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Human metapneumovirus (HMPV), recently identified in isolates from children hospitalized with acute
respiratory tract illness, is associated with clinical diagnosis of pneumonia, asthma exacerbation, and acute
bronchiolitis in young children. HMPV has been shown to cocirculate with respiratory syncytial virus (RSV)
and mediate clinical disease features similarly to RSV. Little is known regarding the pathophysiology or
immune response associated with HMPV infection; thus, animal models are needed to better understand the
mechanisms of immunity and disease pathogenesis associated with infection. In this study, we examine features
of the innate and adaptive immune response to HMPV infection in a BALB/c mouse model. Primary HMPV
infection elicits weak innate and aberrant adaptive immune responses characterized by induction of a Th2-type
cytokine response at later stages of infection that coincides with increased interleukin-10 expression and
persistent virus replication in the lung. Examination of the cytotoxic T lymphocyte and antibody response to
HMPV infection revealed a delayed response, but passive transfer of HMPV-specific antibodies provided
considerable protection. These features are consistent with virus persistence and indicate that the immune
response to HMPV is unique compared to the immune response to RSV.

Human metapneumovirus (HMPV) is a recently recognized
human pathogen first identified in respiratory specimens from
young children suffering with clinical respiratory syndromes
ranging from mild to severe lower respiratory tract infection
(47, 48). The disease burden associated with HMPV infection
is not fully understood; however, serological studies suggest
that HMPV has worldwide distribution and is acquired early in
life, and by age of 5 years, approximately 70% of all children
develop antibodies to HMPV (10, 12, 15, 19, 25, 29, 31).
HMPV causes upper or lower respiratory tract illness in pa-
tients between ages 2 months and 87 years (7, 11, 19, 49, 50),
may exacerbate asthma and wheezing in young children (29),
and cocirculates with respiratory syncytial virus (RSV) (27, 36,
50) causing similar clinical disease (23, 50, 51). These findings
underscore the need for a better understanding of the mech-
anisms of immunity and disease pathogenesis associated with
HMPV infection to provide the foundation necessary for de-
velopment of vaccines and treatment modalities.

HMPV is an enveloped, negative-strand RNA virus of ap-
proximately 13 kb and a member of the Pneumovirinae sub-
family of paramyxoviruses whose genome consists of eight
genes, namely, nucleocapsid (N), phosphoprotein (P), matrix
(M), fusion (F), second matrix (M2), small hydrophobic (SH),
attachment (G), and RNA-dependent RNA polymerase (L) in
the order 3�-N-P-M-F-M2-SH-G-L-5� (4, 5, 47). None of the
predicted proteins have been completely biochemically identi-
fied and their functions have not been completely determined;
however, recent data suggest that the F glycoprotein is an
envelope protein that can be accessed by neutralizing antibod-

ies and appears to be a major protective antigen (34, 37).
There are two major groups of HMPV, strains A and B, as
determined on the basis of sequence studies of the N, F, G, and
L genes, and both strains cocirculate in the community (30,
31). Little is known about the immune response to HMPV;
however, recent studies suggest that the evolution of the
HMPV G glycoprotein may be driven by immune pressure
directed at codon positions located mainly in the second hy-
pervariable region of the ectodomain (30). On the basis of
epidemiological and emerging disease burden studies, it ap-
pears HMPV has considerable impact on human health; thus,
HMPV vaccine strategies are being considered (5).

To develop a better understanding of the pathophysiology
associated with HMPV infection, our laboratory developed a
BALB/c mice model of infection and showed that HMPV
replicates in lung tissue with biphasic kinetics in which peak
titers occur days 7 and 14 pi and infectious HMPV can be
recovered from the lungs up to day 60 pi, and genomic RNA
was detected in the lungs for �180 days pi by reverse tran-
scription-PCR (2). In this mouse model, neither HMPV RNA
nor infectious virus was detected in serum, spleen, kidneys,
heart, or brain tissue, and in similarity to one trait character-
istic of persistent virus infections (1, 14, 24, 32, 42), HMPV-
infected mice exhibited splenomegaly that did not resolve until
�day 60 pi. Interestingly, lung histopathology associated with
HMPV infection was modest and characterized by mononu-
clear cell infiltration in the interstitium, beginning day 2 postin-
fection (pi) and peaking day 4 pi, which decreased by day 14 pi.
There was evidence of airway remodeling and increased mucus
production at day 2 pi that was concordant with bronchial and
bronchiolar inflammation. In contrast, RSV infection in
BALB/c mice results in peak lung virus titers occurring be-
tween days 5 and 6 pi, infectious virus is cleared between day
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7 and 10 pi, and infection is associated with substantial lung
histopathology and inflammatory response (39).

Thus, HMPV infection in BALB/c mice appears to be asso-
ciated with a substantially lower pulmonary inflammatory re-
sponse compared to RSV infection, a feature that may con-
tribute to HMPV persistence.

In this study, we examined features of the humoral and
cellular immune response to HMPV infection in a BALB/c
mouse model. These studies provided important insights into
the host response to HMPV infection and a fundamental un-
derstanding of some of the immune and pathophysiological
process associated with HMPV infection required to provide
the foundation for development of vaccines or treatment mo-
dalities.

MATERIALS AND METHODS

Animals. Four- to 6-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.

Virus preparation and cell lines. Vero E6 cells were maintained in tissue
culture medium (TCM) consisting of minimal essential medium (MEM; Invitro-
gen, Carlsbad, CA) supplemented with 10% fetal bovine serum (HyClone, Lo-
gan, UT). HMPV stocks were prepared in Vero E6 cells. Infection of Vero E6
cells with strain A HMPV/CAN98-75, as previously described (2), does not
require trypsin for propagation. Briefly, subconfluent Vero E6 cells in serum-free
MEM were infected with plaque purified strain A HMPV/CAN98-75 (HMPV;
accession no. AY297748) at a multiplicity of infection (MOI) of 0.1. The virus
was allowed to adsorb for 1 h at 37°C, after which TCM was added. Infected cells
were incubated for 72 h at 37°C or until �90% cytopathic effect was observed by
light microscopy. Infected cells were harvested by removal of the medium and
replacement with a minimal volume of serum-free MEM followed by two freeze-
thaw cycles at �70°C and 4°C, respectively. The contents were collected and
centrifuged at 4,000 � g for 20 min at 4°C, and the titer was determined by
plaque assay as described below.

Infection, sampling, and virus titers. All experiments were performed at least
three times using three to four mice/time point/experiment except for antibody
assays which used four to six mice/experiment. Bronchoalveolar lavage (BAL)
cells were pooled for each time point/experiment to provide sufficient cells for
analysis. Mice were anesthetized by intraperitoneal administration of 2,2,2-tri-
bromoethanol (Avertin) and infected intranasally (i.n.) with 106 PFU of HMPV.
Prior to removal of lungs or tissues on days 0, 3, 4, 5, 7, 10, 14, and 28 pi,
anesthetized mice were exsanguinated by severing the right caudal artery, and
the blood was collected for serum antibody analysis. Lung tissue was collected in
1.0 ml Dulbecco’s phosphate-buffered saline (D-PBS; Invitrogen) and stored at
�70°C for simultaneous analysis of virus titers. Since HMPV does not form
readily detectable plaques in Vero E6 cells, HMPV titers from homogenized
lungs were determined by plaque assay using immunostaining to detect HMPV
N protein as previously described (3). Briefly, 1.0 g of HMPV-infected and
uninfected lungs was homogenized in 1 ml of PBS using a hand-held Tissuemiser
homogenizer (Fisher Scientific, Pittsburgh, PA). Cleared lung lysates were di-
luted 10-fold in serum-free MEM (Invitrogen), added to 95% confluent Vero E6
cells cultured in serum-free MEM in 24-well plates (BD Falcon, San Jose, CA),
and incubated for 1 h at 37°C, followed by 2% methylcellulose semisolid overlay.
At 72 h pi, the 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 hyperimmune sera reactive to a conserved metapneumovirus N protein
(amino acid sequence DLSYKHAILKESQYTIKRDV) as previously described
(3). The anti-N protein antibody was appropriately diluted in PBS containing
blocking agents (Blotto; Bio-Rad, Hercules, CA) and detected using alkaline
phosphatase-conjugated goat anti-rabbit immunoglobulin G (IgG) (Sigma, The
Woodlands, TX), and the plaques were enumerated with 3�,3�, diaminobenzidine
(Vector Laboratories, Burlingame, CA). Bronchoalveolar leukocytes (BAL)
were collected from individual lungs by lavage using three successive 1.0 ml
washes with D-PBS containing 1% bovine serum albumin (BSA) (Sigma).

Flow cytometry. Single-cell suspensions of BAL cells were blocked with 1%
BSA in D-PBS and then stained with the appropriate combination of fluorescein
isothiocyanate- or phycoerythrin-labeled anti-CD4 (LM4-4), anti-CD8 (53-6.7),

anti-CD45R/B220 (RA3-6B2), anti-pan NK cell (DX5), anti-neutrophil (RB6-
8C5), or anti-a CD11b (M1/70), anti-CD44 (IM7), anti- CD62L (MEL-14), or
mouse isotype antibody control (all from BD Biosciences, San Diego, CA). A
lymphocyte gate was used to select 10,000 events for CD4�, CD8�, B220�,
CD44�, and CD62L lymphocytes, and 10,000 ungated events were used for
DX5�, RB6-8C5�, and CD11b� cells. The distribution of cell surface markers
was determined in two-color mode on a FACScan apparatus with CellQuest
software (Becton Dickinson, San Jose, CA).

The procedure used for intracellular cytokine staining was modified for mi-
croculture as previously described (40). Briefly, cells were washed in D-PBS,
stained with an appropriate dilution of fluorescein isothiocyanate anti-CD4
(LM4-4) or anti-CD8 (53-6.7) monoclonal antibody for 30 min on ice, washed in
1% BSA–D-PBS, and resuspended in Cytofix/Cytoperm (BD Biosciences) for 15
min on ice. Subsequently, the cells were washed in Cytofix/Cytoperm and resus-
pended in an appropriate dilution of phycoerythrin-labeled anti-interleukin-2
(IL-2) (JES6-5H4), anti-IL-4 (BVD4-1D11), anti-IL-5 (TRFK5), anti-IL-6
(MP5-20F3), anti-IL-10 (1B1.3a), anti-gamma interferon (IFN-�) (XMG1.2), or
anti-tumor necrosis factor alpha (TNF-�) (MP6-XT22) antibody (all from BD
Biosciences) diluted in 1% BSA–D-PBS. The cells were stained on ice for 30
min, washed in D-PBS, and resuspended in D-PBS containing 1% BSA for flow
cytometric analysis using a FACScan apparatus with CellQuest software (Becton
Dickinson).

HMPV ELISA. Uninfected and HMPV-infected Vero E6 cell lysates (MOI �
1.0) were prepared as described above and assayed for protein concentration by
BCA protein analysis (Pierce Biotechnology, Inc., Rockford, IL). Protein con-
centrations were adjusted by dilution in carbonate-bicarbonate buffer (pH 9.6).
A total of 6 	g of HMPV-infected cell lysate in 100 	l buffer was added to
appropriate wells of an enzyme-linked immunosorbent assay (ELISA) plate
(Immulon-2; Dynex Technologies, Inc., Chantilly, VA), and the plates were
incubated at 4°C overnight. Subsequently, the supernatants were removed, and
the wells were washed 3� with PBS–0.05% Tween (PBS-T) and blocked using
150 	l/well of 5% dry milk–phosphate-buffered saline (blocking buffer). Pooled
sera (n � 3 to 5 mice/time point) collected at various time points post-HMPV
infection were appropriately diluted in blocking buffer, 100 	l/dilution was added
in triplicate to wells of an ELISA plate, and the plate was incubated for 1 h at
37°C. The wells were washed 3� with PBS-T, and 100 	l/well of alkaline phos-
phatase-conjugated goat anti-mouse IgG (Sigma) diluted in blocking buffer was
added for 1 h at 37°C. Subsequently, the wells were decanted and washed 3�
with PBS-T, and the reactions were developed using pNpp substrate tablets
(Sigma). Absorbance was measured at 415- and 630-nm wavelengths. Antibody
endpoint titers were determined according to the method of Reed and Muench
(33) and are reported as the mean reciprocal log2 
 standard deviation (SD).

Passive protection studies. For protection studies, 4- to 6-week-old, specific-
pathogen-free female BALB/c mice were purchased from Harlan Sprague-Daw-
ley Laboratories, Indianapolis, IN, and immunized on days 0, 14, 28, and 56 with
106 PFU of HMPV. The animals were bled after the last immunization, and the
HMPV-specific antibody titers were determined by ELISA and neutralization
assays as previously described (2). HMPV-specific IgG was purified from hyper-
immune sera over a protein A column (Pierce Biotechnology, Inc., Rockford, IL)
according to the manufacturer’s protocol. Antibody concentrations were assayed
for protein concentration by BCA protein analysis (Pierce Biotechnology, Inc.,
Rockford, IL). To determine the protective efficacy of HMPV-immune sera, 150
	g of normal mouse sera, hyperimmune HMPV-specific mouse sera, or affinity-
purified IgG from hyperimmune HMPV-specific mouse sera was passively trans-
ferred to naı̈ve BALB/c mice, and the mice were intranasally challenged with 106

PFU of HMPV. At day 7 pi, virus titers in the lungs were assayed as previously
described (2).

Cytotoxic T lymphocyte (CTL) assay. HMPV-specific CTL cytotoxicity was
determined by modification of a previously described method (46). Briefly, un-
infected and HMPV-infected (106 PFU) mice were anesthetized and sacrificed,
and the spleens from three mice/treatment were removed at day 7 or 28 pi.
Individual spleens were dissociated in DMEM using a glass pestle (Sigma) and
100-	m nylon cell strainer (Falcon; Becton Dickinson Labware, Franklin Lakes,
NJ) and washed in DMEM. The spleen cells were resuspended in TCM to
2 � 106 cells/ml, and 2 ml/well was added to 24-well flat-bottom plates (Costar).
Spleen cells were in vitro stimulated for 7 days at 37°C following addition of
4 � 106 HMPV-infected (MOI � 10) syngeneic spleen cells per well. P815 cells
(ATCC TIB 64), a mastocytoma cell line, were maintained in TCM and prepared
for CTL targets by washing and resuspending 106 cells in 1.0 ml of serum-free
D-MEM containing 107 PFU/ml HMPV/75 (MOI � 10), 107 PFU/ml RSV strain
A2 (MOI � 10), 10 	g HMPV N peptide (DLSYKHAILKESQYTIKRDV) (3),
10 	g RSV M2-peptide (SYIGSINNI) (17), or an equivalent dilution of unin-
fected Vero E6 cell control lysate for 18 h at 37°C. Subsequently, an additional
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1.0 ml of TCM containing 200 	Ci of 51Cr (Na2CrO4; Amersham Biosciences,
Piscataway, NJ) was added to the target cells and incubated for 2 h 37°C, and the
cells were washed in TCM.

Cytotoxicity was determined using a standard 6-h 51Cr release assay. Briefly,
secondary in vitro-stimulated spleen cells were washed in D-MEM and resus-
pended in TCM to achieve effector-to-target cell ratios of 40:1, 10:1, and 2:1. All
experiments were performed using triplicate cultures/target cell population, and
the experiment was repeated three separate times. Percent specific lysis was
determined from the mean 51Cr release of experimental � mean 51Cr release of
control over the mean total 51Cr release � mean of control � 100.

Statistical analysis. All experiments were performed at least three times using
three to four mice/time point/experiment except for antibody assays which used
four to six mice/experiment. The data presented represent the mean values 
 SD
for three separate assays. Statistical significance was determined using a Stu-
dent’s t test where a P value of � 0.05 was considered statistically significant.

RESULTS

HMPV replication in the lungs is linked to weight loss. To
determine whether the level of virus replication in the lungs is
associated with illness, BALB/c mice were intranasally (i.n.)
infected with 106 PFU HMPV and body weight loss and lung
virus titers were determined at days 0, 3, 5, 7, 10, 14, and 28 pi
(Table 1). Loss in body weight associated with RSV infection
in mice can be used to gauge illness (13); in addition, HMPV-
infected mice were visually examined for overt signs of illness,
including ruffled coat, huddling, and heavy breathing. Mice
infected with HMPV displayed signs of illness after infection
that coincided with body weight loss from day 0 to day 7 pi;
however, no overt signs of illness were evident by day 10 pi, and
the body weights returned to normal by day 28 pi (Table 1).
Decrease in body weight was associated with increased virus
titers in the lungs (Table 1). As expected based on previous
studies (2), HMPV replicated with biphasic growth kinetics
peaking at day 7 (108.1 PFU/g lung tissue) and day 14 pi (107.5

PFU/g lung tissue), and replication declined to 104.1 PFU/g
lung tissue by day 28 pi, but virus was not cleared (Table 1).

Bronchoalveolar leukocyte (BAL) response to infection. To
provide an indication of the pulmonary immune response to
HMPV replication in the lung, the total number of BAL cells
at days 0, 3, 5, 7, 10, 14, and 28 pi was determined. BAL cell
numbers increased from a range of 0.5 � 105 to 1 � 105 BAL
cells/lung at day 0 to 1.7 � 105 to 2 � 105 cells/lung between
days 3 to 14 pi, before declining to 0.7 � 105 to 1.3 �105

cells/lung at day 28 pi, suggesting that primary HMPV infec-
tion does not engender an emphatic BAL cell response as
previously described (2). To determine the leukocyte popula-
tions responding to HMPV infection, flow cytometry was used

to examine CD4� or CD8� T cells, B220� B cells, DX5� NK
cells, RB6-8C5� polymorphonuclear leukocyte cells, and
CD11b� cells.

The innate response to HMPV infection was minimal, as few
DX5� cells and RB6-8C5� cells were detected at any time
point examined (0.37 � 105 to 3.7 � 105 cells/lung); however,
a higher percentage of CD11b� cells was detected at day 5 pi
(2.1 � 106 cells/lung) (Fig. 1). The percentage of CD11b� cells
was substantially decreased by day 7 pi (7 � 105 cells/lung) and
remained low out to day 28 pi (5.8 � 105 cells/lung) (Fig. 1).
CD11b is an integrin molecule expressed on granular cells
(neutrophils, eosinophils, and basophils) and macrophages
(22). Since gating for flow cytometry analysis of CD11b� cells
precluded macrophages, and few RB6-8C5� neutrophils were
detected in the BAL, it is likely these cells represented eosin-
ophils and/or basophils. These results are markedly different
than those observed following similar RSV infection in
BALB/c mice, where BAL cell numbers may reach 3 � 105 to

FIG. 1. Innate immune cell trafficking to the lung following HMPV
infection. Mice were i.n. infected with 106 PFU HMPV/75 and BAL
cells recovered at the time points indicated for cell surface staining of
A) DX5� cells; B) CD11b� cells; and C) RB6-8C5� cells. Each bar
represents the mean 
 SD from three separate experiments.

TABLE 1. HMPV titers and weight loss in BALB/c mice

Days postinfectiona Mean virus titer
(log10PFU/g 
 SD)b Weight (g 
 SD)

0 0.0 
 0.00 22.80 
 1.770
3 7.1 
 0.10 23.01 
 0.934
5 7.2 
 0.05 18.03 
 0.610
7 8.1 
 0.10 17.46 
 0.437
10 5.8 
 0.05 19.86 
 0.377
14 7.5 
 0.04 19.17 
 0.633
28 4.1 
 0.02 22.13 
 1.212

a BALB/c mice were i.n. infected with 106 PFU of HMPV/75.
b Five animals from each group were weighed and euthanized at day 0, 3, 5, 7,

10, 14, or 28 pi and lungs were harvested to determine virus titers.
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5 � 105 cells/lung between day 3 to 5 pi and substantially
higher percentages of DX5�, RB6-8C5�, and CD11b� cells
may be found (39, 45).

Flow cytometry and lymphocyte gating of BAL cells was
used to determine the percentages of positive CD4�, CD8� or
B220� lymphocytes responding to HMPV infection at days 0,
3, 5, 7, 10, 14, and 28 pi (Fig. 2). In similarity to the innate
response, the percentage of CD4� T cells was low at all time
points examined (1.5 � 105 to 6.3 � 105 cells/lung); however,
a considerable increase in the percentage of CD8� T cells was
detected at day 5 pi (1.2 � 106 to 1.8 � 106 cells/lung) and day
14 pi (1.4 � 106 to 2.1 � 106 cells/lung). Peak CD8� T-cell
numbers were generally associated with peak virus titers in the
lung (Table 1), suggesting that these cell types may be respond-
ing to virus replication. The percentage of CD8� T cells de-
clined to lower levels at day 28 pi (2.5 � 105 to 4.2 � 105

cells/lung) despite the presence of infectious HMPV in the
lung (Table 1). Similarly, the percentage of B220� B cells
increased at days 5, 7, and 14 pi, with peak numbers occurring
at day 14 pi (2.2 � 106 to 3.1 � 106 cells/lung) and fewer B220�

cells detected at day 28 pi (3.3 � 105 cells/lung). The decline in
the percentages of CD8� T cells and B220� B cells at day 28
pi despite the presence of infectious virus in the lungs may
reflect the contraction phase associated with the generation of
a virus-specific memory response (40) and/or the consequence
of potential immune evasion mechanisms employed by HMPV
to establish persistent infection.

Expression of activation and adhesion molecules on leuko-
cytes was examined, as the expression pattern of these mole-
cules contributes to cell trafficking and provides a qualitative
method for discriminating between “naı̈ve” (CD44LO

CD62LHI) and “antigen-experienced” (CD44HI/CD62LLO)
immune cells (40). The percentages of positive CD4�/CD44HI,
CD8�/CD44HI, CD4�/CD62LLO, or CD8�/CD62LLO T cells
in the BAL were determined at days 0, 3, 5, 7, 10, 14, and 28
pi (data not shown). No significant differences in CD44 or
CD62L expression by CD4� or CD8� were detected at any
time point examined, except for a slight increase in CD44HI

expression by CD4� and CD8� T cells at day 5 pi. These
results are consistent with the minimal pulmonary BAL cell
response associated with HMPV infection and the hypothesis
that primary HMPV infection does not engender a prominent
immune response, an effect that may contribute to persistence.

Intracellular Th1/Th2 cytokine expression by CD4� and
CD8� T cells. The pattern of Th1- or Th2-type cytokine ex-
pression affects the course of the immune response to virus
infection. For example, IFN-� produced by Th1-type cells stim-
ulates Th1 development and inhibits Th2 development,
whereas IL-10 produced by Th2-type cells has the opposite
effect (40). To determine the pattern of Th1- or Th2-type
cytokine expression by BAL cells, flow cytometry was used to
analyze intracellular Th1-type (IL-2, IFN-�, TNF-�) or Th2-
type (IL-4, IL-5, IL-6 IL-10) cytokine expression by CD4�- or
CD8�-gated T cells at days 0, 3, 5, 7, 10, 14, and 28 pi (Fig. 3).
Early in the response to HMPV infection, i.e., between days 3
and 10 pi, the magnitude of IL-2, IFN-�, and TNF-� expres-
sion by CD4� T cells was generally higher compared to IL-4,
IL-5, IL-6 or IL-10 expression; however, between days 7 and 28
pi, high IL-10 expression was evident. These results suggest
that the early CD4� T-cell response to HMPV infection is
predominately Th1-like, but between days 7 to 28 pi, a sub-
stantial Th2-type IL-10 response occurs (Fig. 2). Similarly, the
magnitude of IL-2 expression by CD8� T cells was substan-
tially higher than IL-4, IL-5, IL-6, or IL-10 expression between
days 3 and 10 pi, and the magnitude of TNF-� expression was
higher between days 7 and 10 pi; however, CD8� T cells
expressed high levels of IL-10 between days 7 and 28 pi (Fig.
3). IFN-� expression by CD4� and CD8� T cells was generally
low at all time points examined (7.6 � 105 to 15.4 � 105

cells/lung), and IFN-� expression by CD8� T cells was signif-
icantly lower at day 7 pi (P � 0.01) compared to day 3, 5, 14,
or 28 pi. The low IFN-� expression by CD8� T cells and
increased IL-10 expression by CD4� and CD8� T cells at day
7 pi coincided with peak virus replication in the lungs (Table
1), suggesting that the pattern and magnitude of expression of
these cytokines may be related to increased HMPV replication
and/or development of persistence.

HMPV replicates in the presence of a HMPV-specific anti-
body response. Previous studies by our laboratory showed that
infectious HMPV occurs in the lungs of BALB/c mice up to

FIG. 2. Lymphocyte trafficking to the lung following HMPV infec-
tion. Mice were i.n. infected with 106 PFU HMPV/75 and BAL cells
recovered at the time points indicated for cell surface staining of A)
CD4� cells; B) CD8� cells; and C) B220� cells. Each bar represents
the mean 
 SD from three separate experiments.
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day 60 pi (101 PFU/g lung tissue) despite the presence of
neutralizing antibodies which can be detected by day 14 pi and
which reach neutralizing titers � 6.46 log2 by day 28 pi (2). In
this study, the serum levels of HMPV-specific IgG were deter-
mined at days 0, 3, 5, 7, 10, 14, and 28 pi (Fig. 4). The mean
endpoint titers from individual HMPV-infected mice (n � 6)
were similar to the mean endpoint antibody titer in pooled sera
from HMPV-infected mice (n � four to six), a finding consis-
tent with our previous study and findings reported for HMPV-
infected hamsters (34). Serum antibody titers to HMPV were
undetectable until day 14 pi and peaked at day 28 pi. These
results are consistent with the decrease in HMPV lung titers
that occurs between day 14 pi (107 PFU/g lung tissue) and day
28 pi (104 PFU/g lung tissue) and are suggestive that the rise in
serum HMPV-specific IgG may contribute to regulation of
virus replication. To determine the protective efficacy of
HMPV-immune sera, 150 	g of normal mouse sera, hyperim-
mune HMPV-specific mouse sera, or affinity-purified IgG from
hyperimmune HMPV-specific mouse sera (neutralizing end-
point titers � 7.04 log2; data not shown) was passively trans-
ferred to naı̈ve BALB/c mice and the mice were intranasally
challenged with 106 PFU of HMPV. At day 7 pi, virus titers in
the lungs of mice treated with normal mouse sera were higher
(8.12 PFU/g lung) compared to those of mice treated with
HMPV-specific hyperimmune sera (2.45 PFU/g lung) or affin-

ity-purified IgG from hyperimmune HMPV-specific mouse
sera (2.235 PFU/g lung) (Fig. 5). These results indicate that
HMPV-specific antibodies provide a level of protection from
HMPV challenge when passively transferred to naı̈ve mice.

FIG. 3. Intracellular cytokine expression following HMPV infection. Mice were i.n. infected with 106 PFU HMPV/75 and BAL cells recovered
at the time points indicated. CD4�- and CD8�-gated T cells were examined for intracellular Th1 or Th2 cytokine expression: A) CD4� T cells/Th1
cytokines; B) CD4� T cells/Th2 cytokines; C) CD8� T cells/Th1 cytokines; and D) CD8� T cells/Th2 cytokines. Each bar represents the mean 

SD from three separate experiments.

FIG. 4. HMPV-specific antibody response associated with infec-
tion. HMPV-specific antibodies in sera were quantitated by ELISA at
the time points indicated following i.n. infection of BALB/c mice. Each
bar represents the mean 
 SD from three separate experiments.

VOL. 79, 2005 IMMUNE RESPONSE TO HMPV IN BALB/c MICE 5975



However, our recent findings showing that HMPV persists in
the lungs despite the presence of a neutralizing antibody re-
sponse (2) suggest that persistence likely occurs before a sub-
stantial neutralizing antibody response develops.

The CTL response to HMPV is delayed. During primary
RSV or influenza virus infection in mice, the peak of CTL
activity (days 7 to 10 pi) is generally associated with peak
resistance to respiratory virus replication (8, 9, 16, 17, 41). To
determine whether the anti-HMPV CTL response was func-
tional at day 7 pi, a peak time point of HMPV replication in
the lung (107 PFU/g lung tissue), or at day 28 pi, CTL activity
toward syngeneic H-2d-restricted P815 target cells infected
with either HMPV or RSV (MOI � 10), peptide pulsed with
HMPV N peptide or RSV M2 peptide, or uninfected P815
cells was determined (Fig. 6). No CTL activity toward any
target was detected at day 7 pi; however, a substantial anti-
HMPV CTL response was evident at day 28 pi. Not surpris-
ingly, there was no CTL response toward uninfected P815 cells,
P815 cells pulsed with RSV M2 peptide, or P815 cells pulsed
with a 20-mer metapneumovirus N peptide (data not shown)
previously shown to contain an antibody epitope (3). These
results suggest that the CTL response to HMPV is delayed
compared to the CTL response to primary infection by RSV or
influenza virus (8, 9, 16, 17, 41); however, the decreased
HMPV lung titers at day 28 pi compared to other time points
examined (Table 1) are suggestive that the CTL response may
contribute to control of HMPV replication. These results are
consistent with our previous findings showing that antibody
depletion of CD3� T cells is associated with increased HMPV
titers in the lung (2).

DISCUSSION

HMPV is a newly recognized human respiratory pathogen,
and similarly to RSV, may cause a spectrum of respiratory
illnesses ranging from asymptomatic infection to severe bron-
chiolitis (6, 7, 11, 19, 49–51). Little is known regarding the
mechanisms of immunity and disease pathogenesis associated

with HMPV infection; however, a recent prospective study
showed that HMPV infection in previously naı̈ve infants elic-
ited a significantly lower inflammatory cytokine response than
did RSV infection (18). These results suggest that HMPV and
RSV may cause disease by different mechanisms or share a
common mechanism that is distinct from factors which con-
tribute to or elicit the inflammatory cytokine response. In this
study, we examined aspects of the innate and adaptive immune
response associated with HMPV infection in a BALB/c mouse
model and showed that primary HMPV infection is associated
with an indolent inflammatory response characterized by min-
imal innate immune and CD4� T-cell trafficking to the lung,
low-level IFN-� expression, induction of Th2-type IL-10 ex-
pression at later stages of infection, and delayed CTL activity
that coincides with persistent virus replication in the lung.
These findings are consistent with the attenuated inflammatory
response in HMPV-infected infants (18) and our previous
studies showing that HMPV replicates in the lungs with bipha-
sic growth kinetics in which infectious HMPV can be recovered
from lungs up to day 60 pi and that genomic HMPV RNA can
be detected in the lungs for �180 days pi by reverse transcrip-
tion-PCR (2).

Viruses employ a variety of strategies to weaken or evade
the immune response, including replication in immune-privi-
leged sites, down-regulation of immune molecules, antigenic
variation, and molecular mimicry (38, 40). RSV appears to

FIG. 5. HMPV hyperimmune sera protects from HMPV challenge.
Naı̈ve mice were intraperitoneally administered 150 	g of normal
mouse sera, hyperimmune HMPV-specific mouse sera, or affinity-
purified IgG from hyperimmune HMPV-specific mouse sera (neutral-
izing endpoint titers � 7.04 log2; data not shown), rested, and subse-
quently intranasally challenged with 106 PFU of HMPV. At day 7 pi,
the virus titers in the lungs of treated mice were determined. Each
point represents the mean 
 SD from three separate experiments.

FIG. 6. HMPV-specific CTL activity associated with infection. The
CTL response to HMPV infection was examined in restimulated cul-
tures of spleen cells isolated from HMPV-infected mice at days 7 and
28 pi using a 51Cr-release assay. Each point represents the mean 
 SD
from three separate experiments.
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employ a variety of strategies to promote virus replication. For
example, the central conserved cysteine noose region of the
RSV G protein has been shown to contain a CX3C chemokine
motif at amino acid positions 182 to 186 capable of interacting
with the CX3C chemokine receptor, CX3CR1, inhibiting frac-
talkine-mediated responses and altering trafficking of
CX3CR1� cells, which include T lymphocytes, NK cells, mono-
cytes, and macrophages (44). The putative HMPV G protein
does not contain a CX3C chemokine motif; thus, it is unlikely
to similarly antagonize fractalkine-mediated responses. How-
ever, based on the distribution of hydrophobic and hydrophilic
regions along the predicted amino acid sequence (30), the
HMPV G protein appears similar to RSV G protein, which
consists of a type II mucin-like glycoprotein (21). RSV G
protein expression has been associated with altered Th1-type
cytokine (45) and CC and CXC chemokine mRNA expression
(43) by BAL cells responding to infection. The mechanism(s)
associated with RSV G protein expression and altered cytokine
or chemokine mRNA expression is not known; thus, it is pos-
sible that potential structural similarities between RSV and
HMPV G protein may allow for similar effects. In addition, the
RSV genome contains genes which encode nonstructural pro-
teins NS1 and NS2 that suppress the induction of alpha, beta,
and gamma interferons in RSV-infected human epithelial cells
and by macrophages (35); however, these genes are absent in
the HMPV genome (47).

An association between virus persistence and disease chro-
nicity has been indicated for RSV infection of young children
and asthma exacerbation (20, 26, 28). Several studies suggest
that RSV may become latent or persist in vivo. For example,
RSV latency or persistence has been reported in mice, and
RSV protein and genomic RNA have been detected in guinea
pig alveolar macrophages for at least 60 days after infection
and similarly in B lymphocytes following infection with bovine
RSV (38). The results in this study, and from our previous
study (2), show that HMPV persists in the lungs of BALB/c
mice, suggesting that HMPV persistence may also affect dis-
ease pathogenesis and disease chronicity. Consistent with this
hypothesis, HMPV has been shown to exacerbate asthma and
wheezing in young children (29), cocirculate with RSV (27, 36,
50), and cause similar clinical disease as RSV (52). Notably,
HMPV persists in the lungs despite the presence of an HMPV-
specific IgG response and neutralizing antibody response (2),
and depletion of T cells or NK cells results in increased HMPV
replication (2). These results suggest that both innate and
adaptive arms of the immune response may be important in
controlling HMPV replication and persistence.

In summary, BALB/c mice provide a highly reproducible
small animal model to investigate the mechanisms of immunity
and disease pathogenesis associated with HMPV infection.
These results from this study suggest that aspects of the im-
mune response to HMPV infection are unique compared to
RSV results, a finding consistent with the attenuated inflam-
matory response in children infected with HMPV compared to
RSV (18). The availability of a mouse model to investigate
parameters of immunity and disease pathogenesis associated
with HMPV infection will help to contribute to our under-
standing of the pathophysiology associated with infection and
to the development of vaccine and treatment modalities to
combat HMPV infection.
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