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Human metapneumovirus (hMPV), a member of the family Paramyxoviridae, is a leading cause of lower
respiratory tract infections in children, the elderly, and immunocompromised patients. Virus- and host-specific
mechanisms of pathogenesis and immune protection are not fully understood. By an intranasal inoculation
model, we show that hMPV-infected BALB/c mice developed clinical disease, including airway obstruction and
hyperresponsiveness (AHR), along with histopathologic evidence of lung inflammation and viral replication.
hMPV infection protected mice against subsequent viral challenge, as demonstrated by undetectable viral
titers, lack of body weight loss, and a significant reduction in the level of lung inflammation. No cross-
protection with other paramyxoviruses, such as respiratory syncytial virus, was observed. T-lymphocyte de-
pletion studies showed that CD4� and CD8� T cells cooperate synergistically in hMPV eradication during
primary infection, but CD4� more than CD8� T cells also enhanced clinical disease and lung pathology.
Concurrent depletion of CD4� and CD8� T cells completely blocked airway obstruction as well as AHR.
Despite impaired generation of neutralizing anti-hMPV antibodies in the absence of CD4� T cells, mice had
undetectable viral replication after hMPV challenge and were protected from clinical disease, suggesting that
protection can be provided by an intact CD8� T-cell compartment. Whether these findings have implications
for naturally acquired human infections remains to be determined.

Human metapneumovirus (hMPV) is a recently identified hu-
man respiratory viral pathogen belonging to the family Paramyxo-
viridae, which includes two subfamilies, the Paramyxovirinae and
the Pneumovirinae. The Pneumovirinae are taxonomically divided
into the Pneumovirus and Metapneumovirus genera, based primar-
ily on their gene constellations. Respiratory syncytial virus (RSV),
an important cause of pediatric respiratory illness, belongs to the
Pneumovirus genus, while hMPV has been assigned to the Meta-
pneumovirus genus, based on genomic sequence analysis (29).
Metapneumoviruses lack the nonstructural proteins NS1 and
NS2, and the gene order is different from that of pneumovi-
ruses. hMPV is the first human virus of this group; the only
other member is the avian pneumovirus, an etiological agent of
respiratory infections in turkeys. Since the discovery of hMPV
in The Netherlands (30), the virus has been identified in many
different countries, including Australia (24), Canada (3), the
United Kingdom (28), Finland (28), France (9), South Amer-
ica, and the United States (7, 8, 32). hMPV has a seasonal
distribution (it is usually isolated during the winter) and is
associated with both upper and lower respiratory tract infec-
tions in children and adults (7, 8, 32). A number of children
with proven hMPV infections have a clinical syndrome consis-
tent with bronchiolitis: they present with wheezing, hypoxia,
and other typical radiological findings (7, 18, 32). According to
different reports, 5 to 12% of all respiratory tract infections in

younger infants are caused by hMPV, a proportion second only
to that of RSV. hMPV is also responsible for 10% of all
hospitalizations of elderly patients with respiratory tract infec-
tions (7, 8, 32).

The pathophysiology of hMPV infection and the possible
contribution of the host immune response to the pathogenesis
of hMPV-induced lower airway disease are largely unknown.
In particular, whether T lymphocytes may be involved in anti-
viral immunity against hMPV, as well as contributing to lung
disease, is not fully understood. Studies of experimental RSV
infection in mice have shown that the T-cell response helps to
resolve RSV infection but also contributes to the pathogenesis
of disease. In particular, depletion of CD4� or CD8� T cells
reduced disease, and depletion of both subsets resulted in
long-term infection without clinical illness (11).

Experimental animal models of hMPV infection have been
reported, including primates and rodents (1, 14, 22, 33, 34).
BALB/c mice have been shown to be permissive to hMPV
replication (1, 14). Therefore, in this study, we used an exper-
imental BALB/c mouse model to determine the roles of T-
lymphocyte subsets in immunity against primary and secondary
hMPV infection in mice as well as their contributions to clin-
ical illness, pulmonary inflammation, airway obstruction, and
airway hyperresponsiveness (AHR).

MATERIALS AND METHODS

Viral preparation and titer. The hMPV strain CAN97-83 was obtained from
the Centers for Disease Control and Prevention, Atlanta, GA, with permission
from Guy Boivin. Virus was propagated in LLC-MK2 cells in minimal essential
medium (without serum) containing 1.0 �g trypsin/ml (crude virus). To increase
the viral titer for infection, filtered hMPV was prepared using Millipore filters
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with a 100,000 molecular weight cutoff. Viral and cellular preparations were
routinely tested for mycoplasma contamination by PCR and were used if they
had �0.125 endotoxin unit/ml (by a Limulus assay). Viral titers were determined
by a 50% tissue culture infective dose (TCID50) assay. A 48-well plate of con-
fluent LLC-MK2 cells was infected with serial 1/3 dilutions of the virus in a total
volume of 250 �l of medium without serum. The plate was incubated overnight
in a humidified incubator (37°C, 5% CO2), and on the next day the inoculum was
removed, and cells were washed with serum-free medium and observed for signs
of cytopathic effect (CPE) between 7 and 14 days. The dilution at which 50%
CPE was observed was determined to be the TCID50 for the virus. For titration
of viruses isolated from the lungs of mice, mice were sacrificed on days 1, 2, 3, 5,
7, 9, 14, and 21, the thoracic cavity was opened, and the heart and lungs were
removed en bloc. After blood was rinsed through the right ventricle, the lungs
were separated from the heart, weighed, and homogenized in minimal essential
medium in a 10% (wt/vol) ratio. Homogenized samples were centrifuged, and
viral titers in supernatants were determined using serial twofold dilutions.

Mouse infection protocol. Six- to 7-week-old female BALB/c mice (Harlan,
Houston, TX) were inoculated intranasally (i.n.) with 107 TCID50s of filtered
hMPV in a total volume of 100 �l. Control mice were inoculated with the same
volume of virus-free medium (referred to herein as mock infection). At the
indicated time points after infection, lungs were isolated and processed for viral
titration and histopathological studies (12). Bronchoalveolar lavage (BAL) was
performed to determine total-cell counts and counts of different types of cells as
described elsewhere (12).

Flow cytometry of lung cells. For flow cytometry analysis, lungs were collected
and digested with collagenase, and cells were passed through nylon mesh. Cells
were incubated with an Fc block (anti-mouse CD16/CD32) to reduce nonspecific
binding for 30 min before the addition of antibodies (BD Pharmingen) against
surface markers: anti-CD3ε, anti-CD4, anti-CD8�, and anti-CD25 for T cells,
and anti-Ly6G and anti-Ly6C (Gr-1) for neutrophils. Relevant isotype control
antibodies were used throughout. Data were analyzed using FlowJo software
(Tree Star).

Depletion of T lymphocytes. Mice were treated with 240 �g of an anti-CD8
antibody (clone 2.43; a generous gift of S. Peebles, Vanderbilt University), 150
�g of anti-CD4 (clone GK1.5), or 240 �g of control immunoglobulin G (IgG). In
the acute depletion protocol (protocol 1), antibodies were given intraperitoneally
(i.p.) on three consecutive days before infection and also on day 1 postinfection.
In the chronic depletion protocol (protocol 2), antibodies were given on three
consecutive days before infection and at days 1, 7, 14, 21, and 28 postinfection.
Both these treatment protocols have been shown to be effective in depleting
more than 90% of both CD4� and CD8� T-cells (11, 23).

Clinical disease. The severity of illness in mice was scored daily by two
investigators using a standardized 0-to-5 grading system (12). In addition, daily
determination of body weight was used to monitor the progression of disease
over the experimental period.

Lung histopathology. Lungs were perfused, fixed in 10% buffered formalin,
and embedded in paraffin. Multiple 4-�m-thick sections were stained with he-
matoxylin and eosin (H&E) (5, 12). Briefly, inflammatory infiltrates were scored
by enumerating the layers of inflammatory cells surrounding the vessels and
bronchioles. Zero to three layers of inflammatory cells were considered “nor-
mal.” Moderate to abundant infiltrates (�3 layers of inflammatory cells sur-
rounding 50% or more of the circumference of the vessel or bronchioles) were
considered “abnormal.” The number of abnormal perivascular and peribronchial
spaces divided by the total perivascular and peribronchial spaces is the percent-
age reported as the pathology score. A total of �15 perivascular and peribron-
chial spaces per lung were counted for each animal. Slides were analyzed and
scored for cellular inflammation under light microscopy in a blinded manner by
a trained pathologist. Lung sections were also stained with periodic acid-Schiff
stain (PAS) to identify mucus-producing cells.

Microneutralization assay for measurement of serum anti-hMPV antibodies.
Heat-inactivated sera were tested for neutralizing antibodies to hMPV as pre-
viously described (34). The neutralizing antibody titers were defined as the log2

of the reciprocal of the highest serum dilution at which a �50% reduction in
CPE was observed. The lowest detectable titer was 2.5 log2. Samples with un-
detectable titers were assigned a value of 2 log2.

AHR. AHR was assessed in unrestrained mice using whole-body barometric
plethysmography (Buxco, Troy, NY) to record enhanced pause (Penh), as pre-
viously described (5). Penh is a dimensionless value that represents a function of
the ratio of peak expiratory flow to peak inspiratory flow and a function of the
timing of expiration. Penh has previously been validated in animal models of
AHR (13, 15, 16, 27) and infection-associated airway obstruction (31). Respira-
tory activity was recorded for 4 min in order to establish baseline Penh values.

Mice were subsequently exposed to increasing doses of nebulized methacholine
(3, 12, 25, and 50 mg/ml) for 1.5 min, and data were recorded for another 3 min.

Respiratory mechanics. Invasive analysis of lung function was performed on
anesthetized mice using the Flexivent system (Scireq, Montreal, Quebec, Can-
ada), which integrates a computer-controlled small-animal ventilator with mea-
surements of respiratory mechanics (4). Mice were anesthetized with xylazine (7
mg/kg) and pentobarbital sodium (50 mg/kg of body weight), and the tracheae
were cannulated with an 18G tubing adaptor for the delivery of methacholine.
Mice were artificially ventilated at 150 breaths/min with a tidal volume of 0.3 ml
and a positive end expiratory pressure of 3 cm H2O. Mice were allowed to
stabilize on the ventilator for 5 min before measurements commenced. Mea-
surements of baseline pulmonary mechanics and responses to aerosolized metha-
choline (0 to 50 mg/ml saline; delivered by ultrasonic nebulizer) were then
obtained by using the forced-oscillation technique (19). Aerosols were delivered
for 10 s without altering the ventilatory pattern, after which the 8-s forced-
oscillation perturbation was applied every 30 s for 5 min. Peak responses during
each 5-min period were determined for resistance. Responsiveness to methacho-
line was assessed at 5, 8, and 14 days post-hMPV infection for four mice per
group.

Statistical analysis. When two groups were compared, the values were ana-
lyzed using an unpaired, two-tailed Student t test. When multiple groups were
compared, analysis of variance was used (GraphPad Instat Software, Inc., San
Diego, CA). The inflammation scores were analyzed using SAS. Results are
expressed as means � standard errors of the means (SEM) unless otherwise
stated.

RESULTS

hMPV-induced clinical disease and viral replication in the
lung. BALB/c mice were inoculated i.n. with either hMPV,
UV-inactivated hMPV, or mock medium. Following an initial
phase (days 1 to 3) with modest body weight loss and rapid
recovery, hMPV-infected mice consistently showed significant
body weight loss (�20% of initial weight) starting around day
5, with a peak at days 7 to 9, and a slower recovery to baseline
weight by day 12 to 15 (Fig. 1A). Mice inoculated with UV-
inactivated hMPV did not show significant body weight loss
and behaved similarly to the mock-infected control group
(data not shown). Signs of illness, including ruffled fur,
hunched appearance, and reduced movement, closely paral-
leled the curve of body weight loss (Fig. 1B). To determine
hMPV replication in the lung, viral titers were assessed daily
over 21 days (Fig. 1C). After an initial eclipse phase of about
1 to 2 days, viral replication could be detected in the lung
starting around day 2 or 3 postinfection (p.i.), with a peak viral
titer of �105 TCID50s/g of lung tissue by day 4 to 5 p.i. No
replicating virus was detected in the lungs of infected mice
after day 7 or 8 p.i.

BAL and lung cells, pathology, and mucus production. Com-
pared to mock-inoculated mice, hMPV-infected mice showed a
rapid increase in the number of total cells recovered from BAL
fluid. In hMPV-infected mice, the number of total BAL cells
increased at day 1 p.i. from (1.5 � 0.7) � 105 to (4.9 � 0.7) �
105, with a peak of (8.5 � 0.7) � 105 at day 7 p.i. The number
of BAL cells returned to near-normal values by day 21 [(2.3 �
0.5) � 105] (data not shown). While the cells in BAL fluid from
uninfected or mock-inoculated mice consisted mainly of mac-
rophages, a remarkable neutrophilia was observed in hMPV-
infected mice within the first 3 days (Fig. 2A). Neutrophils
were still present until day 14 p.i. The numbers of mononuclear
cells, including monocytes and lymphocytes, started to increase
by day 3, and they represented the majority of BAL cells from
day 5 to day 14 p.i. (Fig. 2A).

The lung histopathology of infected mice was compared to
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that of uninfected or mock-inoculated mice. Lungs of mock-
inoculated mice were indistinguishable from those of unin-
fected mice at all time points (Fig. 2B). In hMPV-infected
mice, initial changes in lung histology were noted starting at
day 1 p.i., with the predominant lesion consisting of infiltration
of perivascular and peribronchial areas by mononuclear cells
(mainly lymphocytes and monocytes) and moderate perivascu-
lar edema. Areas with increased cellularity in alveolar septa
and alveolar spaces were also present (data not shown). Pa-
thology (expressed as the pathology score) was most severe

between days 5 and 7 and was still present by day 14, although
it was significantly reduced (Fig. 2B). With regard to mucus
overproduction, infected mice on day 8 had increased numbers
of PAS-positive cells in central and peripheral airways relative
to those of control mice. These cells appeared to be hypertro-
phic compared with similar cells in control mice. No PAS-
positive cells were seen in either the central or peripheral
airways on day 1 and day 5 postinfection (Fig. 2C).

Fluorescence-activated cell sorter (FACS) analysis of lung
cells showed that the numbers of CD4� and CD8� T cells
increased after day 4 of infection and peaked by days 6 and 8,
respectively (Fig. 3). Similarly, a peak of activated CD4� T
cells (CD4/CD25) appeared to occur at day 6 p.i. The numbers
of both the CD4 and CD8 T-cell subsets were still elevated 2
weeks after infection, compared to those for mock-inoculated
mice. The kinetics of Gr1� neutrophil migration to the lung
paralleled the kinetics observed in BAL fluid by H&E staining.

Lung function in hMPV-infected mice. When baseline lung
function was measured using unrestrained whole-body
plethysmography (Buxco), hMPV-infected mice consistently
showed increased baseline Penh values. Penh is a dimension-
less value that represents a function of the ratio of peak expi-
ratory flow to peak inspiratory flow and a function of the
timing of expiration (Fig. 4A). The increase in Penh values in
hMPV-infected mice started at day 4, peaked at days 5 to 7, at
the time of maximal viral replication, and subsided by day 12.
Infected mice (day 14 p.i.) also had a dose-dependent increase
in AHR in response to aerosolized methacholine compared to
mock-inoculated mice (Fig. 4B). No significant difference in
AHR, however, was recorded at earlier time points of infection
(possibly due to obstruction of the airways and increased base-
line Penh values). Since the accuracy of Penh as an index of
airway obstruction and AHR has been a matter of scientific
debate, we performed additional studies of lung mechanical
properties in artificially ventilated mice. As shown in Fig. 4C,
we noticed an increase in total lung respiratory resistance at
baseline in hMPV-infected mice, consistent with the increased
baseline Penh values observed by unrestrained plethysmogra-
phy. Also in agreement with the Penh data, measurement of
lung mechanics in ventilated mice confirmed that hMPV-in-
fected mice exhibited increased airway resistance in response
to inhaled methacholine starting as early as day 14 p.i., com-
pared to uninfected controls.

Protection from reinfection. To determine whether hMPV
infection resulted in protection from subsequent viral chal-
lenge, we investigated clinical illness, viral replication, and lung
inflammation for mice challenged (i.e., reinfected) with hMPV
(107 TCID50s) 6 weeks after primary infection. Mice chal-
lenged with hMPV did not manifest the typical body weight
loss observed after day 4 in primary infection (Fig. 5A) and had
peak viral titers at the lower limit of detection (�1.5 log10

TCID50s/g tissue) (titer in primary infection, 4.99 � 0.05 log10

TCID50s/g of tissue). Protection appeared to be virus specific,
since mice infected with a related paramyxovirus, RSV, were
not protected after challenge with hMPV (Fig. 5A). BAL cell
counts were also significantly lower in mice challenged with
hMPV than in mice with primary infections (Fig. 5B).

Serum neutralizing antibodies. Neutralizing antibody was
first detectable between days 5 and 7 following hMPV infection
(Fig. 6). The titer increased progressively for the next 3 weeks,

FIG. 1. hMPV-induced clinical disease and viral replication.
(A) Body weight loss in hMPV-infected mice. BALB/c mice were
infected i.n. with replicating hMPV at 107 TCID50s. The control group
received a mock inoculum. Weight is expressed as a percentage of
baseline weight. Data are means � SEM for four to six animals per
group and are representative of three independent experiments.
(B) Illness scores for mice infected with hMPV. Mice were assessed
daily by two observers using a grading scale (from 1 to 5) as described
in Materials and Methods. Data are means � SEM for four to six mice
per group. (C) hMPV replication in the lung. Infected mice were
sacrificed at different days to determine viral titers by a TCID50 assay.
The lower limit of detection of this assay is 1.5 log10 TCID50s/g of
tissue. Data are means � SEM (n 	 4 to 6 mice/group). *, P � 0.05
compared to mock infection.
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peaking between 4 and 6 weeks p.i., with a mean peak titer of
7.6 � 0.4 log2. To determine whether reinfection resulted in a
recall response, mice were either challenged with hMPV (107

TCID50s) or sham inoculated 6 weeks after primary infection,
and serum was collected 1 week p.i. for the determination of
antibody titers. There was a fourfold increase in neutralizing
antibody titers for mice challenged with hMPV, compared to
the level of antibody present in the mice 6 weeks after primary
infection (9.5 � 0.2 log2 versus 7.6 � 0.4 log2). There was no
change in the antibody titer in previously infected mice that
were sham challenged.

Role of T cells in hMPV primary infection. Previous studies
with a murine model of experimental RSV infection have sug-
gested that virus-induced illness is partially mediated by the
host immune response (11). Alvarez et al. have recently re-
ported that NK cells and T lymphocytes are necessary to con-
trol hMPV replication in the lung (1). However, the role of
immune cells, specifically T lymphocytes, in the pathogenesis
of hMPV-induced acute illness and in protection against rein-
fection has not been reported. To address these questions,
BALB/c mice were depleted of either CD4� or CD8� T cells,
or both, by antibodies, using two different protocols. In the first
protocol, mice were treated with antibodies to deplete T-cell

subsets only during the initial period of the infection (see Fig.
8A). This protocol results in depletion of both CD4� and
CD8� T cells in the lung (up to 95% depletion [Fig. 7]) but has
no effect on other cells, such as macrophages and dendritic
cells (data not shown). As shown in Fig. 8B, mice depleted of
either CD4� or CD8� T cells lost significantly less body weight
than control Ig-treated or untreated mice following hMPV
infection. The effect of CD4� T-cell depletion, however, was
more robust than that of CD8� T-cell depletion in terms of
body weight reduction. Simultaneous depletion of both T-cell
subsets did not provide further protection beyond that afforded
by depletion of CD4� cells alone. In agreement with the body
weight loss, histopathology studies showed that depletion of
CD4� cells caused a dramatic reduction in the lung pathology
score, while depletion of CD8� cells was less effective (Fig.
8C). Since T lymphocytes are important for viral clearance, we
assessed viral titers in the lungs of mice depleted of either
CD4� or CD8� T cells, or both. Mice infected with hMPV
were sacrificed at day 7 p.i., when virus is usually no longer
detectable in the lung (see Fig. 1C). Mice depleted of either
CD4� or CD8� T cells had detectable viral titers in the lungs,
similar to those for nondepleted mice (treated with a control
antibody). On the other hand, concurrent depletion of both

FIG. 2. Lung inflammation in hMPV-infected mice. Mice were infected with hMPV (107 TCID50s) and sacrificed at day 1, 3, 5, 7, or 14.
(A) Total and differential cell counts in BAL fluid from mock-inoculated and infected mice were determined. (B) Peribronchial and perivascular
inflammation was assessed in lung sections stained with H&E. Data are means � SEM for four to six mice per group. Experiments were performed
in triplicate. Asterisks indicate levels of significance (*, P � 0.05; **, P � 0.01) for comparisons to mock infection. (C) Lung sections stained with
PAS. Original magnification, �40. Arrow indicates PAS-positive cells.
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T-cell subsets resulted in lung viral titers comparable to those
measured at the peak of hMPV replication (Fig. 8D), indicat-
ing that both CD4� and CD8� T-cell subsets are necessary for
the clearance of primary hMPV infection in the lung.

Role of T cells in hMPV reinfection. To further investigate
the role of T cells in hMPV reinfection, we used a second
protocol in which mice were treated with antibodies to deplete
T-cell subsets until the time of viral challenge (antibodies were
injected prior to and for 4 weeks following primary infection
[Fig. 9A]). We first determined the effect of T-cell depletion on
the generation of anti-hMPV neutralizing antibodies by mea-
suring levels in serum prior to viral challenge. As shown in Fig.
9B, only mice depleted of CD4� T cells had undetectable
serum neutralizing antibodies 4 weeks after primary viral in-
fection. Surprisingly, we found that there was no difference
among the different groups in protection against hMPV rein-
fection, as indicated by the absence of viral replication in the
lungs of challenged mice, irrespective of depletion of T-cell
subsets (Fig. 9C). Accordingly, no significant body weight loss
following reinfection was observed for any of the groups, com-
pared to mice with primary infection (Fig. 9D). These results
suggest that either CD8� cells in the absence of antibody or
antibody production is able to independently confer protection
against a subsequent hMPV infection.

Role of T cells in hMPV-induced airway obstruction and
AHR. As shown in Fig. 4A, hMPV-infected mice consistently
showed increased baseline Penh values, suggesting obstruction
of the airways. The increase in baseline Penh values in hMPV-
infected mice started at day 4, peaked at day 5 to 7, at the time
of maximal viral replication, and subsided by day 12. Acute
depletion of CD4� T cells alone reduced airway obstruction at
the earlier time points after infection (day 5), while depletion

of CD8� T cells alone did not have a significant effect (Fig.
10A). Concurrent depletion of both CD4� and CD8� T cells
had a dramatic effect on airway obstruction, with baseline Penh
values that were comparable to those for mock-inoculated
mice at all time points (Fig. 10A). hMPV-infected mice had
slightly increased AHR in response to aerosolized methacho-
line challenge compared to mock-inoculated mice on day 14
and significantly increased AHR on day 21 p.i. (Fig. 10B to D;
see also Fig. 4B). No significant difference in Penh was noticed
at early time points of infection, probably due to obstruction of
the airways and increased baseline Penh values. Concurrent
depletion of CD4� and CD8� T cells completely abolished
hMPV-induced AHR, while individual CD8� T-cell or CD4�

T-cell depletion did not have a significant effect (Fig. 10B to
D), although hMPV-infected mice depleted of the latter
showed a trend to greater AHR compared to infected mice
treated with a control antibody or mock-inoculated mice
(Fig. 10B).

DISCUSSION

Experimental animal models for hMPV infection are
needed for our understanding of pathogenesis as well as for
defining immune correlates of protection. Our studies show
that BALB/c mice are susceptible to hMPV, as shown by body
weight loss, clinical illness scores, and viral replication (Fig. 1).
Infection was characterized by an overall influx of neutrophils
into the BAL fluid and lung tissue (Gr1�), which was partic-
ularly evident during the first 5 days of infection. Lymphocytes
were identified in the BAL fluid starting at day 3. Detailed
analysis by cell-specific markers revealed an influx of both
CD4� and CD8� T-cell subsets, both of which were still ele-

FIG. 3. FACS analysis of lung cells. Mice were either infected with hMPV or mock infected, and at different days postinfection, cells were isolated
from the lung by collagenase digestion, stained with antibodies for lineage-specific markers, and analyzed by FACS. Data points are means � SEM from
five mice per group per time point and are representative of two independent experiments. *, P � 0.05 relative to mock infection.
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vated in lung tissue 2 weeks after infection compared to levels
in mock-inoculated mice. Lung histopathology was character-
ized by peribronchial and perivascular cell infiltration along
with areas of patchy alveolitis. Maximum airway pathology was
preceded by peak viral replication in the lung, while mucus
overproduction was noticed first at day 8 following infection.

During infections with paramyxoviruses such as RSV, cyto-
toxic T lymphocytes are important for virus clearance (11, 21,
25) and play a critical role in regulating immune responses. A
role for T cells in the control of replication during hMPV
infection was suggested by Alvarez et al. (1), who found in-
creased viral replication in total-T-cell-depleted mice. Our re-
sults show that mice challenged 6 weeks after primary infection
with hMPV showed a lack of viral recovery from the lung along
with protection from clinical disease and reduced lung inflam-

mation. These data are consistent with previous results ob-
tained with the murine model of RSV infection/rechallenge
(10). In addition, our results show that the protective effect of
primary hMPV infection against a secondary reinfection is
virus specific, since the protective effect was not observed for
hMPV-infected mice subsequently challenged with a related
paramyxovirus (RSV).

The contribution of the T-cell-mediated immune response
to hMPV clearance and disease pathogenesis was analyzed in
this study for the first time. Our results clearly show that either
the CD4� or the CD8� T-cell subset plays some antiviral role
by itself during a primary hMPV infection, but the two subsets

FIG. 4. Lung function in hMPV-infected mice. Mice were infected
with hMPV (107 TCID50s), and baseline and post-methacholine chal-
lenge Penh values were determined by unrestrained plethysmography
(Buxco) for a period of 21 days. Penh is a dimensionless value that
represents a function of the ratio of peak expiratory flow to peak
inspiratory flow and a function of the timing of expiration. (A) Base-
line Penh. (B) Penh following methacholine challenge (day 14).
(C) Airway resistance (day 14) measured in mechanically ventilated
mice by the Flexivent system. Data are means � SEM for four mice
per group. Asterisks indicate levels of significance (*, P � 0.05; **, P �
0.01; ***, P � 0.001) for comparison to mock infection.

FIG. 5. Protection from reinfection. Mice were infected with
hMPV (107 TCID50s) and 6 weeks later were reinfected with either
hMPV (107 TCID50s) or RSV A2 (107 PFU/mouse) (A) Body weight
loss after reinfection. (B) Total BAL cell counts after hMPV reinfec-
tion. Data are means � SEM for four mice per group. *, P � 0.05
compared to primary infection.

FIG. 6. Neutralizing antibodies in hMPV-infected mice. Mice were
infected with hMPV (107 TCID50s)and sacrificed weekly to determine
antibody titers by a plaque reduction neutralization assay. The lower
detection limit for this assay is 2 log2 serum dilution. At 6 weeks
postinfection, mice were reinfected with hMPV, and neutralizing an-
tibody titers were determined 1 week later. The dashed line represents
titers in the sera of reinfected mice. Data are means for four to six mice
per group and are representative of two experiments.
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together can synergistically and to a much greater extent affect
hMPV eradication from the lungs (Fig. 8D). Alvarez et al. (1)
reported that depletion of total T cells significantly increased
hMPV lung titers, suggesting that these cell types contribute to
immune surveillance and control. Clinical disease, lung pathol-
ogy, and early airway obstruction, on the other hand, were
significantly less severe if CD4� rather than CD8� T cells were
depleted (Fig. 8B and C and 10A), suggesting that primary
experimental hMPV infection in mice induces a respiratory
disease that is, to a large extent, immune mediated via CD4�

T-cell-dependent pathways. The mechanisms that are respon-
sible for body weight loss in hMPV-infected mice are not fully
understood. It is possible that CD4� T cells, more than CD8�

T cells, control the production of cytokines/mediators with
cachectic activity (i.e., interleukin-6 [IL-6], tumor necrosis fac-
tor, and IL-1).

Despite the evidence that CD4� T cells were critically in-
volved in some aspects of hMPV pathogenesis, our results also
suggest that this T-cell subset may regulate other aspects of
lung physiology following infection. Indeed, the trend toward
increased AHR that mice developed 3 weeks after infection
was exacerbated by a lack of CD4� T cells alone (Fig. 10B), yet
the concurrent depletion of both CD4� and CD8� T cells
completely abolished hMPV-induced airway obstruction in
acute infection and AHR (Fig. 10D). The reason for these
apparently opposite effects of CD4� T cells on AHR depend-
ing on whether these cells are depleted as a single-cell popu-
lation or concurrently with the CD8� T-cell compartment is
unclear at the moment. The trend toward increased AHR in
mice lacking CD4� T cells may find an explanation in the
relative shift of the T-cell populations in hMPV-infected lungs
toward the CD8� T-cell compartment as a consequence of
CD4� T-cell depletion. Interestingly, several recent reports
have suggested that CD8� T cells are essential to the devel-

opment of AHR and inflammation (20), by producing the Th2
cytokines IL-4, IL-5, and IL-13. Indeed, Alvarez and Tripp
have shown that the lung T cells producing IL-4 and IL-5 at 2
to 4 weeks after hMPV infection are mainly CD8�, while both
CD4� and CD8� T cells produce gamma interferon (2).

The respiratory function of BALB/c mice was significantly
altered by hMPV infection. Airway obstruction was present
until day 8 p.i. Hamelin et al. (13) reported increased airway
obstruction until day 70, whereas Darniot et al. reported that
airways were obstructed only on days 1 and 2 p.i. (6). The
reason for these different times for airway obstruction is un-
clear at the moment, but an explanation could be that these
studies used different inocula and viral strains. Also, increased
AHR, such as that measured by Penh in our study, has been
reported previously for both RSV- and hMPV-infected mice
(6, 13, 17, 26, 31). Overall, the results we obtained by unre-
strained plethysmography (i.e., Penh) correlated with those
obtained for mechanically ventilated mice using a Flexivent
system (Fig. 4). Excess mucus production in hMPV-infected
mice, as observed in our study as well as in studies by others,
may be responsible in part for the airway obstruction in these
mice. Although no attempt was made in this study to measure
cytokines in the airways, we can speculate that the levels of
IL-4, IL-5, IL-9, and IL-13 (T-cell-dependent cytokines) may
be also altered in T-cell-depleted mice, and these changes, in
turn, may be responsible for the changes in airway obstruction
and AHR in T-cell-depleted mice following infection.

When treatment with T-cell-depleting antibodies was ex-
tended beyond the period of primary infection, the generation
of serum neutralizing anti-hMPV antibodies was impaired in
mice depleted of CD4� T cells but not in those depleted of
CD8� T cells (Fig. 9B). Despite the lack of serum neutralizing
antibodies, CD4� T-cell-depleted mice reinfected with hMPV
had undetectable levels of viral replication in the lungs and

FIG. 7. Depletion of T cells from the lung. Mice were treated with anti-CD4, anti-CD8, both anti-CD4 and anti-CD8, or control antibodies (Ab
ctrl), as described in Materials and Methods (protocol 1). Cells were isolated from the lung, stained with antibodies against CD3, CD4, and CD8,
and analyzed by FACS. A specific reduction of �95% in the levels of CD4 and CD8 cells was observed when mice were treated with the respective
antibodies alone or in combination. Isotype staining was used to set the gates for analysis of specific-antibody staining.
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were protected from clinical disease, suggesting that, in the
absence of neutralizing antibodies, protection from hMPV re-
infection can be provided by an intact CD8� T-cell compart-
ment (Fig. 9C and D). These findings are different from what
has been reported previously for RSV infection of mice, in
which the lack of CD8� T cells was characterized by a greater

protective effect against disease than that conferred by the lack
of CD4� T cells during primary infection (11). Also, mice
lacking CD4� T cells and, as a consequence, lacking specific
anti-RSV antibodies had significant viral replication in the
lungs at the time of reinfection, while mice lacking CD8� T

FIG. 8. Role of T lymphocytes in primary hMPV infection. Mice were
treated with anti-CD4, anti-CD8, or both anti-CD4 and anti-CD8 anti-
bodies, or with control antibodies (Ab ctrl), as described in Materials and
Methods (protocol 1). Mice were either infected with hMPV or mock
infected. Data are means � SEM for four to six mice per group. Three
independent experiments were performed. Asterisks indicate levels of
significance (*, P � 0.05; **, P � 0.01) relative to results for hMPV-
infected mice. (A) Schematic representation of the T-cell-depletion pro-
tocol. (B) Body weight loss in hMPV infection. (C) Lung peribronchial
and perivascular inflammation assessed at day 7 p.i. (D) Viral replication
in the lungs of BALB/c mice at day 7 p.i. by a TCID50 assay.

FIG. 9. Role of T lymphocytes in hMPV reinfection. Mice were
treated with T-cell-depleting antibodies according to protocol 2 (see
Materials and Methods) and infected with hMPV (107 TCID50s). Five
weeks after primary infection, mice were reinfected with the same dose
of hMPV. Data are means � SEM for four to six mice per group. Two
independent experiments were performed. **, P � 0.05. (A) Sche-
matic representation of the T-cell-depletion protocol. (B) Serum anti-
hMPV neutralizing antibody titers were determined 4 weeks after
primary infection (prior to viral challenge). (C) Viral replication in the
lungs of BALB/c mice in primary and secondary infection was assessed
by a TCID50 assay. The lower limit of detection of this assay is 1.5 log10
TCID50s (g of tissue)
1. (D) Body weight loss following hMPV rein-
fection.
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cells or immunocompetent controls had no detectable virus
(11). Those CD4� T-cell-depleted mice also had more-severe
clinical disease after RSV reinfection. Thus, compared to
CD4� T cells, the CD8� T-cell compartment appears to be less
involved in the immunopathogenesis of disease in hMPV than
in RSV primary infection. In addition, the CD8� T-cell com-
partment appears to be sufficient to control viral replication in
hMPV reinfections, while CD4� T cells (and antibodies) are
clearly required for antiviral activity in the course of RSV
reinfection.

While mouse models have clearly been important for under-
standing the immunopathogenesis of disease in the course of
paramyxovirus infections, certain limitations exist when data
have been extrapolated to human infections. The nature of the
immune response to hMPV and its pathological features in
humans are still largely unknown, and therefore our findings
with mice related to the role of T cells, with regard to both
their antiviral function and their contribution to clinical dis-
ease, remain to be elucidated in naturally acquired human
infections.
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