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Human metapneumovirus (HMPV), a recently recognized
paramyxovirus in the Pneumovirus genus, was first isolated in
2001 from nasopharyngeal aspirates of young children with
respiratory disease (73). HMPV is a ubiquitous and important
respiratory pathogen causing upper and lower respiratory tract
disease in infants and young children, but infection may also
cause disease in the elderly and immunocompromised (15, 26,
38, 45, 73, 75). It is recognized that severe respiratory viral
infections in childhood are associated with the development of
asthma later in life (47), and HMPV disease has been implicated as a trigger for bronchiolitis and asthma in infants and
young children (38, 45). These features related to HMPV infection can be severe with prolonged recovery times, a feature
that is not well understood.
HMPV replication initiates in the upper respiratory tract;
however, it can spread to the lower airways involving the bronchi, bronchioles, and alveoli. Evidence from experimental infection in cynomolgus macaques indicates that HMPV replication is short-lived and limited to the apical surface of ciliated
respiratory epithelial cells (42). However, the various cell types
that may be susceptible to HMPV infection are not completely
understood. The HMPV G protein is considered to be the
principal means for virus attachment to host cells, and F protein is required for penetration mediated by fusion with the
plasma membrane (11, 59). Penetration requires proteolytic
cleavage of the F protein, incorporation of the viral envelope
into the cell membrane, nucleocapsid release into the cyto-

plasm, and L protein initiation of viral transcription where
replication proceeds in the cytoplasm without nuclear involvement (11, 59). Virions assemble at the plasma membrane,
where inclusion bodies containing viral ribonucleoprotein
cores appear immediately below the plasma membrane, and
nucleocapsids localize with cell membrane containing membrane viral proteins (73).
HMPV and respiratory syncytial virus (RSV) are closely
related pneumoviruses that after infection cause similar clinical manifestations (46, 54, 75, 79). Given the recent discovery
of HMPV (73), it is not surprising that substantially more is
known about RSV infection, and it is likely that many features
linked to RSV will be similar to HMPV (45). RSV and HMPV
genome have been detected in chronic obstructive pulmonary
disease patients (24, 25, 49, 61, 76, 78), a feature suggestive of
persistent infection. In the mouse model, RSV has been shown
to induce long-term airway disease characterized by chronic
airway inflammation and airway hyper-reactivity, where 42
days after RSV infection reverse transcription-PCR (RT-PCR)
indicated the presence of viral RNA in the lower respiratory
tract, and the presence of genomic RNA persisted for months
after infection (52). These findings are consistent with other
findings that RSV persists in the lungs of guinea pigs 60 days
after the resolution of acute bronchiolitis (17, 37), and the
observation of RSV latency and persistence in the lungs of
BALB/c mice despite T-cell immunity (60). Susceptibility to
persistent RSV infection likely involves both host and viral
factors. RSV is capable of evading immune responses by modifying cytokine and chemokine responses (67, 69, 71). Our
group and others have shown that RSV antagonizes antiviral
type I interferon (IFN) responses (9, 53, 64), modifies cytokine
regulation through suppressor of cytokine signaling pathways
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Human metapneumovirus (HMPV) has been identified as a worldwide agent of serious upper and lower
respiratory tract infections in infants and young children. HMPV is second only to respiratory syncytial virus
(RSV) as a leading cause of bronchiolitis, and, like RSV, consists of two major genotypes that cocirculate and
vary among communities year to year. Children who have experienced acute HMPV infection may develop
sequelae of wheezing and asthma; however, the features contributing to this pathology remain unknown. A
possible mechanism for postbronchiolitis disease is that HMPV might persist in the lung providing a stimulus
that could contribute to wheezing and asthma. Using immunohistochemistry to identify HMPV-infected cells
in the lungs of mice, we show that HMPV mediates biphasic replication in respiratory epithelial cells then
infection migrates to neuronal processes that innervate the lungs where the virus persists with no detectable
infection in epithelial cells. After glucocorticoid treatment, the virus is reactivated from neural fibers and
reinfects epithelial cells. The findings show that HMPV persists in neural fibers and suggest a mechanism for
disease chronicity that has important implications for HMPV disease intervention strategies.
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(53), mimics the activities of CX3C chemokines (68), alters
pulmonary T-cell trafficking (34, 68, 70), inhibits apoptosis (28,
30), and enters immune-privileged cells such as pulmonary
neurons (43, 61). RSV may also escape an established immune
response through variability in envelope-associated protein
genes (13, 80). Persistent HMPV infection has been documented in hematopoietic stem cell transplantation patients
(20, 22), where HMPV infection in the lower respiratory tract
was associated with respiratory failure in some immunocompromised adults (22), and evidence indicates that HMPV may
persist the lungs of HMPV-infected mice (1, 2, 32). Like RSV,
emerging studies are revealing that HMPV modulates aspects
of immunity to facilitate replication, and it is possible these
attributes may also contribute to persistence.
The evidence that HMPV may persist in the lungs after
infection suggests that HMPV utilizes mechanisms to avoid or
reduce host immunity to infection. HMPV lacks nonstructural
NS1 and NS2 genes (5) that have been shown for RSV to
antagonize the activities of type I IFNs (9, 29, 64). Despite the
absence of this feature, HMPV appears to be able to inhibit
the type I IFN antiviral response through other mechanisms. In
one study that examined HMPV-infected lung epithelial cells,
it was shown that HMPV is capable of regulating IFN-mediated signaling through regulation of STAT1 phosphorylation
and nuclear translocation (21). In addition, HMPV G protein
has recently been shown to associate with the intracellular viral
RNA sensor, RIG-I, and inhibit RIG-I-dependent gene transcription and cellular signaling (4). In that study, infection of
airway epithelial cells with a recombinant HMPV lacking the G
protein resulted in higher levels of chemokines and type I IFNs
compared to cells infected with wild-type HPMV and indicated
that the G protein mediated an effect that was linked to nuclear factor (NF)-B and IFN regulatory factor transcription
factors (4).

HMPV and RSV have many similarities including clinical
manifestations of disease (46, 54, 75, 79), and evidence for
persistence after infection (1, 2, 17, 23, 32, 37, 60, 61). Since
RSV may infect primary cortical neurons and neurons that
innervate the lungs of BALB/c mice (43), we postulated
that HMPV may also infect immune-privileged neuronal cells
that innervate the lungs of BALB/c mice as a means to facilitate persistence. In the present study, we examine infection of
BALB/c mice with strain A HMPV/CAN98-83 and show that
HMPV undergoes biphasic replication of respiratory epithelia
in the lung, persists in neuronal processes or fibers that innervate the lungs of mice, and can be reactivated from neuronal
processes by dexamethasone (Dx) treatment leading to reinfection of respiratory epithelia and histopathology. The implications of these findings are important in understanding
HMPV disease sequelae and disease chronicity and may also
have important implications for patients receiving steroid
treatment to reduce pulmonary inflammation or chronic obstructed airways linked to previous respiratory virus infection
(33, 62).
MATERIALS AND METHODS
Animals. Four- to six-week-old, specific-pathogen-free female BALB/c mice
were purchased from Harlan Sprague-Dawley Laboratories (Indianapolis, IN).
The mice were housed in microisolator cages and fed sterilized water and food
ad libitum. Experiments were approved by Institutional Animal Care and Use
Committee at the University of Georgia.
Virus preparation and cell lines. Rhesus monkey kidney cells (LLC-MK2;
ATCC CCL 7.1) were maintained in GlutaMAX-I reduced serum medium
(Opti-MEM; Gibco USA) supplemented with 5% fetal bovine serum (TCM;
HyClone, Logan, UT). A HMPV stock was prepared in LLC-MK2 cells by using
similar methods as previously described (1). Briefly, before infection, 80% confluent LLC-MK2 cells were washed three times in serum-free Opti-MEM and
then infected with strain A HMPV/CAN98-83 (HMPV) at a multiplicity of
infection of 0.5. The virus was allowed to adsorb for 1.5 h at 37°C in serum-free
Opti-MEM containing 2.5 g of TPCK (tolylsulfonyl phenylalanyl chloromethyl

Downloaded from https://journals.asm.org/journal/jvi on 30 July 2021 by 52.40.116.66.

FIG. 1. Kinetics of HMPV replication in BALB/c mice as demonstrated by lung virus titers. Mice were intranasally infected with 5 ⫻ 105 PFU
of HMPV/CAN97-83, and the lung titers were determined at the time points indicated by using an immunostaining plaque assay as previously
described (1). The error bars indicate the standard error of the mean.
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FIG. 2. IHC detection of HMPV infection in lung sections. Paraffin-embedded lung sections collected from mice at the times indicated were
prepared as previously described (35, 36) and stained with rabbit antisera reactive to HMPV G protein. (A) Images (⫻25 magnification) of the
lung section are separated by the dashed line from ⫻100 magnification images for each time point examined. (B) To aid interpretation, the IHC
scores are indicated. IHC scores are indicated as follows: 0, no IHC staining detected or negative; 0.5, ⬍10% cells have detectable IHC staining;
1, weak positive where 10 to 20% cells have detectable IHC staining; 2, positive where 30 to 40% cells have detectable IHC staining; 3, positive
where 50 to 70% cells have detectable IHC staining; and 4, strong positive where 80 to 100% cells have detectable IHC staining.

ketone)-treated trypsin (Worthington Biochemical Corp)/ml, after which the
infected cultures were incubated for 7 to 8 days in Dulbecco modified Eagle
medium containing 5% heat-inactivated fetal bovine serum (TCM) and 5 g of
trypsin/ml. Infected cells were harvested by removal of the medium, replacement
with a minimal volume of serum-free Opti-MEM, followed by two snap-freezethaw cycles at ⫺70 and 4°C, respectively. The contents were collected, sonicated
on ice by using a Handheld Sonic Dismembrator (Fisher Scientific model 100),
and centrifuged at 4,000 ⫻ g for 20 min at 4°C to remove cell debris, and the titer
was determined by plaque assay as described below.

Infection, sampling, and Dx treatment. BALB/c mice were anesthetized by
intraperitoneal administration of 2,2,2-tribromoethanol (Avertin) and infected
intranasally with 5 ⫻ 105 PFU of HMPV. Mice were sacrificed at days 0, 7, 10,
14, 21, 28, 56, and 77 days postinfection (p.i.) for virus titer determination,
immunohistochemistry (IHC), and RT-PCR. Prior to removal of lungs, anesthetized mice were exsanguinated by severing the right caudal artery. By day 77 p.i.,
no detectable HMPV antigen was observed in IHC sections stained with a
polyclonal antibody directed against HMPV, by a polyclonal antibody directed
against HMPV G protein, or by immunostaining plaque assay of lung lysates.
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FIG. 3. IHC detection of HMPV infection in neuronal processes that innervate the lungs. (A) Lung sections were prepared from mice
at the times indicated and stained with rabbit antisera reactive to HMPV G protein or using monoclonal antibody specific to the neuron
marker, PGP9.5. The sections represent ⫻25 magnification. (B) Lung sections were evaluated for in situ hybridization of HMPV M gene
genomic RNA as previously described (3). The boxes and circles indicate areas of hybridization in PGP9.5⫹ cells. (C) Quantitative analysis
of in situ hybridization signals was determined to aid interpretation. Five images were randomly captured from each lung section; the defined
image area was measured based on the fluorescence intensity, and the cumulative fluorescence was normalized to a total fluorescence
distribution in 50,625-m2 area of tissue.
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For Dx treatment, mice at day 77 p.i., were intravenously administered the
glucocorticoid, Dx (Sigma), by tail vein injection given in three doses of 0.75 g
of Dx and 300 l of phosphate-buffered saline (PBS) every other day for 6 days.
The 3-g dose of Dx has previously been shown to enable virus reactivation of
herpes simplex virus type 1-infected mice (31, 58). Untreated mice received
intravenous tail vein injections of three doses of PBS vehicle only. Both treated
and untreated mice were then sacrificed at days 0 (i.e., day 77 p.i.), 4, 7, and 13
posttreatment for virus titers, IHC, and quantitative PCR analysis. Lung tissues
were collected on ice in 1 ml of PBS (Gibco/Invitrogen) to determine virus titers
or collected in RNA Later (Ambion, Austin, TX) for RT-PCR analysis.
Virus titers. HMPV titers from homogenized lungs were determined by immunostaining plaque assay using rabbit anti-HMPV G protein rabbit serum
(Biosynthesis, Inc., Lewisville, TX) raised against two HMPV peptides, G1-17
(amino acids [aa] 1 to 17 of strain A HMPV/CAN98-83; MEVKVENIRAIDM
LKAR) and G203-219 (aa 203 to 219 of strain A HMPV/CAN98-83; EETGSA
NPQASVSTMQN) as previously described (8). Pooled antisera were tested by
enzyme-linked immunosorbent assay (ELISA) for reactivity to the immunizing
peptides, to an irrelevant peptide control, to HMPV/CAN98-83-infected LLCMK2 cell lysate, and to uninfected LLC-MK2 cell lysate control. Briefly, HMPVinfected and uninfected lungs were collected, and 1.0 g of tissue was homogenized in 1 ml of PBS. The lung homogenates were placed on ice for 15 min to
allow debris to settle. Clarified lung lysates were diluted 10-fold in serum-free
Opti-MEM, added to 95% confluent LLC-MK2 cells in serum-free Opti-MEM
in 24-well plates (BD Falcon, San Jose, CA), and incubated for 1 h at 37°C,
followed by SeaPlaque agarose overlay in serum-free Opti-MEM containing 2.5
g of trypsin/ml. At day 6 p.i., the overlay medium was removed from the cells
on the 24-well plates, the wells were carefully washed with PBS, and the cells
were fixed with acetone-methanol (60:40). After air drying, the cells were immunostained with affinity-purified rabbit anti-HMPV G protein rabbit antisera,

and the plaques were enumerated with 3⬘,3⬘-diaminobenzidine (DAB; Vector
Laboratories, Burlingame, CA).
IHC. For IHC staining, paraffin-embedded lung sections were prepared as
described previously (35, 36). Briefly, 5-m-lung sections were deparaffinized in
xylene and hydrated in graded ethanol, followed by deionized water. Endogenous
peroxidase activity was blocked by incubating the sections in 2% hydrogen
peroxide in methanol for 1 min. Sections were stained overnight with appropriate
dilutions of rabbit antisera reactive to HMPV G protein or using monoclonal
antibodies specific to neuron marker PGP9.5 (Abcam) or an epithelial cell
marker, Cytokeratin 7⫹ (Chemicon), as previously described (3). Biotin-conjugated goat anti-rabbit secondary antibody was applied as appropriate or used
alone as a control, followed by incubation with ABC-peroxidase complex. A
DAB substrate kit was used to develop coloration according to commercial
recommendations (Vector Laboratories). No substantial background staining
was evident with secondary antibody staining alone. Cryostat sections of 15-mpore-size thickness were used for colocalization studies of HMPV G protein with
neuron marker PGP9.5 (Abcam) or epithelial cell marker Cytokeratin 7⫹ as
previously described (3). Alexa Fluor 488-conjugated goat anti-rabbit or Alexa
Fluor 555-conjugated goat anti-mouse secondary antibody (Invitrogen) was used
to detect primary antibody staining. For in situ hybridization and IHC studies,
after in situ hybridization, the sections were blocked with 5% normal goat serum
and subjected to IHC staining as described above. The sections were visualized
by using a Zeiss LSM 510 confocal microscope. The nuclei were counterstained
with DAPI (Vector Laboratories), mounted, and analyzed.
To aid interpretation of the IHC results, all scoring was done blinded using an
IHC score as follows: 0, no IHC staining detected/negative; 0.5, ⬍10% cells have
detectable IHC staining; 1, weak positive where 10 to 20% cells have detectable
IHC staining; 2, positive, where 30 to 40% cells have detectable IHC staining; 3,
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positive where 50 to 70% cells have detectable IHC staining; and 4, strong
positive where 80 to 100% cells have detectable IHC staining.
In situ hybridization. We used 5-m paraffin sections for in situ hybridization
of HMPV M gene genomic RNA. The probes were synthesized by Invitrogen
with 5⬘ modification of Alexa Fluor 488 or biotin. The sequences of probes were
as follows: 5⬘-TCTGTATGCTGCATCACAAAGTGGTCCAATACTAAAAG
TGAATGCATCGGCCCAG-3⬘ and 5⬘-AATCAGCCACTGTTGAAGCTGCA
ATAAGCAGTGAAGCAGACCAAG-3⬘. In situ hybridization was performed
as previously described (3). Briefly, lung sections were deparaffinized and fixed
with 2% formaldehyde, followed by digestion with 10 g of proteinase K/ml. The
sections were heat treated at 98°C for 2 min to inactivate proteinase K. Subsequently, the sections were incubated with 1 pmol of probes diluted in Enoko
hyb-buffer (VWR)/l with 2% bovine serum albumin at 95°C for 5 min at 48°C
for 4 h or overnight in a humidified atmosphere. The sections were washed with
2⫻ saline sodium citrate (SSC) buffer made from a 20⫻ stock solution consisting
of 3 M sodium chloride and 300 mM trisodium citrate (adjusted to pH 7.0 with
HCl) for 5 min, 1⫻ SSC for 5 min, and 0.5⫻ SSC for 5 min at 50°C and then
examined by using a fluorescence microscope. Quantitative analysis of in situ
hybridization signals were calculated by using LSM 510 software Histo-program
(Zeiss). Five images were randomly captured from each section. The defined
area of images was measured based on the fluorescence intensity, and the
cumulative fluorescence was normalized to a total fluorescence distribution in a
50,625-m2 area of tissue.
RT-PCR analysis. Total RNA was isolated from HMPV-infected BALB/c lung
tissue utilizing a commercial RNA isolation kit (Totally RNA; Ambion, Austin,
TX) according to the manufacturer’s protocol. Briefly, RT-PCR primers were
generated to the N gene of strain A HMPV/CAN98-83. HMPV N gene forward
primer (5⬘-CACCGGCAAAGCATTAGGCTCATC-3⬘) and reverse primer (5⬘TTTGGGCTTTGCCTTAAATG-3⬘) were used for RT, followed by 35 cycles of
PCR. For RNA quality control, the housekeeping gene GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was amplified by using the GAPDH forward
primer (5⬘-GGGTGGAGCCAAACGGTC-3⬘) and the GAPDH reverse primer
(5⬘-GGAGTTGCTGTTGAAGTCGCA-3⬘). Plasmid DNA containing the
HMPV N gene was used to generate a standard curve, based on genome copy
number using the HMPV N gene forward primer (5⬘-GCAGCAAAGCAGAA
AGTTTATTCGT-3⬘), reverse primer (5⬘-CCCACCTCAGCATTGTTTGAC3⬘), and probe labeled with the dye FAM (5⬘-CAGCACCGTAAGCTT-3⬘; Applied Biosystems, Foster City, CA).
Statistical analysis. Lungs were collected from six animals/time point/experiment in three to four separate experiments. All experiments were performed in
triplicate, and the mean values ⫾ the standard deviation determined for three
separate assays. Statistical significance was determined by using a Student t test,
where a P value of ⬍0.05 was considered statistically significant.

RESULTS
Lung virus titers after HMPV infection. Previous findings
from our laboratory examining HMPV/CAN98-75 replication
in BALB/c mice showed that HMPV replicated in lung tissues
with biphasic kinetics where infectious virus was recovered out
to day 60 p.i. despite the presence of HMPV-specific and
neutralizing antibodies (1). In the present study, lung virus
titers in BALB/c mice intranasally infected with 5 ⫻ 105 PFU
HMPV/CAN97-83 were determined at days 0 to 84 p.i. by
immunostaining plaque assay (1, 2). Similar to our previous
findings (1), HMPV/CAN97-83 (HMPV) replicated in a biphasic mode with peak virus titers occurring at days 7 and 28 p.i.
(Fig. 1). The first peak of virus replication was evident in the
lungs at day 7 p.i. However, by day 14 p.i., lung virus titers
decreased but then increased at day 21 p.i. where a second
peak in virus titer occurred at day 28 pi. Lung virus titers
remained high out to day 42 p.i. but had considerably decreased at day 56 p.i. and were undetectable at day 77 and
84 p.i. (Fig. 1). These results suggest that HMPV persists to
day 56 p.i., a feature similar to that shown for HMPV/
CAN98-75 infection in mice (2).
IHC detection of HMPV infection. To determine the degree
of HMPV infection in the lungs, lung sections from mice in-

fected with HMPV at days 0 to 77 p.i. were evaluated by IHC
and scored as indicated in Materials and Methods. Similar to
the lung virus titers that showed biphasic replication (Fig. 1),
biphasic HMPV infection of respiratory epithelial cells was
detected by IHC with peak antigen staining occurring at days
14 and 42 p.i. (Fig. 2). HMPV infection was detected by IHC
at day 7 p.i., where 30 to 40% of the cells had detectable IHC
staining (Fig. 2B). By day 14 p.i., 80 to 100% of the cells were
strongly positive for IHC staining; however, by day 21 p.i.,
⬍10% of the cells had detectable IHC staining. The cells in
lung sections were weakly positive at day 28 p.i., where 10 to
20% cells had detectable IHC staining; however, at day 42 p.i.,
80 to 100% of the cells were strongly positive for IHC staining
(Fig. 2). Weak to no IHC staining was detected at day 56 p.i.,
no IHC staining was evident at day 77 p.i. (Fig. 2), and no IHC
staining was detected at time points out to day 98 p.i. (data not
shown). In general, the lung virus titers (Fig. 1) followed a
similar trend as the IHC staining of respiratory epithelial cells
(Fig. 2) where there were early and late peaks of detection. A
possible explanation for the differences in kinetics of IHC and
virus detection may be that HMPV enters a persistent state in
the lungs of infected mice. Persistent infections may involve
stages of both silent and productive infection without producing damage to the host cells and can be maintained by modulation of virus and host gene expression and modification of the
host immune response.
Detection of HMPV infection of PGP9.5ⴙ neuronal cells.
The evidence for biphasic replication of HMPV in the lungs of
infected mice (Fig. 1 and 2), and the previous findings of
persistent infection despite the presence of an anti-HMPV
immune response (1, 2) indicate that HMPV can evade immunity. One potential mechanism of immune evasion is infection
of immune-privileged cells such as neuronal processes that
innervate the lungs. Since HMPV and RSV are closely related
pneumoviruses that cause similar clinical manifestations (46,
54, 75, 79), and RSV has been shown to infect PGP9.5⫹ neuronal processes that innervate the lungs of mice, lung sections
were examined for evidence of HMPV infection of neuronal
cells at days 0 to 77 p.i. In these studies, lung sections were
stained for the expression of PGP 9.5, a neuron-specific marker
(19, 77), or HMPV G protein (Fig. 3A). The results showed
HMPV G protein staining in the respiratory epithelia at days 7
to 42 p.i., a feature correlating with detection of virus over this
period (Fig. 1 and 2) and, as expected, PGP9.5⫹ staining of
lung sections was evident at all time points examined (Fig. 3A).
Of note, HMPV G protein detection merged with PGP9.5⫹
staining at days 28 to 42 p.i., indicating HMPV infection of
neuronal cell processes innervate the lungs.
In situ hybridization was performed to confirm the presence
of HMPV genomic RNA in PGP9.5⫹ cells in the lung sections
at days 0 to 91 p.i. Hybridization signals from the HMPV M
gene were measured based on the fluorescence intensity and
the cumulative fluorescence normalized to a total fluorescence
distribution in 50,625-m2 area of tissue. The results are shown
for day 42 p.i. (Fig. 3B) and confirm that PGP9.5⫹ neuronal
cells harbor HMPV genomic RNA. Evaluating the distribution
of HMPV genomic RNA across the tissue slice revealed that
the majority of signal occurred along the epithelium with a very
small fraction of signal in neural fibers; however, no HMPV
genomic RNA was detectable in epithelial cells at days 77 or
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FIG. 4. IHC detection of HMPV infection and lung virus titers following glucocorticoid reactivation of HMPV. Lung sections were collected from
mice at the times indicated after Dx (⫹Dx) or PBS (⫺Dx) treatment and stained with rabbit antisera reactive to HMPV G protein. (A) Images (⫻100
magnification) of the lung sections are shown. (B) To aid interpretation, the IHC scores are indicated as follows: 0, no IHC staining detected or negative;
0.5, ⬍10% cells have detectable IHC staining; 1, weak positive where 10 to 20% cells have detectable IHC staining; 2, positive where 30 to 40% cells have
detectable IHC staining; 3, positive where 50 to 70% cells have detectable IHC staining; and 4, strong positive where 80 to 100% cells have detectable
IHC staining. ⫹, Dx treatment; ⫺, no Dx treatment. (C) Lung virus titers steroid activation. Lung virus titers were determined at days 4, 7, or 13
posttreatment by using immunostaining plaque assay as previously described (1). The error bars indicate the standard error of the mean. The asterisk
indicates significant (P ⬍ 0.05) differences between day 13 and day 4 lung virus titers after Dx treatment.

91 p.i. (Fig. 3C). Interestingly, peak M gene signal correlated
with IHC staining over the course of infection but was delayed
relative to peak lung virus titers, an effect that may be linked to
the persistent state of HMPV infection.

HMPV is reactivated after steroid treatment. To determine
whether HMPV could be reactivated from the lungs of infected mice at a time point where no infectious virus (Fig. 1)
or infection could be detected by IHC (Fig. 2), and no
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genomic RNA was detectable in epithelial cells (Fig. 3C),
HMPV-infected mice at day 77 p.i. were intravenously
treated with the glucocorticoid Dx using a dose and regimen
that has previously been shown to enable reactivation of
herpes simplex virus type 1 from infected mice (31, 58).
Control untreated mice received intravenous tail vein injections of PBS vehicle only. Both treated and untreated mice
were then sacrificed at day 0 (day 77 p.i.), day 4 (day 81 p.i.),
day 7 (day 84 p.i.), or day 13 (day 90 p.i.) posttreatment to
determine reactivation assessed by IHC and lung virus titers
(Fig. 4A). The results show that treatment with Dx, but not
PBS, reactivates HMPV as detected by IHC staining of
respiratory epithelial cells at day 7 and day 13 post-Dx
treatment (Fig. 4A). Based on IHC score, at day 7 post-Dx
treatment, 50 to 70% of the respiratory epithelial cells had
detectable IHC staining, and at day 13 posttreatment, 10 to
20% of the cells had detectable IHC staining (Fig. 4B).
Similar to IHC findings, no infectious virus in the lungs was
detected at day 4 post-Dx treatment; however, infectious
virus was detected at day 7 post-Dx treatment, and significantly (P ⬍ 0.05) higher levels of virus were detected at day
13 post-Dx treatment (Fig. 4C). These results show that
persistent HMPV infection in the lung can be reactivated by
treatment with a steroid, a feature likely related to the
immunosuppressive nature of the steroid (14, 31, 58).
In situ hybridization was performed with the HMPV M gene
probe to confirm the presence of HMPV genomic RNA in
PGP9.5⫹ neuronal processes or Cytokeratin 7⫹ respiratory
epithelial cells after Dx treatment (Fig. 5). The results are
shown for day 13 post-Dx or PBS treatment (or day 90 p.i.)
since this time point had the highest HMPV virus titers after
reactivation with Dx (Fig. 4C). As expected, no HMPV
genomic RNA was detectable in PBS vehicle-treated mice;
however, HMPV genomic RNA was readily detected in
PGP9.5⫹ neuronal processes and in Cytokeratin 7⫹ respiratory epithelial cells in Dx-treated mice (Fig. 5A). Evaluating
the distribution of HMPV genomic RNA across the tissue slice
revealed signal occurring in epithelial and neural fibers at day
7 post-Dx treatment; however, substantially higher signal was
evident in the respiratory epithelium at day 13 post-Dx treatment (Fig. 5B). These results indicate that HMPV persists in
neuronal process and, after Dx treatment, HMPV moves from
neuronal processes to infect the surrounding respiratory epithelia.
DISCUSSION
HMPV is represented by two genotypes with prototypical
members, including HMPV/CAN97-83 and HMPV/CAN98-75
(7, 63). The overall level of genome nucleotide sequence identity and amino acid sequence identity between HMPV/
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CAN97-83 and HMPV/CAN98-75 subgroups has been shown
to be 80 and 90%, respectively, with the greatest diversity
between these subgroups reported for the G and SH proteins,
i.e., 59 and 37% identity, respectively (7). HMPV/CAN97-83
and HMPV/CAN98-75 exhibit ca. 48% antigenic relatedness
based on reciprocal cross-neutralization assays with postinfection hamster sera, and 64 to 99% antigenic relatedness based
on cross-neutralization assays with postinfection sera from all
three primate species (63). The expected biphasic replication
for HMPV/CAN97-83 and HMPV/CAN98-75 as previously
reported by our group has not been reported in other studies
in mice. In one study examining the contribution of T cells to
antiviral immunity and pathogenesis after HMPV/CAN97-83
infection of 6- to 7-week-old BALB/c mice, the HMPV titers
were shown to peak at day 4 p.i. and remain unresolved,
whereas low levels of HMPV were detected out to day 21 p.i.
as determined by a 50% tissue culture infective dose assay
using LLC-MK2 cells (39). It is possible that the HMPV strain,
the time course being evaluated, the methods of virus detection, and/or age of the mice used in the studies may contribute
to the differences in HMPV replication observed among studies. For example, in one study that examined age-associated
aggravation of clinical disease after HMPV infection, infection
of 8-week-old BALB/c mice with a novel subgroup A2 strain of
HMPV(C4-CJP05) was delayed compared to 18-month-old
mice, although lung virus titers were only evaluated out to day
9 p.i. (18). It is also possible that the dose of virus administered
at infection contributes to the differences in the kinetics of
peak lung virus expression. For example, in the study reported
here mice were intranasally inoculated with 5 ⫻ 105 PFU
HMPV/CAN97-83, and peak virus titers were observed at days
7 and 28 p.i., while in a related study previously reported from
our laboratory (1), mice were intranasally inoculated with 106
PFU HMPV/CAN98-75, and peak virus titers were observed at
days 7 and 14 p.i.
The finding in the present study that HMPV infects and
persists in neuronal cell processes that innervate the lungs is
important for understanding some of the potential mechanisms that may contribute to clinical disease. HMPV shares
epidemiological and clinical traits with RSV causing clinical
symptoms ranging from upper respiratory tract disease to severe bronchiolitis and pneumonia and may exacerbate chronic
obstructive pulmonary disease (6, 12, 48, 51, 57, 61, 73). RSV
has been shown to persist in a variety of cells and animal
models (10, 17, 37, 60, 61, 66, 72), and infection with RSV has
been shown to induce acute and chronic airway disease correlated with pulmonary function abnormalities (23, 52). Since
HMPV can cause persistent infection (1, 2, 32), this suggests
that persistence may be a potential mechanism that could
contribute to post-bronchiolitis disease. Persistent infections

FIG. 5. IHC detection of HMPV infection in respiratory epithelial cells and neuronal processes following glucocorticoid reactivation. (A) Lung
sections were prepared from mice at day 13 posttreatment with Dx (⫹Dx) or PBS (–Dx) and stained with rabbit antisera reactive to HMPV G
protein, using monoclonal antibody specific to the neuron marker, PGP9.5, or an antibody specific for Cytokeratin 7⫹. The sections represent ⫻25
magnification. (B) Lung sections were evaluated for in situ hybridization of HMPV M gene genomic RNA, and quantitative analysis of in situ
hybridization signals was performed to aid interpretation. Five images were randomly captured from each lung section, the defined image area was
measured based on the fluorescence intensity, and the cumulative fluorescence was normalized to a total fluorescence distribution in 50,625 m2
area of tissue.
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by paramyxoviruses are well documented and are often attributed to IFN antagonism by nonstructural (NS) proteins (27, 40,
41, 44, 55, 56) and, for RSV, the attachment G protein and NS
proteins have been shown to modify the type I IFN response
associated with suppressor of cytokine signaling proteins and
IFN-stimulated gene 15 (53). Recently, HMPV has been
shown to subvert type I IFN signaling by a mechanism distinct
from other paramyxoviruses (21). In that study, HMPV infection was shown to prevent IFN-␣-induced phosphorylation and
nuclear translocation of STAT1. These findings may provide
important insights into the mechanisms associated with HMPV
persistence. One consequence of persistent HMPV infection is
that persistence may allow for accumulation of viral mutants
with better fitness, which may lead to other phenotypes such as
nonsyncytial plaque mutants (50), alternatively the accumulation of mutants may allow for persistence. The findings that
neuronal cells express several ␤1 integrins, including ␣5/␤1
(65), is consistent with integrins ␣5/␤1 promoting infection by
HMPV (16).
In situ hybridization analysis detected HMPV genome in the
lungs of infected mice out to day 91 p.i. and indicated that
respiratory epithelial cells lining the airways contained the
majority of HMPV genome out to day 77 p.i., after which
HMPV genome could only be detected in neuronal processes. Notably, no evidence of HMPV infection was detected at day 77 p.i. or beyond as determined by IHC staining or by immunostaining plaque assay. However, Dx
treatment of HMPV-infected mice at day 77 p.i. enabled
reactivation of HMPV that led to substantial lung virus
titers at days 7 and 13 posttreatment and reinfection of the
surrounding respiratory epithelia at day 13 p.i. as determined by in situ hybridization analysis. These findings support the observation of immune control of persistent HMPV
infection as we previously reported (2) and have important
implications in disease intervention strategies.
Vaccine studies with cynomolgus macaques which had been
vaccinated three times with HMPV within a 10-week period
showed no protection against HMPV challenge 8 months after
the last boost (74). This result was interpreted as transient
immunity despite data showing virus neutralizing antibody titers measured at 8 months that were in the same range as those
measured 4 to 6 weeks after the primary infections where the
animals were protected (74). In addition, in that study HMPV
genome was detectable in macaques challenged 6 weeks or 8
months after the previous infections, while virus neutralizing
antibody titers were still present. These results were interpreted as an indication that a certain threshold of virus neutralizing antibody titers is required for protection; however,
these results may reflect persistent HMPV infection in the
animals and potentially infection of cell types that are immune
privileged, as shown in the present study and indicated or
implied in other studies (1, 2, 32).
In summary, a better understanding of the mechanisms that
contribute to HMPV persistence and its ability to infect neuronal processes that innervate the lungs will likely be beneficial
to advance our understanding of the pathophysiology associated with HMPV infection, as well as in the development of
disease intervention strategies.
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