CLINICAL MICROBIOLOGY REVIEWS, Oct. 2011, p. 734-754
0893-8512/11/$12.00  doi:10.1128/CMR.00015-11

Vol. 24, No. 4

Copyright © 2011, American Society for Microbiology. All Rights Reserved.

Human Metapneumovirus: Lessons Learned over the First Decadef

Verena Schildgen,' Bernadette van den Hoogen,? Ron Fouchier,” Ralph A. Tripp,’
Rene Alvarez,* Catherine Manoha,” John Williams,® and Oliver Schildgenl*

Kliniken der Stadt Kéln gGmbH, University Hospital Witten/Herdecke, Cologne, Germany'; Department of Virology,
Erasmus Medical Center Rotterdam, Rotterdam, The Netherlands®; Department of Infectious Diseases,
University of Georgia, Athens, Georgia 30602°; United States Naval Medical Research Unit San Antonio,
Department of Dental and Biomedical Research, Applied Laboratory Sciences Division,

Ft. Sam Houston, Texas 78234*; Laboratoire de Virologie, Centre Hospitalier Universitaire,

Dijon, France®; and Vanderbilt University Medical Center, School of
Medicine, Nashville, Tennessee 37232-2581°

INTRODUCTION 734
HMPV BIOLOGY 734
Description of the Agent 734
Taxonomy 735
HMPYV Replication 735
EPIDEMIOLOGY 737
Molecular Epidemiology and Virus Evolution 737
Clinical Epidemiology 739
CLINICAL FEATURES OF HMPV INFECTION 739
Symptoms and Pathology 739
Risk Groups Other than Children 741
Immunosuppressed individuals 741
Older adults 741
Coinfections 742
Treatment Options 742
IMMUNE RESPONSES IN HUMANS AND ANIMALS 743
Innate Immunity 743
Humoral Response 743
Cellular Immunity 744
ANIMAL MODELS OF HMPV INFECTION 744
Mouse Model 744
Cotton Rat Model 745
Hamster and Ferret Models 745
HMPYV Infection in Nonhuman Primates 745
VACCINE DEVELOPMENT 745
DIAGNOSTICS 746
Molecular Diagnostics 746
Fluorescent-Antibody Staining and ELISA 747
Cell Culture 747
FUTURE PERSPECTIVES 747
ACKNOWLEDGMENTS 747
REFERENCES 747
INTRODUCTION and lower respiratory tract illnesses. In 2001, a previously un-

Respiratory tract infections (RTIs) are a leading cause of
morbidity and mortality worldwide. For children under the age
of 5 years old, RTIs are ranked as the second leading cause of
death, regardless of geographical location (172). In children,
respiratory syncytial virus (RSV), parainfluenza viruses (PIVs),
and influenza virus are known major causes of bronchiolitis
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known virus, human metapneumovirus (HMPV), was added to
this list. In this review, the current knowledge on HMPV is sum-
marized.

HMPV BIOLOGY

Description of the Agent

Human metapneumovirus was first detected upon inocula-
tion of tertiary monkey kidney cells with respiratory specimens
collected from children with RTIs for which the etiological
agent could not be identified using diagnostic assays for known
respiratory viruses. Cytopathic effects morphologically indistin-
guishable from those induced by RSV were observed. Virus-
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FIG. 1. Electron micrograph of HMPV particles. Virions concen-
trated from infected cell culture supernatants were visualized by neg-
ative-contrast electron microscopy after phosphotungstic acid staining.
Magnification, X92,000.

infected cell supernatants revealed pleomorphic particles mea-
suring 150 to 600 nm, with short envelope projections of 13 to
17 nm, by electron microscopy (Fig. 1). These supernatants did
not display hemagglutinating activity, and virus propagation
was found to be dependent on trypsin (231). PCR and se-
quence analysis revealed a viral genome with close resem-
blance to that of avian metapneumovirus (AMPV), a virus
causing swollen head syndrome and rhinotracheitis in chickens
and turkeys (37). AMPVs have been classified into four sub-
groups, subgroups A through D (18), among which AMPV-Cis
most closely related to HMPV. However, the highly variable
attachment (G) protein and small hydrophobic (SH) protein of
AMPYV and HMPYV share only 20 to 30% amino acid sequence
identity, while the percent sequence identity is ~80% for the
other structural proteins (230).

Similar to other pneumoviruses, HMPV virions contain a
lipid membrane envelope surrounding the matrix (M) protein
and three transmembrane surface glycoproteins, the fusion
(F), G, and SH proteins. Within the envelope lies a helical
ribonucleoprotein (RNP) complex, which consists of nucleo-
protein (N), phosphoprotein (P), large polymerase protein (L),
and the nonsegmented single-stranded negative-sense RNA
genome. The genome size of HMPV ranges in length from
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13,280 to 13,378 nucleotides and contains at least 8 genes and
9 open reading frames (ORFs). Beyond the genes for the
proteins mentioned above, the HMPV genome, similar to the
RSV genome, contains the M2 gene, from which the M2-1 and
M2-2 proteins are expressed. However, distinct from RSV, the
HMPYV genome lacks nonstructural genes (NS1 and NS2), and
the order of genes between M and L is different (in RSV, the
order is SH-G-F-M2, and in HMPYV, the order is F-M2-SH-G)
(230, 231) (Fig. 2).

Taxonomy. Human metapneumovirus belongs to the order
Mononegavirales, in the family Paramyxoviridae. HMPV was
classified as the first human member of the Metapneumovirus
genus, in the subfamily Prneumovirinae of the family Paramyxo-
viridae (231).

HMPV Replication

The HMPYV replication cycle begins with attachment of the
virus to the host cell, which is thought to be directed by the G
protein (136). The G protein is the most variable protein
among HMPV isolates (236). The deduced amino acid se-
quence of the G protein contains a single hydrophobic region
that is located near the N terminus and is thought to serve as
both an uncleaved signal peptide and a membrane anchor. The
C-terminal three-fourths of the molecule are thought to be
extracellular. The HMPV G protein has a high content of
serine and threonine residues, which are potential acceptor
sites for O-linked glycosylation, and a high content of proline
residues (230)—features shared with heavily glycosylated mu-
cin-like structures. The predicted structural features of the G
protein were confirmed by analyses of the biosynthesis, glyco-
sylation, intracellular transport, and cell surface expression of
the G protein (144). It has been suggested that cellular glycos-
aminoglycans, including heparin sulfate-like molecules, are in-
volved in the binding of the G protein to the host cell (224).
Recombinant viruses lacking the G protein are able to repli-
cate both in vitro and in vivo, indicating that attachment via the
G protein is not required for subsequent steps in the replica-
tion cycle (22, 25).

Fusion of the viral membrane with the host cell membrane is
mediated by the F protein. The structural organization of the
HMPV F protein is similar to that of other viral class I fusion
proteins, where the F protein is synthesized as an FO precursor
protein that requires cleavage by proteases to yield the acti-
vated disulfide-linked F1 and F2 subunits (reviewed in refer-
ence 135). Although the cleavage motif of the HMPV F pro-
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FIG. 2. Genomic maps of HMPV and RSV showing the important differences between the two viruses. Compared to HMPV, RSV expresses
two extra proteins, NS1 and NS2, the positions of the SH and G proteins differ, and the reading frames for M2 and L overlap in RSV. The double
diagonal lines crossing the L ORF indicate the shortened representation of the L gene. Le, leader; N, nucleoprotein; P, phosphoprotein; M, matrix
protein; F, fusion protein; SH, small hydrophobic protein; G, attachment protein; L, large polymerase protein; Tr, trailer; NS1 and NS2,

nonstructural proteins 1 and 2.
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tein (RQSR | F) contains a minimal furin cleavage site that is
typical for most paramyxoviruses (RXXR | F), the HMPV F
protein appears to require exogenous protease activation, as it
is not cleaved intracellularly (reviewed in reference 212). In
vitro, cleavage of the HMPV F protein is facilitated by the
addition of trypsin to the cell culture medium. However, some
laboratory strains have been shown to replicate in the absence
of exogenous trypsin, likely due to a change in the cleavage site
(RQPR | F) (198), though this altered protease cleavability
does not affect virulence (23). For most paramyxoviruses, fu-
sion depends on an interaction between the F protein and its
cognate attachment protein (reviewed in reference 136). How-
ever, the F proteins of members of the Pneumovirinae subfam-
ily do not depend upon their cognate G proteins for fusion and
are processed efficiently and correctly into a biologically active
form when expressed in the absence of other viral proteins
(114, 125, 178, 203, 220). This is consistent with the observation
that HMPV lacking the G protein/gene remains replication
competent in vitro and in vivo (22). Recently, it was shown that
the HMPV F protein can engage in binding to host cells via
integrin avf1 via a conserved Arg-Gly-Asp (RGD) motif, pro-
viding evidence for a role of the F protein in attachment in
addition to membrane fusion (47).

Membrane fusion promoted by paramyxovirus F proteins
generally occurs at the plasma membrane of the host cell at
neutral pH (134, 195), which contrasts with the case for viruses
gaining entry via a pH-dependent endocytic route. Interest-
ingly, it has been shown that syncytium formation for HMPV
strain Can97-83 is promoted by the HMPV F protein at low
pH, suggesting a unique mechanism of triggering fusion among
the paramyxovirus F proteins (203). However, the low-pH de-
pendency is not a general phenomenon for HMPV F proteins
and appears to be restricted to a few laboratory strains that
contain an E294G substitution in the F protein (114). As for
most paramyxoviruses, the trigger that leads to the membrane
fusion event remains unknown, although it is tempting to spec-
ulate that binding to integrin avf1 may provide such a trigger
(47). By generating chimeric viruses between HMPV and
AMPYV, it has been shown that the F protein is an important
determinant of metapneumovirus host range (57).

Besides the F and G proteins, HMPV harbors a third puta-
tive transmembrane surface glycoprotein, SH. Hydrophilicity
profiles of AMPV, HMPV, and RSV SH proteins were found
to be similar, although the RSV SH protein appears to be
truncated compared to the SH proteins of AMPV and HMPV
(233). The SH protein of HMPV has a high threonine/serine
content of ~22% and contains 10 cysteine residues (230).
Recombinant HMPYV lacking only the SH gene was not atten-
uated or showed only marginal attenuation in vitro and in
animal models (12, 22, 58). Infection of mice with HMPV
lacking the SH gene resulted in enhanced secretion of proin-
flammatory cytokines compared to that in mice infected with
wild-type virus (12). However, similar analyses using human
lung epithelial cells infected with wild-type HMPV or the mu-
tant virus lacking the SH gene did not reveal differential ex-
pression of genes or proteins (58). Moreover, the latter study
did not reveal any effects of the SH protein on replication
kinetics, cytopathic effects, or plaque formation of HMPV.
Thus, the function of the HMPV SH protein remains elusive.

Following membrane fusion, the viral RNP containing the
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negative-sense viral RNA (VRNA) genome is released into the
cytoplasm, where it serves as a template for the synthesis of
mRNA and antigenomic cRNA. Most of the knowledge on
HMPV transcription is inferred from the knowledge of RSV
and other paramyxoviruses (136). The HMPV genomic termini
contain leader and trailer sequences that are partially comple-
mentary and act as promoters to direct the transcription of
mRNA and cRNA or vRNA, respectively. The leader and
trailer of HMPV are less complementary than those of related
paramyxoviruses. Their functions were confirmed in minige-
nome assays showing that the leader and trailer sequences
were sufficient to drive replication and expression of heterol-
ogous genes when HMPV polymerase complex proteins were
present (110). Using minigenome assays and recombinant virus
rescue, it was further shown that the polymerase complex pro-
teins and genomic termini of HMPV and AMPV are inter-
changeable, in agreement with the close genetic relationship
between these two viruses (54). Nevertheless, viruses with
HMPV-AMPYV chimeric polymerase complexes were found to
be attenuated in animal models and may thus represent useful
live vaccine candidates (54, 184). Similar minigenome and re-
verse genetics studies further showed that while the L, P, and
N proteins were absolutely required for minigenome expres-
sion or recombinant virus rescue, the M2-1 protein was dis-
pensable (110). The M2-1 protein of RSV has been shown to
promote transcription processivity (46, 78), but such a role was
not observed for M2-1 of HMPV (35, 110).

In addition to the M2-1 ORF, the M2 gene of pneumovi-
ruses also contains a second ORF, the M2-2 ORF. Expression
of the M2-2 protein is achieved via a process of coupled trans-
lation, a mechanism of translational initiation in which the
ribosomes that translate the first ORF move a short distance
upstream after termination and reinitiate translation from the
second overlapping ORF (94). For RSV, the M2-2 protein is
thought to play a role in shifting the balance of RNA synthesis
from mRNA to vVRNA (20). Recent evidence suggests that
M2-2 of HMPV regulates RNA synthesis in a similar fashion
(35) and potentially also affects the fidelity of the polymerase
complex (197). More work is needed to gain detailed knowl-
edge of the HMPV polymerase complexes and the roles of
M2-1 and M2-2 during virus replication.

The genome of HMPV further contains noncoding regions
between each ORF that range in size from 23 to 209 nucleo-
tides and contain gene end signals, intergenic regions, and
gene start signals, with little overall sequence identity with the
noncoding regions of RSV and AMPV. The role of these non-
coding regions is likely the same as that for other paramyxovi-
ruses, in which the gene end and gene start sequences control
transcription termination and reinitiation, leading to a gradient
of mRNA abundance that decreases from the 3’ end of the
genome (N gene) toward the 5" end (L gene) (136). The gene
start consensus sequence of HMPV is CCCUGUUU/CA, and
the start codon of each ORF is found 4 nucleotides downstream
of this sequence (230). Using this knowledge, several noncoding
regions have been duplicated in the HMPV genome to facilitate
expression of green fluorescent protein and other heterologous
ORFs, providing wonderful tools for HMPYV research (24, 55).

Steps in the HMPV replication cycle after the synthesis of
RNA and viral proteins have not been investigated extensively.
At present, as for other paramyxoviruses, it is assumed that



VoL. 24, 2011

Attachment

HUMAN METAPNEUMOVIRUS 737

Progeny virion

Fusion: J;’ I 7:
0
5
lUncoating
Genome (-) Antigenome (+)
NANANANNANNN ———————— . NNANANNANNAN
Transcription Replication
\ /
QAP ANNANNNNNARA  Transcription Genome (-)
QAP ANANANNNNNAN AAA
CAP \NANNNNNNN AAA
Translation 433
\ / ‘
i P
- Q
PLNR Ze === eolle &
F/G/SH M N P L M2 g
. os..‘ — >\
M
=3
o v I
Nucleus ?L\\f:? > > .
Surface
N o glycoproteins
Golgi

—

FIG. 3. Schematic representation of the HMPV life cycle. After attachment of the virion to the plasma membrane, the viral and plasma
membranes fuse, resulting in uncoating of the virion and release of the RNP (containing the negative-sense viral RNA) into the cytoplasm. After
primary transcription, the genome is replicated to produce the antigenome. The antigenome is used to synthesize genomic RNA, which is used to
produce additional antigenomes for incorporation into progeny virions or as a template for secondary transcription. After translation, M proteins
and RNPs are transported intracellularly to the plasma membrane and the viral glycoproteins F (fusion), G (glycoprotein), and SH (small
hydrophobic) are transported from the endoplasmic reticulum (ER) to the Golgi apparatus and then the plasma membrane. Finally, new virions
are assembled and are subsequently released from the plasma membrane by a budding process.

virus assembly and budding occur through similar mechanisms
(136) (Fig. 3).

EPIDEMIOLOGY

Molecular Epidemiology and Virus Evolution

When HMPV was first described as the causative agent of
RTIs in children, it was immediately recognized that at least
two genetic lineages of HMPV were circulating in humans

(231). Subsequent phylogenetic analysis of additional se-
quences obtained for the F and G genes revealed that each of
these main lineages, A and B, can be divided into two sublin-
eages: Al and -2 and B1 and -2 (Fig. 4) (231). The maximum
percent amino acid sequence identity between the F proteins
of viruses belonging to lineages A and B was 95 to 97%; in
contrast, there was only 30 to 35% identity for G protein
sequences. The full-length genome sequences of prototypes of
each of these lineages have become available in GenBank
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FIG. 4. Phylogenetic trees for fusion (F) and attachment (G) genes of selected HMPYV isolates. For each of the four genetic lineages (233), four
representative isolates were selected, and maximum likelihood trees were generated for the G gene (right) and for 451 nucleotides of the F gene
(left). Numbers in trees represent percent amino acid identities between virus isolates.

(under accession numbers AF371337 [Al], FJ168779 [A2],
AY525843 [B1], and FJ168778 [B2]) (54). The similarities be-
tween HMPV strains of different lineages are in the same
range as that described for the subgroups of AMPV and RSV
(204, 215). The circulation of the 4 genetic lineages of HMPV
was confirmed in studies throughout the world, most notably in
long-term retrospective studies conducted in the United States
from 1981 to 2001 (248, 253). From these studies, it can be
concluded that (i) the prevalence of particular lineages is not
restricted to certain locations and times and (ii) multiple lin-
eages can circulate in the same period at a given location.

In 2004, a new variant of HMPV that was distantly related to
previously described HMPV strains was detected in Germany
(200). Unfortunately, the virus could not be isolated in cell
culture and was therefore not characterized further, and other
groups have not confirmed its detection. However, several
other groups have subsequently reported the detection of
newly emerging sublineages of lineages A and B (2, 9, 41, 44,
70, 118, 146, 242). In some of these studies, the available
genetic information was limited to only small fragments of the
HMPV genome, potentially giving rise to misclassifications.
Nevertheless, it has become clear that sublineages of HMPV
do not persist and that old lineages may be replaced with newly
emerging variants. For instance, while lineage Al circulated
extensively in humans from 1982 to 2003 (233, 253), it has
rarely been detected since 2004. In numerous other studies, it
has been shown that the predominant circulating strains may
vary by year and that predominant strains may be replaced, on
average, every 1 to 3 years (2, 9, 40, 44, 70, 118, 140, 146, 152,
154, 166, 177, 185, 188, 242).

Although antibody responses elicited against the highly con-

served F protein of HMPV may provide significant cross-pro-
tection against different HMPV lineages in animal studies
(210), it has been postulated that antigenic variation may pro-
vide a plausible explanation for the cocirculation of multiple
genetic sublineages of HMPV in humans (233). Virus neutral-
ization assays performed with lineage-specific ferret antisera
demonstrated that homologous virus neutralizing titers were
significantly higher than titers against other HMPV lineages
(233). Likewise, in reciprocal cross-neutralizing assays with
sera from infected Syrian golden hamsters, the antigenic relat-
edness between viruses from two genetic lineages was relatively
low (155). Based on these observations, as well as robust re-
infections of cynomolgus macaques (232) and humans (66-68,
183, 253) with genetically distinct HMPV strains, it is possible
that the cocirculation of multiple lineages of HMPV is facili-
tated by the limited cross-protection induced by HMPV. In this
scenario, antigenic variation of the G and SH proteins, which
may vary by as much as 70% at the amino acid level, may be
sufficient to explain a selective advantage for heterologous
virus lineages during subsequent epidemics, even in the pres-
ence of broadly cross-reactive anti-F humoral immunity in the
population.

With the advent of a rapidly increasing number of HMPV
(and AMPYV) gene sequences available in public databases, the
evolutionary history and dynamics of HMPV have been stud-
ied. Investigations of the evolutionary dynamics of HMPV and
AMPV-C, using G, F, and N nucleotide sequences, demon-
strated higher substitution rates for the G gene (3.5 X 1077
nucleotide substitution per site per year) than for the N (9 X
10~* nucleotide substitution per site per year) and F (7.1 X
107 to 8.5 X 10~* nucleotide substitution per site per year)
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TABLE 2. Symptoms and clinical diagnoses associated with human metapneumovirus infection of children

Value? in reference:

Parameter

29 235 72 248 253 173 63 19
No. of patients 12 25 53 49 118 26 50 26

% of patients with symptom or diagnosis
Fever 67 61 71 52 54 73 44 13
Rhinorrhea 92 80 64 88 82 77 90 2
Cough 100 72 68 90 66 92 90 16
Wheezing 83 24 51 52 * * 56 6
Vomiting 25 * * 10 20 * 36 4
Diarrhea 8 * * 17 14 * 14 1
Rash 0 * * 4 3 * 2 5
Abnormal chest radiograph * 2 56 50 * 85 67 *
Bronchiolitis 67 * * 59 * 23 48 *
Pneumonia 17 * * 8 * 23 34 9
Croup 0 * * 18 * * 4 *
Asthma * * * 14 * 27 * *
Acute otitis media 50 * * 37 50 15 6 *

@ *, not reported.

genes (56, 259). Such high evolutionary rates are not uncom-
mon for RNA viruses (120). In both studies (56, 259), a limited
number of positively selected sites were found in the F gene,
and none were found in the N gene. Mutations in the G gene
were likely to be either neutral or positively selected. For the
G protein of RSV, a strong association between neutralizing
epitopes and positively selected sites has been reported (263).
In contrast to the case for other paramyxoviruses, such as RSV,
the HMPV G protein is not a major neutralizing or protective
antigen (209). Presently, there is limited knowledge about the
locations of neutralizing epitopes in the F protein of HMPV. It
is possible that there is a correlation between positive selection
of epitopes and neutralizing epitopes in the HMPV F protein,
because the F protein represents the major neutralization and
protective antigen. However, in contrast to those of other
paramyxoviruses, the HMPV F gene does not display substan-
tial evolutionary progressive drift (233).

Extensive phylogenetic analyses have provided approximate
calculations of the time of the most recent common ancestor of
HMPV and AMPV-C. These analyses indicate that HMPV
diverged from AMPV-C around 200 years ago (an average of
180 to 269 years, depending on the study and gene under
investigation). The current genetic diversity of HMPV appears
to have come about in the last ~100 years (97 years in refer-
ence 259 and 133 years in reference 56). Each of the main
genetic lineages (A and B) appears to be 34 to 51 years old,
while each of the sublineages (Al, A2, B1, and B2) appears to
be less than 30 years of age (56, 259). Thus, the genetic diver-
sity within the four sublineages is of extremely recent origin,
with several lineage diversifications occurring at approximately
the same time.

Clinical Epidemiology

Since the first description of HMPV in 2001, the virus has
been discovered worldwide on all continents and independent
of the economic situations of different countries (1, 3, 5, 6, 17,
41, 44, 45, 49, 64, 67, 70, 83, 84, 93, 96, 97, 116, 132, 140, 145,
147, 148, 152, 154, 161, 165, 167, 170, 174, 181, 182, 186, 211,

219, 223, 228, 238, 243). HMPYV infections can occur through-
out the year, but seasonality has been described in several
studies, with the epidemiological peak occurring 1 to 2 months
later than that observed for RSV epidemics (2, 3, 107, 157, 193,
245). The intriguing question of whether different HMPV lin-
eages are associated with differences in clinical courses of
disease has so far remained unresolved. Several groups have
suggested that HMPV lineage A might be associated with
more severe clinical disease (9, 126, 162, 240). However, others
reported that lineage B may cause more severe illness (72,
185), while other groups found no evidence for differential
severity caused by different HMPV lineages (4, 140, 160, 258).
A better understanding of the host response to HMPV lin-
eages is needed to understand the mechanisms that may con-
tribute to differences in clinical severity.

HMPYV infections are observed in all age groups, with a high
prevalence in pediatric patients (Table 1). The first HMPV
infection appears to take place at 6 months of life, after which
infections may occur repeatedly and frequently. The elderly
represent the second group of patients that are severely af-
fected by HMPYV, and severe HMPV infections in the elderly
occur despite high seroprevalence rates and independent of
immunosenescence (62, 153). Reports on HMPV infections in
otherwise healthy adults are relatively rare. Seroprevalence
studies indicated that all adults have been infected with HMPV
by the age of 25, with very high seroprevalence rates beginning
from 5 years of age (68, 147, 150, 153, 255, 261, 262). The
nosocomial impact of HMPV is estimated to be as high as that
for RSV. In an HMPV outbreak in Japan, 34.8% of elderly
patients who shared the same day care room in a hospital were
infected with HMPV (116).

CLINICAL FEATURES OF HMPV INFECTION

Symptoms and Pathology

HMPV is associated with a variety of symptoms and di-
agnoses localized to the respiratory tract (Table 2). Children
with HMPV infection most commonly exhibit upper respi-
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ratory symptoms such as rhinorrhea, cough, or fever. Con-
junctivitis, vomiting, diarrhea, and rash have been reported
but are not frequent (234). The duration of symptoms prior
to medical evaluation is usually less than a week, and limited
data suggest that children shed virus for 1 to 2 weeks (67,
235, 248). Only one study has detected HMPV in serum by
reverse transcription-PCR (RT-PCR) (159), suggesting that
HMPYV infection is usually limited to the respiratory tract.
Studies of rodents and nonhuman primates have failed to
detect HMPYV in tissues outside the respiratory tract (7, 106,
131, 251, 257). The lower respiratory illnesses most fre-
quently caused by HMPV are bronchiolitis, pneumonia,
croup, and asthma exacerbation. Clinical signs and symp-
toms of HMPV infection overlap with those for other com-
mon respiratory viruses, and reliable distinctions cannot be
made. Although symptoms usually overlap, differences in
clinical presentation can occur. It has been reported that
fever is more frequent in HMPV-infected patients, while
rhinorrhea is observed more often in RSV-infected patients
(19). Reinfection with HMPV occurs, although repeated
infections are more likely to be limited to the upper respi-
ratory tract in otherwise healthy children (248, 253). Some
data suggest that dominant HMPYV strains vary by season,
presumably to avoid herd immunity, and thus reinfection
may be more likely with heterologous viruses (2, 3). Further
studies are needed to clarify the importance of antigenic
variation of HMPV in human populations with respect to
the clinical course of infection. HMPV is associated with
acute otitis media, and viral RNA can be detected in middle
ear fluid (199, 217, 252).

Whether there is an association between HMPV infection
and asthma is not clear. An Australian study of outpatient
children with asthma did not identify an association between
HMPV and asthma exacerbations (189), while a related
study of outpatient children found a significant association
between HMPV and the diagnosis of acute asthma (248).
Studies of children hospitalized for wheezing and adults
hospitalized with asthma exacerbations detected HMPV in a
substantial number of these admissions (247, 250). Measure-
ments of cytokines implicated in asthma pathogenesis in
nasal washes of HMPV-infected infants have yielded con-
flicting results (119, 133). One retrospective study found a
strong association between HMPV infection during infancy
and the subsequent diagnosis of asthma (86). A major chal-
lenge for studies of respiratory viruses and asthma is the
difficulty in firmly establishing a diagnosis of asthma during
infancy, when acute wheezing associated with viral infec-
tions is common. However, the available data and analogy
with RSV and human rhinoviruses suggest an association
between HMPV and asthma exacerbations.

One study reported histopathologic changes during HMPV
infection of young patients. In this study, bronchoalveolar la-
vage (BAL) fluid samples and lung biopsy specimens from
HMPV-positive children displayed epithelial cell degeneration
or necrosis with detached ciliary tufts and round red cyto-
plasmic inclusions, hemosiderin-laden macrophages, fre-
quent neutrophils, and mucus (237). However, these sam-
ples were obtained from patients with underlying disease,
and similar studies of otherwise healthy children infected
with HMPV have not been done. Studies of nonhuman pri-
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mates as well as small animals have demonstrated that HMPV
infections remain restricted to the respiratory tract and do not
spread to other internal organs. Histopathology studies of in-
fected macaques and infected cotton rats have shown that
infection is associated with a disruption of the epithelial archi-
tecture, sloughing of epithelial cells, loss of ciliation, and the
presence of inflammatory infiltrates in the lungs (106, 131, 251,
257). HMPV-infected mice have been shown to develop
parenchymal pneumonia and neutrophilic infiltrates during in-
fection (50, 106). HMPV appears to exhibit a primary tropism
limited to respiratory epithelia, as shown in immunohisto-
chemistry studies of infected cynomolgus macaques, mice, and
cotton rats. Viral expression was found in the epithelial cells of
nasal tissue, all the way down to cells in the bronchioles, and
was found less frequently in type I pneumocytes and alveolar
macrophages (106, 131, 251).

Risk Groups Other than Children

Populations at risk of HMPV infection are children, the
immunocompromised, and the elderly. Most studies of the
elderly were performed with study groups where the elderly
were defined as persons above the age of 65 years (http://www
.who.int/healthinfo/survey/ageingdefnolder/en/index.html).
However, this definition is dependent on the geographic and
social background of the population of the elderly. HMPV
infection may be more severe in patients with underlying
medical conditions. It has been shown that 30 to 85% of
children hospitalized with HMPV have chronic conditions,
such as asthma, chronic lung disease due to prematurity,
congenital heart disease, or cancer (29, 63, 72, 168, 173, 225,
234). Hospitalization of adults or children for HMPV-asso-
ciated lower respiratory tract infections is more likely for
patients with underlying conditions such as asthma, chronic
obstructive pulmonary disease (COPD), HIV infection, im-
munocompromised status, or prematurity (34, 66, 75, 78,
106, 122, 163, 168, 187, 193, 217, 229, 242, 253, 254).

Immunosuppressed individuals. HMPV is capable of caus-
ing severe infections in immunocompromised hosts, a phenom-
enon that has been well described for most respiratory viruses,
including influenza virus, RSV, and PIV. There are reports of
fatal infection attributed to HMPV in cancer patients, and
several studies suggest that HMPV is a relatively common
cause of acute respiratory infection in children and adults with
malignancy or hematopoietic stem cell transplants (27, 38, 80,
183, 249). The basis for the increased severity of disease in
these different groups is likely related to a reduced capacity to
control virus replication, but the mechanisms are not well
understood. Long-term prospective studies are needed to bet-
ter characterize disease due to HMPV infection in immuno-
compromised hosts.

Older adults. Infections in adults are probably underre-
ported, as many hospitals do not routinely screen adults for
HMPV. The yearly incidence of HMPYV infection in adults has
been reported to be 4 to 11% (78, 247), but the incidence
varies depending on the group studied, e.g., adults, high-risk
patients, elderly adults, and residents of a long-term care fa-
cility. Infections in older adults are detected mostly in late
winter and early spring, and viral coinfections are observed
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mainly with RSV; up to 22.9% of infected elderly patients have
been shown to be affected by at least one additional pathogen
(78).

HMPV is a significant cause of acute respiratory disease in
older adults (>65 years) and adults with comorbid illness, such
as COPD, asthma, cancer, or lung transplantation (30, 75, 103,
163, 229, 239, 241, 247). Given this, HMPV is responsible for
many hospitalized cases (28, 30, 43, 241), and infections in the
elderly can result in death (28, 30, 43). Pneumonia has been
documented for 40% of HMPV-infected frail elderly subjects
(28, 117, 149). It has been reported that the most frequent
admission diagnoses for HMPV infection in the elderly are
acute bronchitis, COPD exacerbation, pneumonia, and conges-
tive heart failure (241). Twenty-seven percent of the hospital-
ized patients in this study had substantial airway infiltrates
observed by chest radiographs, with an average length of hos-
pitalization of 9 days, but the duration was twice as long for the
high-risk group, reaching 34 days in the most severe cases, with
13.2% requiring intensive care. High fatality rates have been
reported for elderly patients with underlying disease who died
of general respiratory failure (33, 182, 247). In one study, a
case of HMPV-induced fatal pneumonia in an old woman who
had no medical condition other than advanced age was pre-
sented (30), illustrating that HMPYV infection can cause severe
pneumonia leading to death in otherwise healthy elderly indi-
viduals. In addition, a single case of severe acute pericarditis
associated with HMPV was reported for an otherwise healthy
62-year-old woman (52); thus, complications may occur that
might be linked to HMPV infection.

The reasons for the higher morbidity in older adults have not
been determined and require attention. Increased morbidity as
well as a delay in clearance of symptoms of virus infections has
been reported for the elderly, a feature consistent with the
impairment of innate and adaptive immunity commonly asso-
ciated with aging. Aging causes both qualitative and quantita-
tive alterations, and intrinsic defects in the T cells of aged mice
have been shown to contribute to decreased virus-specific T
cell responses (33, 121-123, 144, 187). Although defects in the
early events after virus infection may also influence the age-
associated delay in clearance of the virus, it is possible that one
reason for the clinical aggravation observed in the elderly
could be an exaggerated immune response with inflammation,
as opposed to a declining immune response (214). In the con-
text of virus infection, these outcomes may be affected differ-
ently by the strain or HMPYV subtype. It is clear that additional
studies are required to determine the nature of the age-related
defects during HMPV infection, and appropriate animal mod-
els are essential for these investigations.

Healthy adults suffer from asymptomatic infection, colds,
and influenza-like illnesses (102). Asymptomatic infections are
more common for HMPV infections than for RSV or influenza
A virus infections. Asymptomatic infection in adults was also
reported in a survey study of immunocompromised bone mar-
row transplant recipients (53). Both asthma (75, 247) and
COPD (6, 9, 17, 20, 74, 103, 115, 118a, 163, 179, 194, 214) are
exacerbated in immunocompromised adults. Serious and pro-
longed respiratory infections are associated with mortality in
adults with underlying disease or hematological malignancies
(247) and following hematopoietic stem cell or lung transplan-
tation (139, 191, 216). Elderly subjects frequently suffer from
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bronchitis and pneumonia, and HMPYV is responsible for many
hospitalized cases in this population (17, 115, 128).

Coinfections

Many studies evaluating HMPYV infection have tested for
other viruses by using sensitive methods and have detected
RSV in 5 to 17% of patients infected with HMPV (10, 17, 29,
31, 38, 49, 63, 67, 72, 81, 84, 119, 133, 159, 168, 173, 182, 189,
225, 235, 238, 248, 253). Most studies have not described ex-
acerbated disease in patients with codetection of multiple vi-
ruses. Note that highly sensitive RT-PCR techniques may de-
tect viruses for several weeks after an acute infection. A few
studies of hospitalized patients have described much higher
coinfection rates (30 to 60%) (87, 119, 130, 238), raising the
question of whether HMPYV infections are more severe if an-
other virus is present. One group addressed this question by
using a nested RT-PCR assay to test BAL fluids from 30
intubated infants with RSV infection, and they detected
HMPYV in 21/30 (70%) infants (98). They subsequently used
the same nested PCR assay to test specimens from children
admitted to the intensive care unit and the general wards.
HMPYV and RSV coinfections were detected in 18/25 (72%)
intensive care patients and in 15/171 (9%) general ward pa-
tients, leading the authors to conclude that dual infection with
RSV and HMPV was associated with severe bronchiolitis
(205). However, a study of 46 inpatients with either mild or
severe RSV disease found no coinfections with HMPV (141).
Also, a Dutch study did not find any HMPV-RSV coinfections
in children with severe RSV bronchiolitis (236). Whether these
conflicting findings are due to methodological differences or to
variability in circulating viruses is unknown. Further studies are
needed to clarify the nature of disease associated with code-
tections; however, it is clear that the majority of HMPV infec-
tions are not associated with other viruses and that HMPV is
a primary respiratory pathogen.

Treatment Options

The majority of children infected with HMPV can be man-
aged with supportive care. For infants and children who re-
quire hospitalization, the primary therapies are supplementary
oxygen and intravenous hydration. Bronchodilators and corti-
costeroids have been used empirically, but there are no con-
trolled trials of these medications for HMPV and no data to
support or refute their efficacy. One animal study suggested
that there were benefits of bronchodilator and corticosteroid
treatment of experimental HMPV infection in cotton rats
(104). The only currently licensed antiviral drug for a related
virus, i.e., RSV, is ribavirin, a nucleoside analogue adminis-
tered by aerosol. Both ribavirin and polyclonal human immu-
noglobulin exhibit in vitro neutralizing activity against HMPV
equivalent to their activity against RSV (256). There are no
published animal or human data for these interventions, al-
though they may be worthy of consideration for severely im-
munocompromised hosts with lower respiratory infections due
to HMPV. Ribavirin has been used in severely immunocom-
promised patients, such as hematopoietic stem cell transplant
recipients, often in conjunction with RSV-specific immuno-
globulin, with some evidence of efficacy (60).
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IMMUNE RESPONSES IN HUMANS AND ANIMALS

Innate Immunity

Acute viral infection is known to induce an early innate
immune response characterized by induction of an antiviral
type I interferon (IFN) response that involves JAK/STAT sig-
naling, leading to the production of a variety of antiviral pro-
teins, particularly IFN-stimulated gene products (218). Toll-
like receptors (TLRs) and RNA helicases (RIG-I and MDA-5)
are pattern recognition receptors most commonly activated by
viral infections, and their activation contributes to a signaling
cascade that governs the expression of proinflammatory and
immune mediators. The TLRs, some of which are located in
the endosomal cellular compartment, operate mainly in pri-
mary antigen-presenting and dendritic cells, while RIG-I and
MDA-5 are cytoplasmic sensors and have been identified as
being essential for IFN induction by several viruses. Mitochon-
drial antiviral signaling protein (MAVS) is an adaptor protein
linking both RIG-I and MDA-5 to downstream activation of
IRF3 and NF-kB, ultimately leading to type I IFN and IFN-
stimulated gene expression (127, 206). RNA viruses use a large
number and variety of mechanisms to subvert innate antiviral
host defenses, and many of these mechanisms involve evasion
of IFN and IFN-regulated responses (89).

Limited information is available on the interaction of
HMPV and the innate immune system. In cultured human
epithelial cells, HMPV was shown to be a strong inducer of the
type I IFN pathway (14), and HMPV sensing and subsequent
activation of the IFN pathway appeared to occur through the
RIG-MAVS pathway, with no involvement of MDA-5 (143).
Different HMPYV proteins have been suggested to subvert the
antiviral IFN pathway. Mutant HMPV lacking the G gene was
shown to induce higher levels of chemokines and type I IFN in
infected airway epithelial cells than those induced by the wild-
type virus (12, 13, 15). The phosphoprotein in HMPV genotype
B viruses was shown to be an IFN antagonist, but interestingly,
the phosphoprotein in genotype A HMPYV lacked this activity
(95). In this study, it appeared that RIG-I signaling was not
blocked by the phosphoprotein, while other studies suggested
that the G protein binds to RIG-I to inhibit the IFN pathway
(12, 13, 15). Two studies have shown that HMPYV blocks dou-
ble-stranded RNA (dsRNA)-induced IFN expression (100,
101), and in cultured epithelial cells, HMPV prevented IFN-
induced phosphorylation and subsequent nuclear translocation
of STAT1 (61). These findings contradict a report showing that
HMPYV infection of human A549 cells induces STAT1 phos-
phorylation (14). The contradictory results might relate to dif-
ferences in the strains of HMPYV used in the studies, as accu-
mulating evidence suggests that there are strain differences in
the host response to HMPV infection.

Limited data are available on the innate immune response to
HMPYV infection in humans; however, the available data sug-
gest that differences may exist between HMPV and RSV. A
Finnish study reported increased levels of interleukin-8 (IL-8)
and decreased levels of CCLS (RANTES) in nasal secretions
of HMPV-infected children compared with levels from RSV-
infected children (119). In contrast, a prospective study of
infants infected with HMPV revealed significantly lower levels
of IL-1B, IL-6, IL-8, IL-12, and tumor necrosis factor alpha
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(TNF-a) in nasal washes than those in RSV- or influenza
virus-infected infants (133). Experimental HMPV infection of
human dendritic cells ex vivo also induced cytokine profiles
that differed significantly from responses evoked by RSV (100).
In addition, a study with HMPV-infected BALB/c mice dem-
onstrated significantly larger amounts of IFN-« than those in
mice infected with RSV (99). These findings suggest that
HMPV may induce a distinct host response, perhaps charac-
terized by potent innate responses to infection.

Humoral Response

The prevalence of HMPV antibodies in persons between the
ages of 6 months and 1 year, as measured by immunofluores-
cence assay, is 25%, and this prevalence increases to 55% for
those between 1 and 2 years, to 70% for 2- to 5-year-olds, and
to 100% for those over 5 years of age. Neutralizing antibody
titers are lower for younger than for older children, with pro-
portions of 25% for 6- to 12-month-olds, 31% for 1- to 2-year-
olds, 38% for 2- to 5-year-olds, and 75 to 100% for those over
5 years of age (231). Thus, while all persons have been infected
by age 5, a substantial proportion of those who are seropositive
by immunofluorescence assay do not exhibit high neutralizing
antibody titers. Consistent with these findings, several studies
have shown that high HMPV seropositivity is associated with
age and that high overall rates of seropositivity occur after the
age of 5 years (68, 142, 181, 255). In general, it appears that
despite protective antibody titers in adults, reinfections with
homotypic and heterotypic HMPV strains occur in both
healthy and immunocompromised humans (66, 157, 183, 248,
253). It is not known whether this phenomenon is due to
limited cross-protective immunity between strains of HMPV,
but these findings have led to the hypothesis that humoral
immune responses may have only a minor role in the clearance
of HMPV. However, this hypothesis is weakened by the ob-
servation that all permissive animal models, i.e., those that can
be infected with HMPV and suffer from HMPV-associated
disease, have been shown to develop serum neutralizing anti-
bodies upon experimental HMPYV infection (7, 106, 155, 232,
251, 257). Furthermore, passive antibody transfer alone, either
polyclonal or monoclonal, has been shown to protect against
HMPYV replication and disease (7, 227, 246). Several different
experimental approaches have shown that the HMPV F pro-
tein is a primary target of neutralizing antibodies (25, 171, 196,
209). However, since virtually all humans are seropositive yet
severe infection occurs, antibody-mediated protection is prob-
ably not sufficient to prevent disease pathogenesis. One study
using macaques showed waning immunity at 12 weeks and
complete loss of protection 8§ months following experimental
infection (232). A poor HMPV antibody response was ob-
served in aged mice, and this was not due to less viral replica-
tion, as the virus load in the lung at day 3 was shown to be
greater in the older mice than in younger mice (51). This
impaired antibody response was reflected in the IgG2a isotype,
where the production of neutralizing antibodies was also im-
paired. It is possible that the HMPV-specific antibody re-
sponse may contribute to protection against the severity of
illness. This hypothesis is consistent with the finding that pas-
sive transfer of HMPV-immune serum protects naive BALB/c
mice from challenge and with results showing that a neutral-



744 SCHILDGEN ET AL.

izing monoclonal antibody to the F protein confers protection
against challenge (8, 246).

Cellular Immunity

Reports of severe and fatal infections in immunocompro-
mised populations suggest that T cell immunity is important
for virus clearance and resolution of illness (38, 69, 139, 164,
183, 249). Many of these reports identified lymphopenia and
cytotoxic therapy as important risk factors for severe HMPV
disease, emphasizing a likely role for T cells in protection.
Consistent with these findings, HMPV infection has been
shown to be more severe in immunodeficient HIV-infected
persons (85, 118a, 156, 157). HLA class I-restricted cytotoxic T
lymphocyte (CTL) responses have been evaluated ex vivo in
cells from HMPV-infected humans by enzyme-linked immu-
nosorbent spot (ELISPOT) assay and chromium release assays
(109). However, the contributions of T cells during primary
and secondary infections of humans are unclear. In mice, de-
pletion of NK cells was associated with significantly increased
HMPV titers in the lungs, suggesting that cytotoxic cell types
may contribute to HMPV immune surveillance and control (7).
The contribution of T cells to HMPV immunity has been inves-
tigated to a limited extent by use of animal models. CD4™,
CD8™, or CD4" CD8" T cell-depleted mice exhibited dimin-
ished weight loss and lung histopathology, suggesting that host
immunity, while required for virus clearance, contributes to
disease (129). However, if secondary virus challenge was per-
formed in T cell-depleted mice, no difference in titer occurred
between depleted and control groups of mice at the single time
point examined, despite an absence of antibody in the CD4™ T
cell-depleted mice. Therefore, the contributions of CD4* and
CD8" T cells to protection or pathology remain poorly de-
fined.

Murine major histocompatibility complex (MHC) class I-re-
stricted epitopes for HMPV have been described (108, 169).
One group used algorithms to identify candidate epitopes and
tested predicted epitopes by peptide immunization (108). This
group found that a few of these epitopes induced peptide-
specific CTL responses against the same immunizing peptide
and resulted in modest protection against virus challenge.
However, the peptides were not screened against CTLs in-
duced by virus infection, and thus it is not clear that these are
true epitopes presented during natural infection. A similar
bioinformatic approach was used to identify potential H-2¢-
restricted epitopes, i.e., epitopes recognized by murine MHC
II, the analog of the human leukocyte antigen (HLA) complex
(169). Predicted epitopes were screened as synthetic peptides
against HMPV-immune splenocytes from BALB/c mice by
ELISPOT assay. These experiments identified H-2%-restricted
dominant (M2'#'1%9) and subdominant (N*°"73!%) epitopes.
Primary T cell lines generated ex vivo by stimulation with these
peptides were CD8™, IFN-y secreting, and functional for lytic
activity. Adoptive transfer of these cell lines into Rag ™'~ mice
provided a modest reduction in virus titer, but lung pathology
or signs of disease were not determined. These studies suggest
that T cells contribute to protective immunity.
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ANIMAL MODELS OF HMPV INFECTION

Several animal models have been developed to study HMPV
infections. These animal models include mice, cotton rats,
hamsters, guinea pigs, and ferrets, as well as nonhuman pri-
mates such as chimpanzees, macaques, and African green
monkeys (155, 201). Each animal model has unique features
that allow for investigations into the mechanisms of immunity
and disease pathogenesis. The following sections summarize
the roles of animal models and their contributions to our
understanding of the biology of HMPYV infection, replication,
and disease intervention strategies.

Mouse Model

Experimental HMPV infection of mice (Mus musculus) has
been studied with several mouse strains, but the majority of
these studies were conducted with the BALB/c strain, as nu-
merous studies have demonstrated robust HMPV replication
in the lungs of BALB/c mice, with peak titers from days 5 to 7
(7, 8, 51, 213). In an early study, HMPV was shown to exhibit
biphasic growth kinetics in the lungs of BALB/c mice, with
peak titers occurring at days 7 and 14 postinfection (p.i.), while
infectious HMPV could be recovered from the lungs until day
60 p.i. and HMPV RNA could be detected at =180 days p.i.
(7). These results suggested the ability of HMPV to establish
persistence following infection and are consistent with a more
recent publication showing persistence of HMPV RNA in the
lungs of mice, with associated pulmonary inflammation, out to
day 154 p.i. (105). However, similar results were not reported
in other studies showing that HMPV induces a self-limiting
infection. The observed biphasic growth kinetics might reflect
the specifics of the virus strain used or methods employed. The
level of illness associated with weight loss has been linked with
the level of virus replication and ranges from 5 to 20% weight
loss, depending on initial viral inoculums (7, 8, 213). No viral
RNA or infectious virus has been detected in the serum,
spleen, kidneys, heart, trachea, or brain tissue (7). However, it
has also been reported that HMPV has limited replication in
mice (155). In these studies, BALB/c mice infected intranasally
with HMPV/NL/1/00 were shown to be semipermissive for
HMPV infection.

The disease pathogenesis associated with HMPV infection
has been well characterized in mice. In general, following in-
tranasal HMPV infection, lung histopathology reveals a prev-
alent mononuclear cell infiltration in the interstitium, begin-
ning at day 2 p.i. and decreasing by day 14 p.i., and this has
been associated with airway remodeling, increased mucus pro-
duction, and airway hyperresponsiveness (AHR) (7, 129). In
the BALB/c mouse model of HMPYV infection, infection has
been associated with an indolent inflammatory response char-
acterized by innate immune and CD4" T cell trafficking to the
lungs, low-level IFN expression, induction of IL-10 expression
at later stages of infection, and delayed CTL activity that
coincides with persistent virus replication in the lungs (8). In
addition, one study showed age-associated aggravation of
HMPV clinical disease in BALB/c mice (51). Young and aged
mice showed respiratory dysfunction, weight loss, and similar
histopathological abnormalities. However, aged mice were far
more susceptible than young mice to HMPV infection. It was
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suggested that this increased susceptibility was linked to the
loss of cellular immune responses that are important for con-
trolling HMPV infection. The virus and host mechanisms that
contribute to pathogenesis are not fully understood, but sev-
eral studies have addressed these. In an intranasal inoculation
model, it was shown that HMPV-infected BALB/c mice devel-
oped parameters of clinical disease, including airway obstruc-
tion and hyperresponsiveness, and that this was mediated pre-
dominantly by CD4 T cells in comparison to CD8 T cells (129).

Cotton Rat Model

The cotton rat (Sigmodon hispidus and Sigmodon fulviventer)
has become an accepted model for studying respiratory virus
infections. Numerous studies have used the cotton rat model to
evaluate HMPYV infection, vaccine candidate efficacy, and dis-
ease pathogenesis (25, 35, 111, 155, 184, 197, 209, 210, 222,
251). In cotton rats infected intranasally with HMPV, peak
levels of virus replication in the lung generally occur between
days 4 and 5 p.i. Clinical symptoms are generally not observed,
although infection has been associated with significant in-
flammation and histopathological changes associated with
the development of peribronchial inflammatory infiltrates in
the lower respiratory tract (251). No significant peripheral
tissue pathology was evident in any of multiple tissues exam-
ined, and immunostaining revealed the presence of antigen at
the apical surface of respiratory epithelial cells, suggesting a
tropism for respiratory epithelial cells. Differences in suscep-
tibility to different HMPV strains have been examined. In one
study, cotton rats were inoculated intranasally with one of
three strains, i.e., HMPV-26575, HMPV-26583, or RL Bx
(257). Genetic analysis indicates that HMPV-26575 belongs to
genotype B, while HMPV-26583 and RL Bx belong to geno-
type A (257). Interestingly, the genotype A viruses had similar
replication kinetics and grew to high titers; however, the type
B virus failed to replicate to high levels in the lungs of cotton
rats. Increasing evidence demonstrates that the results ob-
tained were more likely to be due to strain differences than
genotype differences.

Young adult cotton rats are good models for evaluating
disease intervention strategies for HMPV, because changes
seen in cotton rats appear to be similar to those reported to
occur in nonhuman primates following HMPYV infection (131).
In both species, HMPV infection results in inflammation in
and around the bronchi and bronchioles, with markedly in-
creased numbers of leukocytes surrounding these regions. Vi-
rus-specific antibody staining revealed HMPV antigen pre-
dominantly on the apical surface of the columnar cells, and
peak viral titers in the lungs generally occurred around day
5 p.. (201). Infection is accompanied by an inflammatory re-
sponse characterized by upregulation of several chemokines
and cytokines in the lungs, including IFN-o, CCLS (RANTES),
CCL2 (MCP-1), CCL3 (MIP-1a), and IL-2 mRNAs (32).
HMPYV infection in cotton rats results in a partially protective
immune response, a reduced level of virus replication in the
lungs following challenge, and a virus-specific serum neutral-
izing antibody response (32).
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Hamster and Ferret Models

Several studies have evaluated HMPV infection and vaccine
efficacy in hamsters (Mesocricetus auratus). HMPV replication
in the lungs of hamsters has been shown to be high (10° PFU/g
lung tissue) and similar to levels observed in cotton rats (155).
This feature makes the hamster an ideal model for evaluating
vaccine antigenicity and efficacy (113). There has been little
done in the ferret model of HMPV infection. In one study that
evaluated a panel of small animal models for HMPV, ferrets
were infected intranasally with 10° PFU of HMPYV, and at day
4 p.., levels of virus in the turbinates and lung tissues were
determined (155). The results showed that like hamsters, fer-
rets support HMPV replication in the respiratory tract to high
titers, e.g., 4 to 4.7 log,, PFU/g tissue. Interestingly, there was
no evidence of fever in the ferrets, which were monitored daily,
and no clinical signs of illness. However, both hamsters and
ferrets developed neutralizing HMPV antibodies. Given these
limited features, the higher costs associated with ferrets, and
the limited availability of immunological reagents for ferrets, it
is likely that few studies will emerge using the ferret model.

HMPYV Infection in Nonhuman Primates

To date, several nonhuman primate species have been eval-
uated for HMPYV replication and viral pathogenesis, including
rhesus macaques, cynomolgus macaques, African green mon-
keys, and chimpanzees (22, 155, 210, 221). In chimpanzees
screened for the presence of neutralizing anti-HMPV antibod-
ies in serum, 61% (19 of 31 animals) of animals were seropos-
itive for either genotype A or genotype B HMPYV strains (210),
i.e., HMPV circulated within the chimps’ group or was trans-
mitted by their keepers. When chimpanzees were infected ex-
perimentally with HMPV, they demonstrated signs of clinical
disease, including nasal discharge, thick mucus, and decreased
appetites; however, despite these clinical changes, viral titers
reached only 1.8 to 3.2 log,, in either the lower or upper
respiratory tract (210). Rhesus macaques infected with 10°~
50% tissue culture infective doses (TCIDs,) of HMPV dem-
onstrated only low levels of viral replication, with peak titers
ranging from 0.9 to 2.6 log,, TCIDs, in nasopharyngeal swabs
and tracheal lavage fluid. In contrast, rhesus macaques in-
fected with a similar inoculum yielded viral titers of 2.2 to 3.7
and 4.9 to 5.0 log,, TCIDs, from the upper and lower respi-
ratory tracts, respectively, and developed serum neutralizing
antibody titers ranging from 9.1 to 10.9 log,, with initial infec-
tion conferring resistance against subsequent infections with
both homologous and heterologous HMPV strains (155, 221).
The African green monkey model has been utilized to inves-
tigate the generation of novel HMPV-based vaccines.

VACCINE DEVELOPMENT

A number of vaccines against HMPV have been investi-
gated, including those prepared from chimeric viruses, live-
attenuated viruses, and subunits of the virus. One of the first
vaccine studies evaluated the efficacy of a chimeric virus vector
consisting of bovine parainfluenza virus type 3 (PIV3) contain-
ing the F and HN genes of human PIV3 and expressing the
HMPV F protein (222). In this study, vaccination of hamsters
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or African green monkeys induced HMPV-specific neutraliz-
ing antibodies that protected against HMPV challenge (221,
222). Other chimeric vaccine candidates were evaluated, such
as a virus where the nucleoprotein or phosphoprotein of
HMPYV was replaced with that of AMPYV type C. High levels of
protective neutralizing antibodies were observed following in-
tranasal vaccination, and upon challenge, lung virus titers were
reduced substantially compared to those of controls at 3 days
postchallenge (184). A study examining a chimeric virus
vaccine based on alphavirus replicon particles encoding the
G or F protein of HMPV demonstrated that the virus har-
boring the F protein of HMPYV induced protective immunity
against subsequent challenge. The latter observation made
for HMPV is in contrast to the case for alphavirus harboring
the G protein, which did not appear to be immunogenic and
protective (170).

A live-attenuated HMPV vaccine candidate was generated
by repeated passages of HMPV at low temperature in Vero
cells, resulting in the accumulation of mutations in the viral
genome (111). These mutations were reverse engineered into a
wild-type HMPV backbone and resulted in a number of viruses
with a temperature-sensitive phenotype. Replication of these
temperature-sensitive HMPV vaccine candidates was reduced
in the upper respiratory tract of hamsters and undetectable in
the lower respiratory tract, but it was sufficient to induce high
titers of protective HMPV-specific antibodies (111). Other
live-attenuated vaccine candidates were generated by deleting
the SH and/or G gene or the second ORF of the M2 gene.
These vaccine candidates were shown to be attenuated in ham-
sters and nonhuman primates but were immunogenic, as they
protected animals from subsequent challenge (25, 35, 197).
However, a mutant virus lacking the M2-1 gene did not induce
protective immunity, indicating that M2-1 is essential for virus
replication.

The F protein has been used to develop several subunit
vaccine candidates. Vaccination of hamsters with adjuvanted
soluble F protein was shown to induce protective immunity
against HMPVs of both genetic lineages (112). In addition,
DNA vaccination with plasmid DNA carrying the F gene or
vaccination with a purified soluble F protein lacking the trans-
membrane domain induced protective immunity (48). More-
over, the use of CTL peptide epitopes has been tested as a
potential vaccination strategy in BALB/c mice: vaccination
with such peptides was shown to reduce viral loads and im-
mune pathology in the lungs of HMPV-challenged mice, an
effect linked to enhanced expression of Thl cytokines, includ-
ing IFN-y and IL-12 (108). Venezuelan equine encephalitis
virus replicon particles encoding the HMPV F or G protein
have also been evaluated for immunogenicity and protective
efficacy in mice (171). Although several vaccine strategies have
been developed, caution is needed, based on the disastrous
outcome of formalin-inactivated RSV (FI-RSV) vaccines. FI-
RSV vaccines administered to young children in the late 1960s
sensitized vaccinees for vaccine-enhanced illness upon natural
RSV infection (26). Similar FI-HMPV vaccines have been
examined in mice, and the results show that HMPV challenge
of FI-HMPV-vaccinated mice also leads to vaccine-enhanced
disease (59, 260).
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DIAGNOSTICS

Molecular Diagnostics

Currently, there exists neither a “gold standard” nor a con-
sensus assay for the detection of HMPV in clinical samples.
RT-PCR-based techniques are generally the methods of choice
for the detection of HMPV (29, 71, 76, 98, 158, 182, 230);
however, other assays, such as isothermal real-time nucleic
acid sequence-based amplification (NASBA), have been used
(92). Most PCR protocols detect all HMPV genotypes and rely
on conserved and essential regions within the N gene or the F
gene. Commercial singleplex assays are available from several
diagnostic companies. These assays include both RT-PCR
(e.g., assays by GenProbe/Prodesse, San Diego, CA) (82) and
NASBA (bioMérieux, Marcy I’Etoile, France) (92) assays. Un-
fortunately, data on the utility of those assays are rare, despite
the fact that NASBA was shown to be as sensitive as PCR-
based detection methods (92). Recent studies used multiplex
assays to evaluate large cohorts of patients coinfected with two
or more pathogens (21, 190). In some patients, up to five
pathogens were detected simultaneously. Most multiplex as-
says for the detection of respiratory viruses also include
HMPYV detection reagents. The XTAG respiratory virus panel
(RVP; Luminex, Toronto, Canada) was shown to have su-
perior negative predictive values, with acceptable positive
predictive values that were marginally lower than the posi-
tive predictive value of the ResPlex II test by Qiagen
(Hilden, Germany) (11). The ResPlex II assay has a broader
pathogen range and detects up to 19 different viruses, com-
pared to 17 viruses detected by the XTAG RVP assay (11).
With respect to HMPV, the xTAG RVP, ResPlex II, and
MultiCode-PLx assays have similar detection efficiencies (11).
In addition, the MultiCode-PLx assay (EraGen Biosciences,
Madison, WI) (175) has an identical negative predictive value
to that of the Qiagen assay, but both values are lower than that
for the Luminex assay (11). Thus, the xTag assay has received
FDA approval, which is a prerequisite for its favored use in
routine laboratory diagnostics in the United States, as in-house
validation would otherwise be required. Another FDA-ap-
proved multiplex assay is the FilmArray respiratory panel by
Idaho Technology Inc. (Salt Lake City, UT). This assay is a
fully automated cassette that contains all necessary reagents,
starting from extraction via a combined multiplex RT-PCR
followed by singleplex second-stage PCRs to the final detection
via endpoint melting curve. The assay is designed to detect up
to 15 different agents in a single sample and has a very high
specificity (99.2% for HMPV). An alternative multiplex detec-
tion method for respiratory pathogens is the RespiFinder tech-
nology (Pathofinder, Maastricht, The Netherlands), which is
based on multiplex PCRs that are analyzed by subsequent
capillary gel electrophoresis (192). This technology make use
of multiplex ligation-dependent probe amplification (MLPA)
and employs two probes which ligate exclusively in the pres-
ence of target-specific complementary sequences (34, 192).
This assay was shown to have high sensitivity (98.2%) and
specificity (100%) for HMPV in a study that investigated 144
clinical samples (192). Unfortunately, this assay is restricted in
its use to those laboratories that are equipped with a capillary
sequencing unit. The first version of this assay detected up to
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15 pathogens simultaneously, but the second version, i.e., Re-
spFinder19, is able to detect 19 pathogens simultaneously,
including 15 respiratory viruses. Recent studies have shown
that the RespiFinder assay (34) and the Seeplex RV15 ACE
assay (Seegene, Eschborn, Germany) (65) are more sensitive
than cell culture but comparable to singleplex real-time
RT-PCR. There are currently other novel technologies be-
ing developed for respiratory virus diagnostics. Some exam-
ples include microfluid chip-compatible assays (36), RT-
PCR coupled to electrospray ionization mass spectrometry
(42), and surface-enhanced Raman spectroscopy assays (207),
which may improve the sensitivity and range of pathogen de-
tection.

Fluorescent-Antibody Staining and ELISA

Diagnosis of HMPV infection is based on the direct detec-
tion of viral components (protein, particles, or RNA) rather
than indirect detection of antiviral antibodies in patient sera;
however, there is value in evaluating antibody levels, particu-
larly for understanding vaccine efficacy. Several studies have
reported high seroprevalences based on enzyme-linked im-
munosorbent assays (ELISAs) (68, 145, 176, 262) or micro-
neutralization assays (77, 153). ELISA detection of HMPV
is generally performed with in-house assays, because assay
kits are currently not commercially available. As an alter-
native method, cytospin-assisted direct immunofluorescence
assay (DFA) is used occasionally for HMPV diagnosis in Eu-
rope and has become quite standard in the United States, as it
allows for rapid detection of viral proteins from clinical sam-
ples, with acceptable sensitivities (124, 137). Commonly used
antibodies are those from Chemicon/Millipore (Chemicon In-
ternational, Temecula, CA) (137, 138); these monoclonal an-
tibodies are offered as complete kits, e.g., the Light Diagnostics
human metapneumovirus (HMPV) direct immunofluoresence
assay, or as the SimulFluor HMPV/RSV reagent (both from
Millipore, Billerica, MA). Also, Diagnostic Hybrids (Athens,
OH) has developed and launched FDA-cleared assays, namely,
the D3 DFA metapneumovirus identification kit for the detec-
tion of HMPV and the D3FastPoint L-DFA respiratory virus
identification kit, which allows the identification of 8 different
viruses, including HMPV. The latter test is claimed to be as
sensitive and accurate as DFA, but a recent study showed that
it is less sensitive than PCR and DFA; however, the time for
multiplex detection is shorter (M. Barger, D. Vestal, M. Nye,
and B. A. Body, presented at the 26th Clinical Virology Sym-
posium, 25 to 28 April 2010, Daytona Beach, FL).

Cell Culture

HMPV can be cultured in several cell lines, including ter-
tiary monkey kidney cells (231), Vero cells (231), LLC-MK2-
cells, BEAS-2B cells (226), A549 cells (14), and HepG2 cells
(202). These cell culture models facilitate HMPV research;
however, there are caveats related to the different envelopes
the viruses acquire as they bud from the cells, and these dif-
ferent envelopes may modify immune responses and may in-
terfere with some assays.
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FUTURE PERSPECTIVES

Although a substantial amount of knowledge on HMPYV has
been gained during the last decade, many issues remain un-
solved. Despite extensive efforts to understand the molecular
basis of the HMPV life cycle, the functions of several HMPV
proteins need to be investigated further. For instance, studies
regarding the F protein have shown that, as for most paramyxo-
viruses, the trigger that leads to the membrane fusion event re-
mains unknown. The binding of F protein to integrin av@1 may
provide such a trigger and is an intriguing area for further inves-
tigation. In addition, the function of the SH protein of paramyxo-
viruses has remained elusive, and more work is needed to gain
detailed knowledge of the HMPV polymerase complexes and the
roles of M2-1 and M2-2 during virus replication.

As for the clinical impact of HMPV, long-term studies are
needed to characterize disease pathogenesis and to understand
immunity in very young, old, or immunocompromised hosts
responding to HMPV infection. There is also a need to opti-
mize commercial diagnostic reagents and methods for detec-
tion of HMPYV infection. Although a plethora of studies have
been done on the clinical impact of HMPV, more detailed
studies are needed to clarify the importance of antigenic vari-
ation of HMPV in human populations. This is important for
the development of a cross-protective vaccine and for under-
standing antiviral approaches. Moreover, there is a need to
develop safe and effective vaccines that induce protective immu-
nity and perhaps give cross-protection against related viruses,
such as RSV. To achieve these goals, a better understanding of
the host response is needed at the genome level as well as the
immune level, and the mechanisms of innate immunity that fa-
cilitate adaptive immunity need to be determined.
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