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Recombinant human metapneumovirus (HMPV) in which the SH, G, or M2 gene or open reading frame was
deleted by reverse genetics was evaluated for replication and vaccine efficacy following topical administration
to the respiratory tract of African green monkeys, a permissive primate host. Replication of the �SH virus was
only marginally less efficient than that of wild-type HMPV, whereas the �G and �M2-2 viruses were reduced
sixfold and 160-fold in the upper respiratory tract and 3,200-fold and 4,000-fold in the lower respiratory tract,
respectively. Even with the highly attenuated mutants, there was unequivocal HMPV replication at each
anatomical site in each animal. Thus, none of these three proteins is essential for HMPV replication in a
primate host, although G and M2-2 increased the efficiency of replication. Each gene-deletion virus was highly
immunogenic and protective against wild-type HMPV challenge. The �G and �M2-2 viruses are promising
vaccine candidates that are based on independent mechanisms of attenuation and are appropriate for clinical
evaluation.

Since it was first reported in 2001 (29), human metapneu-
movirus (HMPV) has been isolated in patients throughout the
world and has quickly come to be recognized as a major etio-
logic agent for respiratory disease primarily in very young,
elderly, and immunocompromised individuals (10, 12, 30).
HMPV accounts for roughly 5 to 15% of respiratory disease in
hospitalized young children, with children under 2 years of age
being most at risk for serious HMPV infections (1, 7, 11, 18, 20,
33). Clinical symptoms resemble those caused by human respi-
ratory syncytial virus (HRSV) (15, 31). The disease burden
associated with HMPV remains to be fully defined but appears
to be sufficient to warrant the development of a vaccine, espe-
cially for the pediatric population.

HMPV is an enveloped virus belonging to the Metapneumo-
virus genus of the subfamily Pneumovirinae, family Paramyxo-
viridae, order Mononegavirales (16). Its genome is a negative-
strand RNA of 13 kb that contains eight genes in the order
3�-N-P-M-F-M2-1/M2-2-SH-G-L-5� and encodes nine proteins
(3, 28). The HMPV proteins are the following: N, nucleopro-
tein; P, phosphoprotein; M, matrix protein; F, fusion protein;
M2-1, product of the first open reading frame (ORF) in the M2
mRNA; M2-2, product of the second ORF in the M2 mRNA;
SH, small hydrophobic glycoprotein of unknown function; G,
putative attachment glycoprotein; and L, viral polymerase. In
most cases, the assignments of protein functions are tentative
and based on extrapolation from HRSV.

We previously developed a reverse genetic system for gen-
erating complete infectious recombinant HMPV (rHMPV)
from cDNA based on a clinical isolate, CAN97-83, that is a
member of subgroup A (4). The cDNA-derived rHMPV was
designed to differ from CAN97-83 only by four nucleotide
substitutions involved in creating an NheI site in the M-F
intergenic region. The consensus sequence of recovered
rHMPV was confirmed in its entirety, verifying the fidelity of
the system. Mutant viruses were previously constructed in
which the SH and G genes were deleted individually or in
combination (�SH, �G, and �SH/G viruses) (5) or in which
the M2-1 and M2-2 ORFs—which overlap in the M2 gene and
encode independent protein products—were silenced individ-
ually (�M2-1 and �M2-2) or in which the complete M2 gene
was deleted (�M2[1�2]) (8). The �SH, �G, and �M2-2 vi-
ruses are illustrated in Fig. 1. In the hamster model, deletion of
the SH gene had no apparent effect on the efficiency of repli-
cation, whereas deletion of the G gene reduced replication in
the upper and lower respiratory tract 900- and 50-fold, respec-
tively (5). Viruses lacking either or both the SH and G genes
induced a high level of HMPV-neutralizing antibodies and a
high level of protection against challenge with wild-type
HMPV. The effects of deletions involving the M2 gene were
more dramatic. Replication of virus lacking the M2-2 ORF was
detected only in the upper respiratory tract in one out of 12
hamsters and at very low titer. Nonetheless, this virus induced
a high level of HMPV-neutralizing serum antibodies in each
animal and a high level of protection against HMPV challenge,
confirming that a low level of replication had occurred. In
contrast, virus lacking the M2-1 ORF, either alone or in com-
bination with the M2-2 deletion, did not replicate detectably
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and did not induce significant levels of HMPV-neutralizing
antibodies or protection.

In the present study, we evaluated three of these viruses,
�SH, �G, and �M2-2 (Fig. 1), for the ability to replicate in a
permissive nonhuman primate host, the African green monkey
(AGM; Chlorocebus aethiops). One purpose was to determine
the status of each protein as essential or nonessential in a host
that is anatomically and phylogenetically more closely related
to humans than hamsters. In addition, we evaluated the im-
munogenicity and protective efficacy of these viruses as intra-
nasal vaccine candidates. The �SH and �G viruses were from
the same preparations as used in a previous hamster study (5).
The �M2-2 virus was a new version that was prepared in an
HMPV backbone in which the naturally occurring SH gene was
replaced by a modified version called “stabilized SH” (SHs).
Specifically, a number of naturally occurring A and T homo-
oligomer tracts in the SH gene were modified so that individual
A or T residues were replaced by C or G (not shown). These
substitutions interrupted these tracts with no change in amino
acid coding. This was done because we recently realized that
some virus preparations appear to contain subpopulations with
one or more small insertions in these tracts within the SH gene,
perhaps due to stuttering by the viral polymerase. This phe-
nomenon is being studied and will be reported in detail in the
future, but in the meantime we are incorporating SHs into
each new recombinant HMPV to preclude this problem. We
found that wild-type rHMPV bearing the SHs gene replicated
with the same efficiency as unmodified rHMPV in vitro and in

the respiratory tract of hamsters (not shown), indicating a lack
of effect of SHs on these biological properties, as might be
expected. We confirmed the complete genomic consensus se-
quence of the �M2-2 virus bearing the SHs gene, noting both
the correct sequence as well as a lack of detectable mutant
subpopulations. Furthermore, in all of the final virus prepara-
tions that were used in this study, we confirmed the sequence
and lack of detectable subpopulations for the region from
position 4656 (downstream end of the F gene) to 7499 (up-
stream end of the L gene).

Replication in AGMs. Replication of rHMPV and the dele-
tion mutants was evaluated in the respiratory tract of AGMs, a
primate host in which HMPV replicates efficiently (24). In-
deed, captive cohorts of these animals frequently have a high
seroprevalence for HMPV, which likely reflects infection from
their human handlers and perhaps transmission between ani-
mals. AGMs that were identified as being negative for HMPV-
neutralizing serum antibodies (�2.8 log2) were inoculated in-
tranasally and intratracheally with 106.0 50% tissue culture
infective doses (TCID50) of virus per site (Table 1). To mon-
itor virus replication in the upper and lower respiratory tracts,
nasopharyngeal swabs and tracheal lavage samples were col-
lected at intervals over 12 days postinfection and were subse-
quently assayed for virus titer (Table 1). The AGMs were
monitored daily for clinical symptoms.

Biologically derived CAN97-83 virus and rHMPV were es-
sentially equivalent in their kinetics of replication (Fig. 2) and
mean peak titer (4.1 � 0.1 versus 3.9 � 0.2 in the upper and

FIG. 1. Structures of the genomes of rHMPV and the �SH, �G, and �M2-2 gene deletion mutants. The wild-type rHMPV genome is shown
at the bottom, drawn approximately to scale. The expanded view (not to scale) shows the M2-SH-G genome region. The genes are shown as open
rectangles flanked on the upstream and downstream ends by the gene start (filled triangles) and gene end (filled boxes) transcription signals,
respectively. The nucleotide length of each gene is listed underneath, and the calculated amino acid length of its encoded protein is given in italics
above. Intergenic regions are shown as horizontal lines. The deletions in the �SH and �G viruses are indicated by dotted lines and involved 640
and 860 nucleotides, respectively (5). The M2-2 ORF was silenced by deleting 152 nucleotides and introducing stop codons (star) in the remnant
ORF (8). Also shown are the NheI, BsiWI, and BsrGI sites together with their nucleotide positions in the antigenomic RNA sequence. The genome
lengths of the recombinant viruses are indicated to the left.
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5.4 � 0.7 versus 5.7 � 0.3 in the lower respiratory tracts,
respectively) (Table 1). This indicated that rHMPV replicated
with wild-type-like efficiency in this primate host, functionally
confirming the HMPV consensus sequence as that of a wild-
type virus. The �SH mutant replicated to a mean peak titer
comparable to that of CAN97-83 and rHMPV in the upper and
lower respiratory tracts, with a similar duration of shedding
(Table 1). However, there appeared to be a shift in the kinetics
of virus replication in the upper respiratory tract, with the peak
of viral shedding reached on day 7 postinfection by �SH com-
pared to day 5 for the wild-type viruses (Fig. 2A). Replication
of the �G virus in the upper respiratory tract was reduced
sixfold compared to rHMPV and that of the �M2-2 virus was
reduced 160-fold (2.2 log10). In each case, the kinetics of rep-
lication in the upper respiratory tract were retarded slightly as
described above for the �SH virus, with the peak at day 7
rather than day 5. The duration of shedding was reduced only
for the �M2-2 virus (6.8 days versus 8 to 9 days). In the lower
respiratory tract, the replication of the �G and �M2-2 viruses
was reduced 3,200-fold and 4,000-fold, respectively, compared
to rHMPV (Table 1 and Fig. 2B), and the duration of shedding
was reduced for both viruses (4 to 5 days) compared to the
others (7 to 10 days). Overall, the �M2-2 virus appeared to be
somewhat more attenuated than �G. Each animal that was
infected with the �G or �M2-2 virus shed virus from both the
upper and lower respiratory tracts, indicating that virus repli-
cation occurred in each animal despite the high level of atten-
uation. None of the 20 AGMs showed any signs of illness
during the experiment with regard to body temperature, weight
loss, and nasal discharge, although a small loss of appetite
measured by biscuit consumption was evident in monkeys in-
fected with CAN97-83 or rHMPV on the days of the peak virus
titer (not shown).

Immunogenicity and protective efficacy. Serum samples
were taken on day 0 prior to the immunizing infection and on
days 21, 28, and 35 postimmunization. The data for days 0 and
28 are shown in Table 2; the data for days 21 and 35 were
consistent with those of day 28 and are not shown. Each im-
munized animal developed a high titer of HMPV-neutralizing
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FIG. 2. Kinetics of replication of biologically derived HMPV
CAN97-83, rHMPV, and the gene deletion mutants in the upper and
lower respiratory tracts of African green monkeys. Four animals per
group, except for the CAN97-83 and control (mock) groups composed
of two animals, were inoculated by the combined intranasal and intra-
tracheal routes by using a 1-ml inoculum per site containing 106.0

TCID50 of the indicated virus on day 0. The nasopharyngeal swab
(A) and tracheal lavage (B) specimens were taken on the indicated
days, and the titers of shed virus were quantified by plaque assay. The
detection limit was 0.7 log10 PFU/ml.

TABLE 1. Level of replication of gene-deletion rHMPVs in the upper and lower respiratory tracts of AGMs

Virusa

Nasopharyngeal swab Tracheal lavage

Mean peak titer (log10
PFU/ml � SE)b and
statistical groupingc

Reduction of mean peak
titerd (log10 PFU/ml)

Duration of shedding
(day � SE)e

Mean peak titer (log10
PFU/ml � SE)b and
statistical groupingc

Reduction of mean
peak titerd (log10

PFU/ml)

Duration of shedding
(day � SE)e

CAN97-83 4.1 � 0.1 A 9.0 � 0.0 5.4 � 0.7 A 7.0 � 0.0
rHMPV 3.9 � 0.2 A 9.0 � 0.4 5.7 � 0.3 A 10.0 � 1.0
�SH 3.5 � 0.4 A 0.4 8.0 � 0.9 4.9 � 0.3 A 0.8 8.0 � 1.0
�G 3.1 � 0.1 A 0.8 9.0 � 0.0 2.2 � 0.6 B 3.5 5.0 � 1.4
�M2-2 1.7 � 0.2 B 2.2 6.8 � 0.5 2.1 � 0.2 B 3.6 4.0 � 1.0

a HMPV-seronegative AGMs in groups of four, except for the CAN97-83 group that comprised two animals, were inoculated on day 0 by the combined intranasal
and intratracheal routes with 106.0 TCID50 of the indicated virus in 1 ml per site. Nasopharyngeal swabs were collected daily on days 1–10 and 12 and tracheal lavages
were collected on days 2, 4, 6, 8, 10, and 12.

b Virus titers were determined by plaque assays on Vero cells under methylcellulose overlay containing 5 �g/ml trypsin. The cultures were incubated at 32°C for 6
days, and plaques were visualized by immunostaining with a rabbit antiserum raised against gradient-purified CAN97-83 (4). The level of virus replication is expressed
as the geometric mean of the peak virus titers (log10 PFU/ml � standard error) for the animals in each group irrespective of sampling day. The lower limit of detection
is 0.7 log10 PFU/ml. A value of 0.7 log10 PFU/ml was assigned to samples with no detectable virus for the purpose of calculating means.

c Mean peak virus titers were assigned to statistically similar groups by the Tukey-Kramer post hoc test. Values within a column that share a common letter are not
significantly different, whereas those that do not are significantly different (P � 0.05).

d Reduction of mean peak titer compared to rHMPV.
e The period of days from the first to the last day on which virus was recovered, including negative days (if any) in between.
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serum antibodies, ranging from 8.1 � 0.8 log2 for CAN97-83 to
6.8 � 0.4 log2 for �M2-2 (Table 2). There was a trend toward
lower antibody titers for the more attenuated �G and �M2-2
viruses, but the differences compared to CAN97-83 and
rHMPV were not statistically significant (Table 2).

To evaluate protective efficacy, the AGMs were challenged
on day 35 postimmunization by the combined intranasal and
intratracheal routes with 106.0 TCID50 of CAN97-83 per site.
Challenge virus replication was monitored by collecting naso-
pharyngeal swabs and tracheal lavage fluids on days 2, 4, 6, and
8 postchallenge (Table 2). The animals that had been mock
immunized shed challenge virus with mean peak titers compa-
rable to those observed for CAN97-83 and rHMPV after the
initial immunization, as expected. Also as expected, challenge
virus replication was highly restricted in the upper and lower
respiratory tract of AGMs previously immunized with
CAN97-83 or rHMPV, with only trace amounts of shedding
detected in the upper respiratory tract and no shedding de-
tected in the lower respiratory tract. Animals that had been
infected with the �SH virus also had only a trace amount of
virus shedding in the upper respiratory tract and none in the
lower tract. This high degree of protection is consistent with
the efficient replication of the �SH virus during the initial
immunization.

Immunization with �G and �M2-2 viruses also was highly
protective. In both groups, traces of challenge virus replication
were detected in the lower respiratory tract in only one or two
of the four immunized animals of each group, respectively.
These animals had a very short duration of shedding (mean
duration of shedding, 0.3 days for �M2-2 or 0.5 days for �G,
compared to 5 days for the control group) and a low mean
peak titer of 0.7 log10 PFU/ml, just above the detection limit,
corresponding to a 32,000-fold reduction in replication. Chal-
lenge virus replication also was highly restricted in the upper
respiratory tract, with a 2,000-fold (�G) or 1,250-fold (�M2-2)
reduction compared to challenge virus replication in the mock
immunized group, i.e., not significantly different from protec-

tion afforded by immunization with rHMPV. However, the
duration of shedding was longer than that observed for the
rHMPV- or rHMPV�SH-immunized animals, and shedding
was detected in every animal in each group.

Serum samples were collected 28 days following the chal-
lenge, and the titer of HMPV-neutralizing antibodies was de-
termined (Table 2). In the mock-infected control group, the
mean postchallenge titer of HMPV-neutralizing serum anti-
bodies was comparable to that induced by immunization with
CAN97-83 during the initial immunization (8.1 � 0.3 for the
mock group on day 28 postchallenge versus 8.1 � 0.8 for
CAN97-83 on day 28 postimmunization), as would be ex-
pected. For animals that had been immunized with any of the
viruses, including the highly attenuated ones, there was no
significant increase in the HMPV-neutralizing serum antibody
titers following the HMPV challenge. This might mean that
immunization with any of the recombinants used in this study
induced immunity to HMPV that was strong enough to control
HMPV challenge infection below the level of replication that is
necessary for boosting the humoral immune response.

For any virus, the identification of the viral genes and gene
products that are not essential for virus replication in vivo is an
important consideration. In this regard, it is particularly im-
portant to assess these effects in a host that is permissive to
virus replication and is closely related anatomically and phy-
logenetically to the natural host. The present study shows that
the SH, G, and M2-2 genes and ORFs and their encoded
proteins are dispensable for HMPV replication in a primate
host, although G and M2-2 contributed substantially to the
efficiency of replication. The finding that deletion of the SH
gene had little effect on virus replication in vivo is similar to
results with HRSV, where the deletion of SH reduced virus
replication approximately 10-fold in seronegative chimpanzees
(32), whereas in seronegative children the SH deletion did not
have a significant attenuating effect in the context of a back-
bone containing attenuating point mutations (13, 14). It is
remarkable that this pneumoviral protein of unknown function

TABLE 2. Immunogenicity and protective efficiency of gene-deletion rHMPVs in AGMs

Immunizing
virusa

Mean serum neutralizing antibody titer (log2 � SE)b Challenge virus replication

Pre-
immunization

28 days
postimmunization

and statistical
groupingc

28 days
postchallenge

Nasopharyngeal swab Tracheal lavage

Mean peak titer
(log10 PFU/ml

� SE)d

Duration of
shedding

(day � SE)e

% of
shedding

Mean peak titer
(log10 PFU/ml

� SE)d

Duration of shedding
(day � SE)e

% of
shedding

Mock �2.8 �2.8 8.0 � 0.3 4.8 � 0.1 7.0 � 0.0 100 5.2 � 0.3 5.0 � 0.0 100
CAN97-83 �2.8 8.1 � 0.8 A 8.3 � 0.8 1.2 � 0.2 3.0 � 0.0 100 �0.7 0.0 � 0.0 0
rHMPV �2.8 7.9 � 0.5 A 7.6 � 0.3 1.3 � 0.1 5.0 � 0.8 100 �0.7 0.0 � 0.0 0
�SH �2.8 7.7 � 0.4 A 8.7 � 0.6 1.2 � 0.1 4.5 � 0.5 100 �0.7 0.0 � 0.0 0
�G �2.8 7.3 � 0.2 A 8.5 � 0.2 1.5 � 0.1 6.5 � 0.5 100 0.7 0.3 � 0.3 25
�M2-2 �2.8 6.8 � 0.4 A 7.5 � 0.3 1.7 � 0.1 7.0 � 0.0 100 0.7 0.5 � 0.3 50

a The groups of AGMs are identified by the virus used in the initial immunizing infection as described in Table 1. The mock group is an additional group of 2 animals
that were shown in Figure 2 and had been mock infected in parallel with the other groups.

b Sera were collected on days 0 and 28 following the first infection, and the neutralizing antibody titer against HMPV was determined using an endpoint dilution assay
based on neutralization of an HMPV recombinant expressing green fluorescent protein (6). The neutralization titer was calculated as the highest dilution of antibody
at which half of the cultures were negative for infection (no GFP expression) as defined by Reed and Muench (21). The pre-infection anti-HMPV serum titers were
�2.8 (reciprocal log2) for all animals in the study.

c Mean antibody titers were assigned to statistically similar groups by the Tukey-Kramer post hoc test. Values within a column that share a common letter are not
significantly different (P � 0.05).

d On day 35, AGMs from each group were challenged intranasally and intratracheally with 106.0 TCID50 of CAN97-83 in 1 ml per site. Nasopharyngeal swabs and
tracheal lavages were collected on days 2, 4, 6, and 8 postchallenge. The level of virus replication is expressed as the geometric mean of the peak virus titers (log10
PFU/ml � standard error) for the animals in each group irrespective of sampling day. The lower limit of detection is 0.7 log10 PFU/ml. A value of 0.7 log10 PFU/ml
is assigned to samples with no detectable virus.

e The period of days from the first to the last day on which virus was recovered, including negative days (if any) in between.
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appears to be completely dispensable for efficient replication in
vivo. In hamsters, replication of the �M2-2 virus was not de-
tectable in most of the animals (8), but the present study in
AGMs showed that M2-2 augments replication in vivo but is
not essential for replication. As is the case with HRSV, the
HMPV M2-2 protein appears to play a regulatory role in
shifting the balance of RNA synthesis from transcription to
RNA replication (2, 8); in any case, its function(s) clearly is not
essential for virus replication in vivo. Finally, the HMPV G
protein is also dispensable for replication in a primate host. In
the cases of HRSV and bovine RSV, it was not clear whether
�G virus could replicate in primate and bovine hosts, respec-
tively (13, 22, 26, 27), but in the present study replication of the
HMPV �G virus was unequivocal. It seems remarkable that
replication in vivo by HMPV lacking the G protein was suffi-
ciently robust to be detected over a 9-day period. This strongly
suggests that viral attachment function can be supplied by
another viral protein, which presumably is F since SH and G
are dispensable.

Gene-deletion viruses also represent potential vaccine can-
didates that, in particular, should have the highly desirable
property of genetic stability. The G and M2-2 deletions each
provided a high degree of attenuation with little or no decrease
in immunogenicity or protective efficacy compared to wild-type
HMPV, and �M2-2 appeared to be somewhat more attenu-
ated than �G. The fact that we now have two highly attenuated
and immunogenic vaccine candidates that differ somewhat in
their degree of attenuation increases the likelihood that one of
them will prove to be appropriately attenuated in clinical trials.
We previously showed that deletion of the HMPV M2-2 pro-
tein resulted in a decrease in RNA replication and an increase
in gene expression in cell culture (8), which also was the case
with HRSV (2). This has the potential to provide greater
antigen synthesis and immunogenicity in vivo. In the present
study, the �M2-2 mutant was significantly more attenuated
than the other viruses and yet did not differ significantly in its
immunogenicity or protective efficacy. While this might be
indicative of increased immunogenicity—which also was sug-
gested from the results of the previous hamster study—addi-
tional data will be needed to substantiate this point. In the case
of the �G virus, it might seem counterproductive to base at-
tenuation on the deletion of a major viral surface protein, since
surface proteins frequently are important antigens for neutral-
ization and protection. Indeed, in the case of HRSV, the G
protein is an important independent neutralization and pro-
tective antigen (9, 19, 25, 34). However, this does not appear to
be the case for HMPV, based on the finding that intranasal
immunization of hamsters with a recombinant human parain-
fluenza virus vector expressing the F protein induced a high
level of HMPV-neutralizing serum antibodies and protective
efficacy, whereas vectors expressing SH or G were not effective
in inducing HMPV-neutralizing antibodies, and, at best, very
weakly protective against challenge (23). Thus, the F protein
appears to be the major HMPV neutralization and protective
antigen, with SH and G playing minor or insignificant roles.
While HMPV appears to exist in two genetic subgroups, im-
munization with vectored F protein of a single HMPV sub-
group induced a high titer of neutralizing antibody and effec-
tive protection against both subgroups (17, 23, 24). This
suggests that a single HMPV vaccine virus should be effective

against both genetic subgroups. In summary, we have identi-
fied two promising vaccine candidates, �G and �M2-2, that are
appropriate to be moved forward to clinical trials.
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