � 0.49
56 M2 4.70 � 0.79 3.53
56 WT 4.79 � 0.56 3.44
a All of the mice inoculated with the WT or M2 virus or mock inoculated were
challenged with recombinant hMPV strain NL/1/99 at 28 or 56 days after the initial
inoculation. Five days later, mouse lungs were harvested for viral RNA measurement by
real-time PCR. At 28 days p.i., P � 0.001 for the M2 and WT groups versus the DMEM
group; at 28 days p.i., P � 0.34 for the WT group versus the M2 group. At 56 days p.i.,
P � 0.001 for the M2 and WT groups versus the DMEM group; at 56 days p.i., P � 0.77
for the WT group versus the M2 group. All P values were determined by one-way
ANOVA.
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They are antigenically related, on the basis of in vitro cross-neu-
tralization, and some studies involving hamsters and primates
have indicated that their similarity is as high as 48% or between
64% and 99%, respectively (39). The sequence of the F gene was
highly conserved between the genetic subgroups compared with
the level of conservation of the highly diverse membrane glyco-
proteins G and SH. F protein has therefore been thought to be a
major antigen inducing cross-protection between the two genetic
subgroups. Indeed, in several studies, vector-expressed F gene and
purified F gene induced high levels of neutralizing antibodies and
conferred protection against viral challenge to different degrees.
Of note, the protection against homologous virus was higher than
that against heterologous virus. It is still unclear whether a single-
valent vaccine can provide satisfactory protection against both
viral subgroups. Live attenuated viruses in which no whole-pro-
tein-encoding gene has been replaced provide a unique opportu-
nity to assess the protective effect and the degree of cross-protec-
tion against all major genetic subgroups.

The growth of the recombinant hMPV NL/1/99 strain in
mouse lungs was more troublesome. Lung samples did not yield
clear plaques on Vero E6 cells by immunostaining. In addition, the

recombinant NL/1/99 used in our lab was not a GFP-expressing
virus, and thus, we used RT-PCR and real-time RT-PCR to eval-
uate the replication of this virus. The genome copy numbers in the
groups immunized with M2 or WT were reduced by at least 1,000-
fold compared with those in the group inoculated with DMEM
only at 5, 28, and 56 days after challenge with recombinant NL/1/
99. Meanwhile, the challenge recombinant NL/1/00 or NL/1/99
virus in the lungs of the immunized groups could not be detected
by fluorescence plaque assay, whereas the DMEM-only group
showed clear evidence of infection (for the DMEM groups,
4.11 log10 � 0.28 PFU/g 5 days after challenge at day 28 and 4.56
log10 � 0.21 PFU/g 5 days after challenge at day 56). In addition,
several different detection methods indicated that immunization
reduced the levels of both challenge viruses, recombinant hMPV
NL/1/00 and recombinant NL/1/99. This indicates that M2 can
hinder replication of hMPV lineages A and B upon subsequent
infection, although the level of reduction was different.

M2 induced a high titer of neutralizing antibodies, as did WT
virus. The titer peaked at 4 weeks p.i. and was maintained at �210

throughout 8 weeks p.i. The neutralizing antibody titer appeared
to be higher than that induced by expressed F protein (40), prob-

FIG 5 Histopathology after challenge. (A, D, G, J) Control groups. Lung tissue from BALB/c mice initially inoculated with DMEM only and challenged with
recombinant NL/1/00 (A and G) or recombinant NL/1/99 (D and J) at 28 days after the initial inoculation (days p.i.) (A and D) or 56 days p.i. (G and J); (B, E)
lung tissue from BALB/c mice initially inoculated with M2 and challenged with recombinant NL/1/00 (B) or recombinant NL/1/99 (E) at 28 days p.i.; (H, K) lung
tissue from BALB/c mice initially inoculated with M2 and challenged with recombinant NL/1/00 (H) or recombinant NL/1/99 (K) at 56 days p.i.; (C, F) lung
tissue from BALB/c mice initially inoculated with WT and challenged with recombinant NL/1/00 (C) or recombinant NL/1/99 (F) at 28 days p.i.; (I, L) lung tissue
from BALB/c mice initially inoculated with WT and challenged with recombinant NL/1/00 (I) or recombinant NL/1/99 (L) at 56 days p.i. For day 28 p.i., P � 0.14
for the M2 group versus the WT group after challenge with recombinant NL/1/00 and P � 0.1 for the M2 group versus the WT group after challenge with
recombinant NL/1/99; for day 56 p.i., P � 0.46 for the M2 group versus the WT group after challenge with recombinant NL/1/00 and P � 0.69 for the M2 group
versus the WT group after challenge with recombinant NL/1/99. Comparisons between groups were done by Student’s t test. Magnifications, �100.
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ably because the whole virion more strongly stimulated the host
and/or the BALB/c mice had a greater ability to produce antiviral
antibodies. It is thought that there is a threshold of neutralizing
antibody titers for protection against subsequent infection. Inter-
estingly, M2 inoculation induced very high mean titers of neutral-
izing antibodies. The sera collected at 5 days, 2 weeks, 4 weeks, and
8 weeks p.i. could all recognize the virus, as demonstrated by IFA.
The neutralizing antibody titer at 4 and 8 weeks p.i. was high
enough to prevent infection by homologous virus, and thus, no
virus was isolated from the lungs after 5 days postchallenge. How-
ever, the mean neutralizing antibody titer against recombinant
NL/1/99 was significantly lower than that against recombinant
NL/1/00. This was attributed to partial protection against chal-
lenge with recombinant NL/1/99. Due to the current lack of com-
mercially available cotton rats in China, we had to choose mice as
the animal model to assess the protective effect, and this may have
led to a lower peak titer in the lungs at 5 days p.i. than that seen in
cotton rats (41). Although the viral titer was approximately 4 log10

PFU/g, the absence of viruses in the lungs indicated that the pro-
tection provided by M2 immunization was complete. It remains
unclear whether the high neutralizing antibody titer can be main-
tained and whether it will protect the host from challenge after 8
weeks p.i.

We neither assessed the viral replication in the upper respira-
tory tract after inoculation and challenge nor detected the virus-
specific IgA level. Thus, it remains unknown whether M2 is capa-
ble of protecting rodents from hMPV infection of the upper
respiratory tract. However, we can conclude that attenuated strain
M2 provided complete protection against homologous virus in-
fection and partial cross-protection against heterologous viral in-
fection in the lower respiratory tract in BALB/c mice. It is essential
to thoroughly study the immunogenicity, duration of immunity,
and mechanism of immunity in a model closer to humans, such as
nonhuman primates. Such research would help to evaluate
whether M2 might indeed be a perfect attenuated vaccine for clin-
ical use in the future.
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