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SUMMARY

Globally, as a leading agent of acute respiratory tract infections in
children �5 years of age and the elderly, the human metapneu-
movirus (HMPV) has gained considerable attention. As inferred
from studies comparing vaccinated and experimentally infected
mice, the acquired immune response elicited by this pathogen fails
to efficiently clear the virus from the airways, which leads to an
exaggerated inflammatory response and lung damage. Further-
more, after disease resolution, there is a poor development of T
and B cell immunological memory, which is believed to promote
reinfections and viral spread in the community. In this article, we
discuss the molecular mechanisms that shape the interactions of
HMPV with host tissues that lead to pulmonary pathology and to
the development of adaptive immunity that fails to protect against
natural infections by this virus.

INTRODUCTION

The current lack of effective vaccines has contributed to a
permanent large burden of acute respiratory tract infec-

tions (ARTIs) worldwide. Epidemiological studies have consis-
tently shown that ARTIs are the leading cause of childhood mor-
tality, contributing to approximately 1.7 million and 1.5 million
deaths in 1998 (1) and 2008 (2), respectively. More than 10 years
ago, van den Hoogen and coworkers identified and characterized
a novel virus classified within the Paramyxoviridae family that was
accountable for an important fraction of ARTIs affecting children
globally. Based on genome sequence data and the identification of
the M2 gene, this novel paramyxovirus was classified as belonging
to the subfamily Pneumovirinae and later to the genus Metapneu-
movirus. Based on a significant genetic similarity to subgroup C
avian metapneumovirus (AMPV-C), this pathogen was denomi-
nated the human metapneumovirus (HMPV) (3, 4). Further-

more, evolution analyses have suggested that HMPV was derived
from AMPV-C between �180 and 270 years ago (5, 6). Phyloge-
netic studies of the first sequences obtained for the major HMPV
glycoproteins (F and G) identified two major genotypes, geno-
types A and B, which also defined two major serotypes (7). Later,
subsequent analyses defined 4 genetic lineages circulating in the
human population, the A1, A2, B1, and B2 lineages, which were
derived from a common ancestor about 97 to 133 years ago (5, 6).
Moreover, recent phylogenetic and evolutionary analyses of F and
G genes collected in a 10-year period revealed that the A2 lineage
could be separated into two other lineages, A2a and A2b, defining
a total of 5 HMPV genetic lineages (8). Another recent study
found that HMPV strains of the B genotype clustered separately
from strains of the known B1 and B2 lineages, suggesting the ex-
istence of a third B lineage (9).

Epidemiology

The epidemiology of HMPV has been extensively studied since the
identification of the virus in 2001, and excellent reviews have dis-
cussed epidemiological data accumulated over the first decade
(10, 11). Globally, HMPV is recognized as the second most com-
mon cause of bronchiolitis and pneumonia in children �5 years
of age (10, 11). Indeed, retrospective surveillance studies further
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confirmed that HMPV infections caused a significant fraction
(�5 to 20%) of ARTIs that were previously considered to have an
unknown cause. These findings suggest that HMPV circulated in
the human population long before it was identified as an etiologi-
cal agent (4, 12–14). Recent seroprevalence studies have shown
that HMPV steadily circulates in the community, as evidenced by
the 100% seropositivity in adults aged 20 years and �65 years,
which also suggests a steady reinfection rate that maintains mea-
surable anti-HMPV IgG titers in the population (15–17). In agree-
ment with this notion, epidemiological studies have concluded
that HMPV displays a broad spatiotemporal distribution, affect-
ing industrialized and developing countries equally. HMPV out-
breaks have maintained discrete incidences that peak mostly
during spring (reviewed in references 10 and 11). The simulta-
neous circulation of the 4 HMPV genetic lineages is a common
finding, even in studies of different locations in consecutive
years (13, 14, 18).

Lower ARTIs due to HMPV have been associated with other
lung inflammatory conditions of either an acute or a chronic na-
ture. For instance, HMPV infections are associated with asthma
exacerbations in adults and elderly patients (19). The presence of
HMPV RNA in respiratory secretions of adults suffering attacks of
chronic obstructive pulmonary disease (COPD) has also raised
concerns about the potential contribution of HMPV infections to
COPD exacerbations (20–22). Because HMPV has also been de-
tected in COPD patients with no disease exacerbation, further
research is necessary to elucidate the actual role of the modulation
of host immunity by HMPV to the pathophysiology of a COPD
attack (21). Interestingly, about 35% of transplanted patients in-
fected with HMPV can develop accelerated cellular rejection char-
acterized by bronchiolitis obliterans syndrome and chronic
allograft dysfunction (23), suggesting that HMPV can potentiate
cellular immunity to unrelated antigens. In addition, at least two
independent studies have shown that in various proportions of
severe acute respiratory syndrome (SARS) cases, ranging from 22
to 50%, coinfection by SARS coronavirus and HMPV was con-
firmed (24, 25). These findings suggest that HMPV may addition-
ally contribute to SARS pathophysiology (26).

Clinical Symptoms Associated with HMPV

HMPV causes clinical manifestations with various degrees of
severity, ranging from asymptomatic infections to severe lower
ARTIs. When symptomatic, HMPV infections cause a spectrum
of clinical manifestations related to acute infection of the respira-
tory tract, including cough, fever, rhinorrhea, wheezing, and re-
spiratory distress (referred to as dyspnea) (27). Such symptom-
atology is related mainly to bronchiolitis and to a lesser extent to
pneumonitis (28). Furthermore, a study analyzed �2,000 upper
respiratory tract samples by quantitative reverse transcription
(RT)-PCR and determined that HMPV is a minor cause (up to
5%) of upper ARTIs (14). These upper ARTIs showed a variety of
symptoms related to rhinitis (previously referred to as coryza),
conjunctivitis, stomatitis, pharyngitis, laryngitis, and otitis media,
the latter of which develops in �50% of infected children (14). In
the elderly, HMPV infection may show symptoms related to an
aggravation of other underlying conditions, such as congestive
heart failure and COPD exacerbation, or to severe respiratory in-
sufficiency arising from pneumonia or lung transplant rejection
(27, 29–31). HMPV can produce asymmetric, acute interstitial
pneumonia and bronchitis in immunocompromised adults, as

evidenced by parenchymal airspace consolidations and bronchial
wall thickening in chest computed tomography (CT) scans (32).
Fever of �38°C, lymphopenia with monocytosis, increased C-re-
active protein levels, and chest radiographs indicative of bronchi-
tis and pneumonia have been also described for adults infected
with HMPV (33). In healthy adults, experimental infection with
HMPV produces symptoms including headaches, nasal conges-
tion, pharyngitis, cough, hoarseness, cervical lymphadenopathy,
and recurrence of herpes labialis (34). Importantly, the develop-
ment of lymphopenia and the recurrence of herpes lesions suggest
that HMPV could contribute to generating a transient immu-
nosuppressive status in infected humans, which has to be in-
vestigated further. Community-acquired HMPV infections re-
quiring intensive care and mechanical ventilation due to
respiratory failure in immunocompetent adults have been also
described (35, 36).

Very rarely, lower ARTIs caused by HMPV may be accompa-
nied by a presentation of neurological symptoms, including atten-
tion and executive deficits, nonfebrile seizures, and ataxia (37).
While only one case has been described for an adult, who was 47
years of age, most other cases have been reported for children
ranging from 4 months to 5 years of age (37–46). Three indepen-
dent studies have associated HMPV with acute encephalopathies
ranging from subcortical encephalitis to multifocal demyelinating
encephalitis, which are very rare ailments resulting from compli-
cations due to HMPV respiratory infection (39, 40, 43). Further-
more, a case of refractory status epilepticus and encephalitis in a
4-month-old infant who also presented an ARTI positive for
HMPV but not for other common respiratory pathogens was re-
cently reported (44). Importantly, seizures were accompanied by
lymphocytic pleocytosis in the cerebrospinal fluid (CSF), suggest-
ing that the activation of lymphocytes infiltrating the brain and
ependyma may be an important pathogenic mechanism in these
neuropathies. Although the pathological findings in brain tissue
were associated with the detection of HMPV RNA in two reports
(38, 39), to date, no direct evidence demonstrates a causative role
of HMPV in these neurological disorders. Moreover, worsening of
neurological dysfunction has been documented in one case de-
spite reductions in viral loads in the CSF, raising debate regarding
the neuropathogenic potential of HMPV.

Factors Contributing to HMPV Disease Severity

HMPV infects primarily individuals �5 years of age, adults �65
years of age, and immunocompromised individuals, thus defining
three susceptible populations. Age is one of the major factors in-
fluencing disease severity, as evidenced by an increased rate of
hospitalizations in infants �5 months of age, who have prolonged
stays in the intensive care unit (ICU), being approximately twice
as susceptible as infants 6 to 11 months of age and five times more
susceptible than the average for children �5 years old (18). As for
children, elderly individuals also show increased hospitalization
rates and prolonged stays in the ICU (12, 13, 47–54). In agreement
with this notion, recent studies demonstrated that an important
fraction (up to 95%) of children infected with HMPV have no
comorbidities and are otherwise healthy (51, 53), suggesting that
age alone is a major risk factor. Furthermore, although severe
respiratory infections requiring ICU admission have also been
reported for healthy adults with no comorbidities or underlying
diseases, the incidence in this population is rather low (35, 55).
Importantly, disease severity, which is measured as the degree of
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respiratory involvement, is strongly correlated with HMPV loads
in young children (56–58). This observation suggests that an age-
related phenomenon may be modulating the clearance of HMPV
from lungs, thereby more severely compromising pulmonary
function due to increased inflammation of airways.

The basis for the age-related risk for severe HMPV infections
remains poorly understood; however, the increased morbidity of
infants and the elderly seems tightly associated with the develop-
mental stages of T lymphocytes. Three major developmental
stages have been described for human T cells: memory genera-
tion, memory homeostasis, and immunosenescence (reviewed
in reference 59). While children �2 years old display cellular
immunity under development, with a low frequency of memory
T cells, elderly individuals show reduced proportion and func-
tionality of memory T cells (60, 61). Similarly to T cells, newborns
develop a limited repertoire of B cells specific for viral antigens due
to reduced somatic mutation in immunoglobulin genes, as re-
cently demonstrated by using human respiratory syncytial virus
(HRSV) as a model pathogen (62). These findings suggest that
disease severity in infants and the elderly may be defined in part by
the maturity and diversity of B and T cell repertoires, underscor-
ing the relevance of acquired immunity of the host in disease
pathogenesis.

Underlying diseases are additional risk determinants for severe
HMPV infections, and the rate of hospitalizations is increased for
patients suffering from prematurity, asthma, COPD, or immuno-
suppression (51, 54, 55, 63–65). For instance, severe or lethal
HMPV infections develop in subjects of different ages who are
immunosuppressed due to either cancer or transplantation ther-
apy (48, 66–73). As inferred from the link between viral loads and
ARTI severity in children, the elevated risk for the establishment
of persistent, life-threatening infections in immunocompromised
individuals suggests that the capacity of the host to control viral
replication is a major factor influencing the severity of HMPV
infections.

To date, there is no conclusive evidence to support any associ-
ation of viral genetics with HMPV virulence and disease severity.
Significant associations for infections with strains belonging to the
A2, A2b, and B2 genotypes have been established in the literature
(54, 74, 75). However, due to several factors, such as herd immu-

nity, that influence the spatiotemporal distribution of distinct
HMPV lineages, the association of viral genetics with disease inci-
dence and severity must be carefully analyzed. The high degree of
genetic variability in HMPV surface glycoproteins may shape herd
immunity and favor reinfections with distinct HMPV genotypes
over time. This can be translated into an increased frequency of
hospitalization related to a particular genotype but does not nec-
essarily imply that such genotypes produce a more severe pathol-
ogy. Indeed, other studies have either failed to establish a clear
association between disease severity and infection with different
HMPV lineages (76) or shown that dominant lineages change in
consecutive years, supporting the role of herd immunity pressure
over the genetic diversity of circulating HMPVs (77).

Although research has intensely focused on understanding the
pathology and role of adaptive immunity in both disease progres-
sion and viral clearance, there is still no vaccine to shape herd
immunity and prevent HMPV infection. Nonetheless, current ad-
vances in the understanding of molecular determinants that shape
HMPV interactions with the host have contributed to innovative
and encouraging approaches to treat and prevent lung diseases
that are caused by this paramyxovirus. This review focuses on the
interactions of HMPV with host immunity and addresses their
implications in respiratory pathogenesis, the development of
adaptive immunity to natural infections, and the lessons that we
can apply to design vaccines to prevent infections caused by this
important human pathogen. To address this in a comprehensive
manner, comparisons with other paramyxoviruses, including its
close relative HRSV, are made.

MOLECULAR ANATOMY OF HMPV

Similarly to other paramyxoviruses, HMPV particles are pleomor-
phic and display diameters ranging from 150 to 600 nm and aver-
aging 200 nm (Fig. 1). The virion has a highly electron-dense
envelope in which the viral glycoproteins relevant for target cell
recognition and infection are embedded (Fig. 1). The viral nucleo-
capsid encapsulates a 13.3-kb, nonsegmented, negative-sense, sin-
gle-stranded RNA (ssRNA) genome (viral RNA [vRNA]) contain-
ing eight genes, each of which is delimitated by gene start (GS) and
gene end (GE) sequences that define each gene as an independent
transcriptional unit (78–80). As with other paramyxoviruses, the

FIG 1 Transmission electron microphotographs showing negative staining of HMPV particles (V) interacting with monkey kidney cells (C). Two different
strains are shown: HMPV CZ0107 (A2) (A) and NL/1/00 (A1) (B). White arrowheads show the viral envelope, which has a high electron density due to the large
amount of bilayer-associated proteins, including surface glycoproteins and M. Similarly to other paramyxoviruses, most infective virions are pleomorphic and
display different sizes and circular shapes (84).
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HMPV replication cycle develops in the cytosol of infected cells
and uses vRNA as a template for the generation of RNAs of posi-
tive polarity, including the polycistronic antigenome and each of
the individual mRNAs (81, 82).

Based on both the well-characterized model of vesicular sto-
matitis virus (VSV) transcription as well as the presence of gene
interspaces, GS sequences, and GE sequences, it is believed that the
transcription of HMPV genes develops in a linear, sequential,
stop-restart process (83, 84). Because of this stop-restart process
and the chances of the transcriptase-replicase (TR) polymerase
disassociating during transcription restart, HMPV transcription is
thought to be hierarchical, where mRNA synthesis from genes
closer to the 3= promoter is more efficient than that from distal
genes (84) (Fig. 2A). Remarkably, translation of the eight mRNAs
of HMPV produces nine different polypeptides, due to the trans-
lation of two different open reading frames (ORFs), M2-1 and
M2-2, encoded in the matrix 2 (M2) mRNA (Fig. 2A). Translation
of the M2-2 protein is likely initiated independently of the M2-1
ORF, as demonstrated by the efficient expression of M2-2 in cells
infected with HMPV encoding a translation-silenced M2-1 ORF
(85). Similarly to AMPV, the HMPV genome lacks genes for non-
structural proteins such as NS1 and NS2 of HRSV (Fig. 2B). Some
proteins encoded in the HMPV genome contribute to the regula-
tion of the replication cycle and the interferon (IFN) response (see
“Modulation of the Interferon Response by HMPV Proteins and
Contribution to Viral Pathogenesis,” below). Most of our current
understanding relative to the function of HMPV proteins is pre-

liminary and lacks definitive experimental evidence, which has led
to extrapolations based on similarity with proteins of other
paramyxoviruses.

The HMPV nucleoprotein (N) shows �41% protein identity
to the HRSV N protein (86–88). The major role of this protein is to
package linearized genomic RNA into helical ribonucleoprotein
complexes that serve as molecular scaffolds for the assembly of the
TR machinery (Fig. 3). This supramolecular complex is also com-
posed of the phosphoprotein (P), the M2-1 protein, and the large
RNA polymerase (L) protein (89). Because it synthesizes viral
RNA species, including the genome and RNAs of positive polarity
(mRNAs and the full-length polycistronic antigenome), L is in-
strumental in the viral replication cycle (79, 80). To accomplish all
of these functions, L proteins of the Paramyxoviridae family dis-
play independent structural and functional domains with enzy-
matic activities related to genome replication and methylation,
capping, polyadenylation, and polymerization (through phos-
phodiester bond formation) of mRNAs (84, 90). For the trans-
criptase function, the HMPV L protein possesses an S-adenosyl-
methionine binding site with methyltransferase activity, which
participates in the capping of newly synthesized mRNAs (91). Al-
though the nature of most protein-protein interactions that form
the machinery of the HMPV TR complex remain unknown, TR
formation is thought to depend on interactions similar to those
described for the HRSV counterparts. The HMPV phosphopro-
tein (P) is expected to be pivotal for the assembly of the TR com-
plex in a manner similar to that of its HRSV counterpart, which

FIG 2 (A) Schematic structure of the HMPV ssRNA genome and arrangement of each of the eight genes within the genome. Each gene is flanked by two
conserved sequences, which are referred to as the gene start (GS) and gene end (GE) sequences. During transcription, the TR complex stops at each GE to restart
transcription in the following GS sequence (84). However, because the TR complex may stall, this process leads to an increased abundance of mRNAs closer to
the 3= leader. At the bottom right is a sketch of the translation mechanism producing two polypeptides from the M2 mRNA. Two different ORFs located at
position 14 and position 525/537 are used to synthesize the M2-1 and M2-2 proteins, respectively (85). (B) Schematic compositions of the AMPV and HRSV
genomes. Note the striking degree of conservation of gene order between HMPV and AMPV. Sequence analyses indicate that while most AMPV and HMPV
structural proteins display �80% amino acid identity, the G and SH proteins display high amino acid variability ranging from 70 to 80% (78, 264). Also, note that
the genomes of HMPV and AMPV lack homologous genes for the HRSV NS1 and NS2 proteins (highlighted in red). In panels A and B, the genomes are not
illustrated to scale.
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interacts with the L, M2-1, and N proteins (92). Indeed, similarly
to their HRSV counterparts, the HMPV P and N proteins interact
and form cytoplasmic inclusion bodies in infected cells (93). The
HRSV P protein promotes mRNA elongation upon phosphoryla-
tion on threonine 108 and serine 232 (94, 95). Importantly, the
high degrees of identity and conservation of the N and P proteins
of all known HMPV lineages (96) have led to the postulation that
these proteins are promising antigens for the invention of vaccines
aimed at promoting cellular acquired immunity. As a proof of
concept, we demonstrated that a P-recombinant Mycobacterium
bovis bacillus Calmette-Guerin (BCG) vaccine uses the concerted
activity of helper and cytotoxic memory T cells to promote HMPV
clearance from infected lungs and prevent pulmonary disease in
mice (97).

Although the function of M2 gene products in the TR complex
is dispensable for viral growth, they actively participate in the reg-
ulation of the replication cycle (85, 98). The HMPV M2-1 protein
is an additional cofactor for the TR complex that works as an
antiterminator of mRNA synthesis that promotes the transcrip-
tion of viral genes (99, 100). M2-1 forms a tetrameric complex in
which each protomer participates in the specific recognition of GE
RNA sequences through an N-terminal Zn finger domain (100).
While tethering of the zinc atom stabilizes the tetramer, RNA
binding closes the conformation of the tetramer, which otherwise
has one protomer loosely interacting with the other three (101).
Because both the interaction with P and the removal of zinc atoms
fine-tune the interaction of M2-1 with the vRNA, it is though that
besides working as a transcription antiterminator, M2-1 can also
regulate the assembly of the TR complex (101). In contrast to
M2-1, the M2-2 protein is recognized as a key negative modulator
of viral transcription and replication, as indicated by the accumu-
lation of mRNAs in M2-2 mutants and the inhibition of HMPV
replication in cells accumulating M2-2 (85, 98, 102). Further-
more, the M2-2 protein maintains polymerase fidelity, as evi-
denced by the increased mutation frequencies in M2-2 mutants
(85, 98). The M2-2 protein participates also in the early regulation
of host immunity (see “Modulation of the Interferon Response by

HMPV Proteins and Contribution to Viral Pathogenesis,” below).
Importantly, the contribution of HMPV M2 proteins to the host
infection cycle is further supported by the observation that viruses
lacking either the full-length M2 gene, M2-1, or M2-2 are highly
attenuated in both hamsters and nonhuman primates, displaying
marginal replication in nasal turbinates and lungs (85, 98, 103).

Following vRNA replication and packaging, the successful
spread of infection to neighboring cells depends on the release of
new, structurally intact virions. The confining of the HMPV ma-
trix protein to the inner surface of the host cell membrane is a
mandatory step in the production, maturation, and release of
properly enveloped virions from infected cells (104). Structural
studies have identified a positively charged surface on the M pro-
tein that allows interactions with negatively charged membrane
phospholipids. A Ca2� binding pocket has also been identified,
which suggests a role of Ca2� in particle assembly and stability
(105). As with other paramyxoviruses (106, 107), the association
of M with the plasma membrane is thought to support viral as-
sembly due to interactions between M and host factors or other
viral proteins, including the nucleocapsid and the cytoplasmic tail
of surface glycoproteins (Fig. 3). Additionally, the production of
avian metapneumovirus-like particles is a process that is depen-
dent on the coexpression of and interaction among M, N, and
fusion (F) proteins (107), suggesting that a similar requirement
may exist during HMPV budding.

In mature, infective viral particles, which are also referred to as
virions, three major glycoproteins (F, attachment glycoprotein
[G], and SH) are anchored to the plasma membrane (Fig. 3). A
conserved arginine-glycine-aspartate (RGD) motif on the F pro-
tein favors binding to multiple RGD binding integrins that partic-
ipate in both attachment and fusion to target cells (108–110).
Besides integrins, F also binds glycosaminoglycans such as hepa-
ran sulfate (111). The F protein is a class I glycoprotein that as-
sembles into trimeric structures formed by protomers of two dis-
ulfide-bound subunits, F1 and F2, generated by protease
processing. This enzymatic cleavage exposes an N-terminal, hy-
drophobic peptide in the F1 subunit, which penetrates the oppos-
ing host cell membrane and initiates fusion after refolding into
coiled coils and forming a pore for the delivery of the nucleopro-
tein TR complex (112). The F proteins of some HMPV strains
contain an amino acid substitution at position 294 (glutamic acid
[E] to glycine [G]) that confers the capacity to promote fusion at
low pH (113, 114). Importantly, this membrane fusion mecha-
nism differs from that mediated by F proteins of other members of
the Paramyxoviridae, which takes place at the neutral pH of the cell
plasma membrane (115), suggesting that the entry of these strains
may be efficiently mediated in early endosomes (pH 6.0 to 6.5)
(116). A recent report further demonstrated that HMPV is inter-
nalized by using the endocytic pathway through a mechanism
dependent on clathrin and dynamin and fuses with endosomal
membranes without requiring acidification of the endosomal
compartment (117).

The role of G in adhesion has been majorly inferred from its
comparison to its HRSV orthologue. Indeed, although the HMPV
G protein binds heparin in vitro (118, 119), there is a lack of evi-
dence demonstrating its real contribution to the processes of tar-
get cell binding and stabilization of glycoproteins during the pro-
cess of fusion of virus and host cell membranes. Indeed, it seems
dispensable for infection, as evidenced by studies showing effi-
cient infection of cells and animals with HMPV strains lacking G

FIG 3 Schematic illustration of the HMPV particle showing the molecular
scaffolding assembled in the host cell lipid bilayer. Three different viral pro-
teins are embedded: the F protein (orange) (a trimer) (265), the G protein
(green) (a tetramer), and the SH protein (red) (a pentamer). The viral matrix
(blue) encapsulates the nucleoprotein-associated genome (yellow-green) or
nucleocapsid underneath the lipid bilayer. Similarly to HRSV, the nucleocap-
sid of HMPV is thought to form long helical structures that are packaged
within the viral particle (86, 88). The ribonucleoprotein complex is associated
with the L protein (yellow), along with its cofactors (P [violet] [a tetramer]
[266] and the M2-1 protein [pale blue] [a tetramer] [100, 101]). It is thought
that as part of the TR complex, the M2-2 protein (pale blue) is also included
within viral particles.
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(120). As with G, the function of the SH protein in the replication
cycle of HMPV is elusive (121). Recent evidence indicates that as a
viroporin, SH regulates membrane permeability, enhancing the
fusogenic capacity of HMPV (122). Also, others have found that
SH aids in the regulation of host innate and acquired immunity by
shutting down the activation of nuclear factor �B (NF-�B), a mas-
ter regulator of proinflammatory genes (123, 124) (see “Modula-
tion of the Interferon Response by HMPV Proteins and Contri-
bution to Viral Pathogenesis” and “Impairment of DC Function
by HMPV and Implications for the Generation of Suboptimal
Helper T Cell Immunity,” below).

Among the surface glycoproteins expressed by the four HMPV
genogroups, F displays the highest degree of conservation (�94 to
97% amino acid identity), whereas SH and G display significantly
lower genetic identities (�59 and 37%, respectively) (83, 96). As a
central protein for target cell infection, the F protein of HMPV has
been considered an appealing subject for the development of neu-
tralizing antibodies for passive immunotherapy (125) or vaccina-
tion (126). Experimental evidence further supports the role of F as
the dominant neutralizing antigen and the conversely poor pro-
tective role of G and SH (127).

PATHOPHYSIOLOGY OF HMPV INFECTION

Members of the Paramyxoviridae family provide good examples of
viral strategies to inhibit the early host antiviral response to pro-
mote viral spread to permissive tissues (128, 129). Several negative
modulatory proteins have endowed HMPV with mechanisms to
efficiently replicate in target cells in the face of activated IFN re-
sponses. By either uncoupling cellular innate surveillance systems
or interfering with the adequate activation of adaptive immunity,
HMPV disseminates in the host respiratory tract, leading to im-
mune-mediated pulmonary pathology that is similar to that
caused by HRSV. Furthermore, such strategies are thought to im-
pair the acquisition of immunological memory and favor lifelong
reinfections. Next, we review host and viral molecular determi-
nants that dynamically interact during infections to lead to the
blunting of host immunity as well as lung hyperreactivity and
airway obstruction.

Contribution of Airway Cells to HMPV Lung Pathogenesis

As a respiratory pathogen, HMPV primarily targets epithelial cells
that inhabit the upper and lower respiratory tract and lung-resi-
dent leukocytes. Upon infection with HMPV, several histopatho-
logical changes occur in the lungs of infected humans and mice.
These alterations include damage of the respiratory epithelial
architecture, sloughing of epithelial cells, hyaline membrane
formation, loss of ciliation, and exacerbated mucus production
and inflammation of the lung interstitium (also referred to as
parenchymal pneumonia or pneumonitis) (130–132). Further-
more, HMPV diffusively compromises the lungs of humans, mice,
and cynomolgus macaques. Indeed, multiple focal lesions in
which inflammation of the lung parenchyma is associated with the
presence of HMPV proteins have been reported (133), suggesting
that (i) the activation of host immunity is delimited to regions of
virus replication and (ii) the degree of respiratory involvement is
strongly correlated with viral spread in the respiratory tract. With
the exception of immunocompromised hosts and patients with
underlying disorders, the latter of whom may develop chronic
airway inflammation, HMPV respiratory infections are acute and
self-limited (130, 134, 135). These acute and chronic pathological

changes lead to the impairment of gaseous exchange and the gen-
eration of respiratory distress in infected hosts (136, 137). In re-
cent years, several studies have provided an appreciation of the
molecular processes that participate in the initiation of immunity
to infection and the generation of pulmonary pathology following
HMPV infection (138). Data obtained in BALB/c mice suggested
that HMPV establishes long-term persistence in the respiratory
tract and leads to lung hyperreactivity (defined as an increased
bronchospasm response to muscarinic receptor agonists) (132,
139, 140). However, long-term persistence and the development
of lung hyperreactivity have not been replicated in other models,
raising questions regarding whether this is a phenomenon com-
mon to all HMPV lineages and whether it can be extrapolated to
immunocompetent humans.

The initial step of respiratory cell infection is crucial for both
viral dissemination in the lungs and the orchestration of later im-
munological events that are related to airway inflammation and
pulmonary damage. Infection of airway epithelial cells (AECs) is
the first important process that occurs in the course of the acute
phase of infection. Based on the detection of HMPV-infected cells
in the sputum and respiratory secretions of children suffering
from ARTIs, it is thought that HMPV targets AECs that inhabit
the nasopharynx and lungs (141–143). Experimental infection
models have been used to elucidate the infection of cellular subsets
with HMPV and their potential contribution to disease pathogen-
esis. For example, histopathological studies in mice and macaques
have shown that HMPV replicates in different types of AECs, in-
cluding those from the bronchi, bronchioles, and alveoli (103,
133). At a lower frequency, HMPV infects alveolar macrophages
(AM�s) (133), which are an important myeloid cell population
that controls inflammation and immune homeostasis in the lungs.
Similarly, lung-resident dendritic cells (DCs) are thought to be
unconventional targets for HMPV infection, due to their strategic
location in alveolar and bronchial spaces as well as in the intersti-
tium of the lungs. This notion is further reinforced by several
studies showing infection of cultured human and mouse conven-
tional DCs but with a restrictive/abortive replication cycle and
limited viral shedding (144–147). AECs, AM�s, and DCs are
thought to be the major populations that sense HMPV in the acute
course of infection and therefore are critical components me-
diating airway inflammation (138). Indeed, HMPV infection
increases myeloid cell populations in the lungs, including DCs and
AM�s (133, 138, 148). AM�s have been reported to be critical
mediators of pulmonary disease in mice (149).

Modulation of the Interferon Response by HMPV Proteins
and Contribution to Viral Pathogenesis

Secreted type I IFNs mount the first protection mechanism
against viral infections and have a key role in restraining viral
spread by activating hundreds of different IFN-stimulated genes
(ISGs). These genes create an antiviral state by shutting down
general processes in neighboring cells (150). Triggering of IFN
receptors (IFNRs) expressed on target cells, including innate and
acquired leukocytes, promotes the elimination of infected cells
through the enhancement of antigen-dependent and -indepen-
dent cytotoxicities (150–152).

Two major pathways for the secretion of type I IFNs in HMPV-
infected cultured cells have been described. Each pathway involves
different pattern recognition receptors (PRRs). The first pathway
involves two helicases from the RIG-I-like receptor (RLR) family,
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RIG-I and MDA5. Upon recognition of cytosolic viral double-
stranded RNAs (dsRNAs) and uncapped 5=-triphosphates of the
viral genome, these RLRs signal downstream by using the mito-
chondrial antiviral signaling protein MAVS (153–155). MAVS
then activates downstream IFN regulatory factor 3 (IRF3), which in
turn activates type I IFN secretion, IRF7 upregulation, and NF-�B,
inducing the secretion of proinflammatory cytokines and type III
IFNs (153) (Fig. 4). The second pathway for sensing HMPV in-
volves endosomal Toll-like receptor 3 (TLR3) and TLR7 (155,
156). TLR3 activates IRF3 via the adaptor protein TRIF, whereas
TLR7 activates IRF7 via the adaptor protein MyD88 (Fig. 4).

Importantly, most cells express IRF7 only in response to IFNs or
after the activation of IRF3, which is expressed constitutively and
is activated mostly by the RIG-I–MAVS pathway (155). However,
in plasmacytoid DCs (pDCs), IRF7 is constitutively expressed and
contributes to the generation of stronger TLR7-triggered type I
IFN responses (157). Thus, cell-based differential expression of
IRFs defines the way by which conventional DCs and pDCs initi-
ate the type I IFN response. More specifically, TLR7 is the major
PRR mediating HMPV sensing in pDCs, whereas MDA5-MAVS is
the major pathway sensing HMPV in human and mouse conven-
tional DCs (155, 157). In summary, viral RNA products activate

IRF3 by triggering MDA5, RIG-I, or TLR3 in AECs, whereas they
activate IRF7 through TLR7 in pDCs, which mounts a stronger
IFN response to HMPV. An additional piece of evidence suggests
that DCs use a redundant mechanism to sense HMPV, which
involves the engagement of TLR4 on the surface of DCs by the G
protein of HMPV (158). Nevertheless, this mechanism does not
require viral replication as does sensing of HMPV through RIG-
I-like helicases, TLR3, and TLR7.

Type I alpha/beta IFNs (IFN-�/	) are secreted by human AECs
and human/mouse DCs during the first hours postinfection (144,
145, 156). Shortly after infection with HMPV, strong IFN-�/	
production is observed in lungs, along with significant recruit-
ment of pDCs, which are specialized in the secretion of type I IFNs
(148). However, type I IFN signaling seems to play a pathogenic
role in vivo, as evidenced by less pathology and airway dysfunction
in HMPV-infected mice lacking the IFN-� receptor (IFNAR)
(ifnar
/
 mice) (159). These mice display increased viral replica-
tion yet clear HMPV from the airways with kinetics similar to
those of controls. This suggests that type I IFN signaling contrib-
utes minimally to HMPV clearance in mice (159). Furthermore,
HMPV infection in ifnar
/
 mice leads to the preferential expan-
sion of PD-L1-expressing AM�s and impaired function of cyto-

FIG 4 Sensing of HMPV by different PRRs and modulation of the IFN response by viral proteins. AECs and DCs that inhabit the lower respiratory tract use two
major pathways to sense HMPV replication. (Top) The first pathway involves RLRs, including RIG-I (more relevant in AECs) and MDA5 (more relevant in DCs)
(155, 157). These RLRs couple MAVS for signaling, which leads to the secretion of type I IFNs. Proinflammatory cytokines and type III IFNs are also secreted
through the activation of IRF3 and NF-�B, respectively. Products of viral replication, including cytosolic dsRNAs and uncapped 5=-triphosphates present in the
genomic RNA, activate RLRs. (Bottom) The second pathway involves TLRs. TLR3, TLR4, and TLR7 interact with viral products. The activation of TLR3 (in most
cells) and TLR7 (more important in pDCs) by viral dsRNAs leads to the secretion of type I IFNs by TIR domain-containing adaptor-inducing IFN-	 (TRIF)/
IRF3-dependent and MyD88/IRF7-dependent pathways, respectively, and the G protein impairs TLR4 signaling. HMPV proteins have synergizing/additive
effects on the inhibition of viral sensing. The G and P (HMPV B1) proteins impair sensing of viral RNA species through the inhibition of RIG-I- and
MAVS-dependent signaling (154, 155). The M2-2 and SH proteins are key virulence factors that negatively modulate signaling through both PRRs due to their
interactions with the TLR adaptor MyD88 (167) and NF-�B (124), respectively. Furthermore, M2-2 directly interacts with MAVS, impairing the upregulation of
IFN-	 (156). Additionally, the G protein of HMPV has been proposed to interact with and abrogate signaling through TLR4 (158, 168), although the mechanism
remains unknown. Moreover, HMPV infection leads to the downregulation of IFN-� receptors, Jak-1, and Tyk-2, thus impairing the autocrine IFN response in
infected cells (165).
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toxic T lymphocytes (CTLs). The undermined function of the
CD8� T cell repertoire was previously shown to be mediated by
PD-1/PD-L1 interactions in HMPV-infected wild-type mice (159,
160). Importantly, IFNAR is essential for the expansion of lung
DCs that express lower levels of PD-L1, which are inferred to be
the relevant antigen-presenting cell (APC) population that drives
the initiation and escalation of CTL responses (159, 160).

In mouse neonates, a more significant role in HMPV clearance
and pathogenesis has been described for MAVS/IPS-1 and IRF3/7,
which are factors upstream of IFNAR signaling. Spann and co-
workers showed that neonatal MAVS (also referred to as inter-
feron-beta promoter stimulator 1 [IPS-1]) knockout mice or
IRF3/IRF7 double-knockout mice had an impaired clearance of
HMPV from the lungs but displayed opposite susceptibilities to
viral pneumonitis (161). MAVS (IPS-1) knockout mice fail to
develop an inflammatory response to HMPV, which may be re-
lated to the uncoupling of RLRs and NF-�B. In contrast, IRF3/
IRF7 knockout mice show exacerbated neutrophilic inflamma-
tion in the lungs that is also associated with T helper type 1 (TH1)
and TH17 responses. This suggests that type I IFNs aid in regulat-
ing CD4� T cell responses during paramyxoviral infections (161).
Mechanistically, the discrepancy in the results obtained from
studies using either IFNAR or MAVS/IRF3/IRF7 knockout mice
may be related to the fact that the elimination of IFNAR has a
more specific effect that is limited to the IFN-�–IFNAR signaling
pathway. In contrast, the elimination of MAVS/IRFs has broader
deleterious effects, including an impaired production of proin-
flammatory cytokines and a different class of IFNs that are impor-
tant in modulating disease development (type III IFNs [IFN-�s]
[see below]).

Infected human AECs upregulate IFN-�1 to -4 (also known as
interleukin 29 [IL-29] [IFN-�1], IL-28A [IFN-�2], and IL-28B
[IFN-�3]) (162). Importantly, Banos-Lara and coworkers used
blocking antibodies against the IFN-� receptor to demonstrate
that IFN-�s not only possess strong antiviral activity but also ab-
rogate disease development in BALB/c mice (163). This suggests
that IFN-�s may be applicable as localized therapy for minimizing
HMPV burden in the respiratory tract. The protective effect of
IFN-�s may also be due to the negative modulation of T cell func-
tion, as previously reported for the secretion of IFN-�s by DCs
infected by HRSV (164). In this regard, HMPV infection of hu-
man and mouse conventional DCs activates both MDA5 and
IRF3/7, thus leading to the secretion of IFN-� along with IFN-�
and type I IFN-�, -	, and -
 (157). As expected, MDA5 knockout
mice lack IFN-� secretion in the lungs. They consistently develop
more severe pulmonary pathology and higher long-term viral
loads than their wild-type counterparts (157). Moreover, infec-
tion of MDA5-deficient mice results in the increased secretion of
cytokines that promote neutrophil transepithelial migration and
survival, such as CXCL1 (homologue of human CXCL8) and
granulocyte colony-stimulating factor (G-CSF), as well as severe
inflammation of the lung parenchyma (157).

Collectively, genetically modified mouse models have yielded
strong evidence supporting the notion that the activation of RLR
surveillance systems and their coupled transcription factors, IRF3
and IRF7, is a crucial mechanism that modulates paramyxoviral
infection-elicited pathogenesis and T cell responses. Furthermore,
Guerrero-Plata and coworkers (148) showed that lung pDCs dis-
play decreased secretion of type I IFNs after additional stimulation
with the TLR9 agonist CpG. Therefore, HMPV may have active

mechanisms that partially interfere with TLR- and RLR-depen-
dent surveillance pathways and allow the discrete, but not neces-
sarily functional, secretion of type I IFNs. The observation that
IFNAR-driven responses contribute poorly to viral clearance fur-
ther supports this notion and suggests that viral mechanisms also
interfere with signal transduction downstream of IFNRs. In this
regard, recent reports have indicated that infection of AECs with
HMPV induces the downregulation of the IFNR and two key sig-
naling tyrosine kinases driving the escalation of the IFN-	-driven
response, Jak-1 and Tyk-2 (165). Importantly, by using a still un-
identified mechanism, HMPV infection prevents the concate-
nated phosphorylation of Tyk2 and STAT-3 and the subsequent
upregulation of IL-6-stimulated genes in AECs (166), suggesting
an additional mechanism exploited by HMPV to negatively mod-
ulate the antiviral response of infected cells.

Finally, HMPV proteins impair PRR activation and the secre-
tion and signaling of type I IFNs. As a result, the IFN response is
dysfunctional at different levels. The HMPV proteins (M2-2, G, P,
and SH) impair the sensing of viral RNAs and other virus-associ-
ated molecular patterns via various synergizing strategies. Specif-
ically, M2-2 promotes the global evasion of TLR surveillance in
monocyte-derived DCs (MDDCs), due to the interaction between
this viral protein and the common signaling adaptor MyD88,
which is critical for the activation of proinflammatory genes (167)
(Fig. 4). In addition to interacting with MyD88, M2-2 also inter-
acts with MAVS, impairing the upregulation of IFN-	 in infected
AECs (156). In contrast, the expression of the attachment glyco-
protein G in AECs severely impairs signaling through RIG-I. This
is due to the interaction of the cytoplasmic domain of G with the N
terminus of this RNA helicase (154, 168). Furthermore, this pro-
tein-protein interaction leads to the uncoupling of RIG-I and
MAVS, thus blunting downstream signaling and the secretion of
chemokines and IFNs by infected AECs (154) (Fig. 4). Consis-
tently, infection of AECs with HMPV lacking G induces a more
marked activation of IRFs and NF-�B as well as stronger secretion
of type I IFNs and chemokines (168). Using a similar approach,
Bao and coworkers demonstrated that infection of human AECs
with HMPV lacking the SH protein leads to both an increased
phosphorylation of NF-�B and a strengthened secretion of the
cytokines CCL2, CXCL1 (KC), tumor necrosis factor alpha (TNF-
�), and interleukins 6 and 8 (124), thereby implying a redundant
role for SH and G proteins in the hampering of NF-�B-driven
responses. Finally, the phosphoprotein of HMPV B1 impairs the
RIG-I-dependent recognition of viral 5=-triphosphate RNA via an
unknown mechanism (155) (Fig. 4). Altogether, these proteins
endow HMPV with synergizing mechanisms that favor early viral
dissemination in the face of IFN and proinflammatory cytokine
secretion.

The Acute Phase of Infection and Orchestration of Airway
Inflammatory Hyperresponsiveness

Innate immunity to HMPV is initiated by the activation of PRRs
that sense HMPV replication in the respiratory tract. These PRRs
are widely expressed in phagocytic and epithelial cells and are
competent at recognizing either viral proteins or RNA structures
that are formed by viral RNA products synthesized during the
replication cycle of HMPV. Besides IFN induction, PRR triggering
rapidly upregulates several proinflammatory genes that activate
the immunological network and lead to viral clearance at the ex-
pense of exacerbated pulmonary inflammation (Fig. 3).
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During the first 12 h postinfection, human AECs upregulate
thymic stromal lymphopoietin (TSLP) and interleukins 1	, 6, and
33 (138). Moreover, HMPV-infected AECs secrete an important
array of proinflammatory chemokines carrying CC and CXC mo-
tifs. CC-bearing chemokines include CCL2, CCL3, CCL4, and
CCL5 (124, 167, 169). CXC-bearing chemokines include CXCL1,
CXCL2, CXCL3, CXCL8/IL-8, CXCL10, and CXCL11 (124, 156,
169). Collectively, these ILs and chemokines are thought to be
synergistic in the recruitment and activation of a significant rep-
ertoire of leukocytes mediating lung inflammation in HMPV-in-
fected hosts (Fig. 5). For instance, TSLP and IL-33 are key activa-
tors of OX40L� DCs (170, 171) and IL-13-secreting type 2 innate
cells (nuocytes) (172), respectively. Both of these innate cell types
mediate allergic responses. CCL2 is a chemoattractant for TH17
cells, monocytes, and plasmacytoid DCs (173, 174), whereas
CCL3 and CCL4 both recruit and activate neutrophils under acute
inflammatory conditions, such as coxsackievirus-induced myo-
carditis (175, 176). In contrast, CCL5 chemoattracts and increases
the survival of macrophages, which are critical for the clearance of
cells that have been destroyed by CTLs recognizing viral peptide-

loaded major histocompatibility complexes (pMHCs) on their
surface (177). CXCL1, CXCL2 (homologue of mouse CXCL2),
and CXCL3 (homologue of mouse CXCL2) are important medi-
ators of neutrophil transepithelial migration and activation (178,
179). Importantly, these CXC chemokines are likely synergizing
with CXCL8, which is a major chemoattractant of human neutro-
phils (180), to mediate neutrophilic inflammation within the air-
ways of HMPV-infected humans and mice (130). Additionally,
CXCL10 is a modulator of T cell trafficking and preferentially
attracts effector TH1 (and, to a lesser extent, TH2) cells expressing
the chemokine receptor CXCR3 (181, 182). Finally, CXCL11 is a
strong and selective chemoattractant for activated, CXCR3� T
lymphocytes (183). Therefore, the secretion of these cytokines
suggests that AECs are key pulmonary sentinels that orchestrate
the rapid influx of immune cells to mount an antiviral response to
restrain HMPV dissemination in the respiratory tract. Moreover,
because HMPV infection triggers the secretion of proinflamma-
tory cytokines in DCs (144–147), DCs are important lung senti-
nels that locally aid in viral recognition and the initiation of ac-
quired immune responses (Fig. 5). Among ILs, DCs secrete IL-6,

FIG 5 Chain of events leading to pulmonary immunopathology following HMPV infection. Sensing of HMPV is the initial step that leads to pulmonary damage
and inflammatory hyperresponsiveness. (A) During the acute phase of infection, AECs and DCs are the major populations that sense HMPV infections in the
respiratory tract (149). Both infected AECs (green) and DCs secrete a vast repertoire of cytokines (148, 169, 186). Although DCs sense viral replication through
PRRs, they develop only a poor to modest maturation response characterized by a mild upregulation of MHC-II, B7 receptors, and CD38. Chemokines bearing
CC and CXC motifs are the most important cytokines that recruit and activate several immune cell subsets, including neutrophils, T cells, and monocytes, soon
after initial exposure to HMPV. Alveolar macrophages (infected ones are shown in green) are important immune cells that promote pathology during the acute
phase of infection. More specific effects have been attributed to the secretion of TSLP by HMPV-infected AECs. TSLP activates DCs (that upregulate OX40L) and
leads to the activation and differentiation of T helper cells into a more pathogenic and poor antiviral phenotype (see panel B) (138, 171). (B) During established
pulmonary pathology, TH1 cells (during the first 7 dpi) and TH2 cells (after 10 dpi) form perivascular infiltrates, where most cytokines that either impair viral
clearance (IL-10) or promote and prolong airway inflammation (e.g., TNF-�, IL-6, IL-5, and IL-13) are secreted (220, 222). pDCs contribute to viral clearance
by secreting type I IFNs. Infiltrating CTLs are the major effectors of viral clearance in infected tissue. Neutrophils are a dominant population that mediate the
inflammation of HMPV-infected lungs and are also suspected targets for viral replication (138).
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which negatively modulates regulatory T (Treg) cell responses and
promotes immune responses that are dependent on effector
helper T cells and CTLs (184).

Because most mouse cytokines display a strikingly high degree
of homology with their human counterparts and share common
cellular targets and effector functions (185), the BALB/c model of
infection has contributed enormously to the understanding of
HMPV molecular pathogenesis. Furthermore, the mouse model
has provided a strong proof of concept for the relevance of TSLP
and IFNs, as well as other epithelial cell- and myeloid cell-derived
cytokines, in immunity against HMPV. HMPV-infected mice ex-
hibit secretion of several cytokines into the airways, as described
for infected cultures of human AECs and DCs. For instance,
granulocyte-macrophage colony-stimulating factor (GM-CSF),
G-CSF, CXCL1, CCL3, CCL5, TNF-�, IFN-�, and interleukins
1�, 1	, 6, 10, 17, and 18 are found in the bronchoalveolar lavage
fluids of HMPV-infected mice at 1 to 3 days postinfection (dpi)
(186). At 3 to 10 dpi, IFN-� and IL-12p40 are also detected, which
correlates with the initiation of pulmonary T lymphocyte re-
sponses (187). Most chemokines found in HMPV-infected mice
are chemoattractants for neutrophils, monocytes, and T cells
(186). Importantly, we have found that among other cytokines,
TSLP is strongly upregulated in mouse lungs during the acute
phase of infection (24 h postinfection), thus implicating a possible
role of this molecule in the pathogenesis of lung hyperresponsive-
ness (138). TSLP is recognized as a central molecule in the gener-
ation of HRSV-induced pulmonary disease in both children and
rodents (188, 189). The binding of TSLP to its receptor (TSLPR)
on the membrane of myeloid DCs triggers their activation. This
process involves the upregulation of the T cell-activating ligand
OX40L. During T cell priming, binding of OX40L to OX40 skews
T cell differentiation toward a TH2 phenotype, which is deleteri-
ous for proper HRSV clearance (188, 189). Interfering with the
TSLP-TSLPR system via either anti-TSLP neutralizing antibodies
or TSLPR knockout mice significantly reduces the inflammatory
response elicited by HMPV, thereby implicating a similar role for
TSLP in the development of pneumonitis (138). Importantly, we
detected the overexpression of OX40L in pulmonary CD11c�

MHC class II-positive (MHC-II�) cells, which include DCs and
pulmonary macrophages, and observed a mixed T cell response
with a more predominant TH1 phenotype (138). This suggests
that the polarizing effects of TSLP are largely shaped by the pul-
monary microenvironment. Interestingly, the diminished pathol-
ogy in TSLPR-deficient mice is accompanied by reduced neutro-
phil infiltration and reduced viral replication in the lungs, thus
reinforcing the link between viral replication and inflammation
(138). A similar reduction in HMPV replication was found in
neutrophil-depleted wild-type mice, suggesting that neutrophils
are potential targets for infection (as are neutrophils in HRSV-
infected children [190]). Alternatively, the inflammatory milieu
may be optimal for HMPV replication (Fig. 5). On the other hand,
we also observed strong upregulation of CCL17 mRNA (138),
which is a potent chemoattractant for TH2 CD4� cells and acti-
vated natural killer cells (191). Together, these cytokines promote
the recruitment of neutrophils; professional APCs; and a mixed
TH1, TH2, and TH17 repertoire, which are thought to be important
orchestrators of the immunopathology triggered by HMPV in
mice and humans (130, 138, 187).

Impairment of DC Function by HMPV and Implications for
the Generation of Suboptimal Helper T Cell Immunity

Conventional DCs (cDCs) are pivotal professional APCs located
in virtually all organs of the body as sentinels for pathogens (192,
193). After antigen uptake, the proteolytic machinery of DCs pro-
duces small peptides that are subsequently loaded onto the
grooves of major histocompatibility complexes (pMHCs). Pep-
tide-loaded MHCs work as ligands for the antigen receptor of T
cells (known as the TCR [T cell receptor]). These MHCs trigger
the activation of T cells upon contingent TCR triggering (which
depends on the density of presented pMHCs) and the costimula-
tion provided by the presenting DC (194, 195). T cell activation by
DCs largely depends on the assembly of the immunological syn-
apse (IS) in the interface of both cells. The IS serves as a scaffold
for the delivery of activating signals to T cells, including anti-
genic class I and II pMHCs, and costimulation provided by the
B7 receptors CD80 and CD86 (196). Because DCs express a broad
array of PRRs, they also contribute to pathogen sensing and the
initiation of the inflammatory response (197–199). Therefore,
DCs are key components of the immune system, due to their role
as both sentinels and APCs, leading the initiation, expansion, and
maintenance of antiviral cellular immunity.

Maturation is a physiological mechanism by which activated
DCs upregulate a number of membrane-bound and soluble mol-
ecules participating in the assembly of the IS and the activation of
T cells (200). On their cell surface, mature DCs increase the den-
sity of MHC-I and MHC-II, B7 receptors (CD80 and CD86), and
other molecules needed for efficient communication with T cells,
such as CD40 and chemokine receptors needed for trafficking into
secondary lymphoid tissues (201–203). Furthermore, mature DCs
secrete cytokines with the capacity to skew the commitment of T
cells toward phenotypes contingent on the threat sensed, includ-
ing interleukins and transforming growth factor 	1 (TGF-	1)
(204). MHCs, B7 receptors, and cytokines are key signals provided
to T cells synaptically engaged with activated DCs, which are com-
monly referred to as signals 1, 2, and 3, respectively (204). The
intensities of these signals, particularly signals 1 and 2 (205), de-
termine the outcome of T cell stimulation toward anergy (unre-
sponsive phenotype), tolerance (regulatory phenotype), or im-
munity (effector phenotype). Therefore, the understanding of the
dynamics that influence the capacity of HMPV-infected DCs to
prime T cells has unraveled potential viral mechanisms leading to
suboptimal adaptive immunity against HMPV.

DCs are competent in recognizing HMPV through PRRs and
become phenotypically activated, as evidenced by the upregula-
tion of T cell-costimulatory and proinflammatory molecules that
synergize with those secreted by AECs (144–147). However, dif-
ferent groups agree that this maturation response is rather modest
to poor (144–147). When observed, maturation of HMPV-in-
fected DCs is accompanied by low to modest upregulation of
MHC-II (in mouse and human DCs [145]) and MHC-I, B7 recep-
tors (CD80 and CD86), CD40, CD38, and CD54 (in human DCs
[144, 146, 147]) (Fig. 5A). Furthermore, infection of MDDCs by
HMPV fails to induce the proper expression of the chemokine
receptor CCR7 and to support the CCL19-driven migration of
DCs to lymph nodes, where priming of naive T cells occur (206).
Additional evidence suggests that HMPV does not actively sup-
presses DC maturation, as evidenced by the efficient upregulation
of B7-1/B7-2, CD83, and CCR7 on the surface of infected DCs
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stimulated with lipopolysaccharide (147, 206). In fact, it seems
that reduced DC maturation is derived from a limited sensing of
viral RNA species due to the establishment of restricted or abor-
tive HMPV replication in these APCs (144, 145, 147). Therefore,
the poor DC maturation induced by HMPV provides a theoretical
explanation for the suboptimal T cell memory observed in hu-
mans and mice. Interestingly, compared to the maturation re-
sponse elicited by other paramyxoviruses, that of HMPV is low in
terms of both cytokine secretion and the expression of maturation
markers. HRSV induces a stronger cytokine response in human
and mouse DCs, characterized by the secretion of significant
amounts of G-CSF, TNF-�, and interleukins 1	, 10, and 12 (144,
207). Also, HRSV induces a more marked expression of matura-
tion markers, including MHC-I/II, B7, and CD38 (the latter in
human DCs) (144, 207). On the other hand, compared to HMPV,
human parainfluenza virus type 3 (HPIV-3)-infected DCs show
strong upregulation of CD80 and strong secretion of chemokines,
including CCL2 to CCL5, CXCL8, and CXCL10 (146). These find-
ings led to the notion that the exacerbated pulmonary inflamma-
tion caused by HRSV and HPIV-3 may be due in part to the in-
creased activation of DCs in the respiratory tract (144).
Furthermore, compared to HRSV and HMPV, HPIV-3 induces a

strong downregulation of CD38, which is an important receptor
that mediates chemotaxis and transendothelial migration of ma-
ture human DCs (146, 202). Importantly, since HPIV-3 also es-
tablishes reinfections throughout life, the latter evidence suggests
that HMPV and HPIV-3 have developed different strategies to
subvert DC migration as a common mechanism to blunt the de-
velopment of T cell responses.

Compelling pieces of evidence suggest that HMPV impairs the
communication between naive T cells and DCs at the immuno-
logical synapse, thus leading to suboptimal T cell priming and
limited T cell memory (145, 148). The first piece of evidence came
from work by Guerrero-Plata and coworkers, who demonstrated
that cDCs from mouse lungs infected with HMPV fail to stimulate
naive T cell proliferation in vitro (148). This suggests that infection
of DCs by HMPV leads to impaired antigen presentation to T cells.
Delving deeper into the possible mechanism, we have demon-
strated that (i) impairment of naive T cell priming is dependent on
infection of DCs by HMPV and (ii) inhibition of CD4� T cell
priming occurs even at lower multiplicities of infection of DCs
(145). Furthermore, inhibition of T cell priming at low DC/T cell
ratios suggests that HMPV can efficiently blunt naive T cell prim-
ing in various settings (145) (Fig. 6A). Finally, impairment of

FIG 6 HMPV impairs T cell-dependent immunological processes by interfering with the function of DCs. (A, left) Priming of naive T cells by DCs is a pivotal
process for the initiation and expansion of immune responses dependent on CD4� and CD8� T cells. (Right) HMPV-infected DCs impair naive T cell activation
despite the efficient trapping of the Golgi apparatus of stimulated naive T cells (145). Inhibition of T cell priming is partially dependent on the secretion of soluble
factors by HMPV-infected DCs, which impair the upregulation of the TCR-driven activation marker CD69 and the proliferation of stimulated T cells. These
soluble factors have yet to be identified (145). (B) The G and SH proteins of HMPV are thought to impair the activation of memory CD4� T cells by interfering
with the assembly of the immunological synapse (123). The impairment of synapse assembly is related to the impediment of TCR complex (TCRc) recruitment
to the DC-T cell interface either via the effects of binding of G and SH to key molecules of the synapse or by reducing the density of new antigenic pMHCs due
to an impaired internalization of viral antigens by DCs. The TCR complex is a complex of integral membrane proteins, including the TCR heterodimer, the
�-chain, and four CD3 subunits, which participate in the activation of T cells upon antigen recognition.
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CD4� T cell priming occurs via soluble factors that are secreted by
HMPV-infected DCs in the absence of any interference with im-
munological synapse formation (T cell Golgi apparatus polariza-
tion) (145). These reports all indicate that infection of DCs by
HMPV ends in the suboptimal stimulation of helper CD4� T cells
(TH cells), which may subsequently mediate poor viral clearance
and favor airway hyperreactivity.

Opposing data with respect to the capacity of HMPV to inhibit
the activation of human memory CD4� T cells have been re-
ported. Although some groups found no differences in the pro-
liferation of CD45RO� CD4� T cells stimulated with HMPV-
infected MDDCs (144, 208), others found that HMPV impairs
signaling at the immunological synapse (123). Because subopti-
mal T cell memory is thought to originate at the level of naive T cell
stimulation (145, 148) and not at the level of recall responses of
antigen-experienced (CD45RO�) T cells, these findings do not
necessarily argue against the current model of impaired T cell
priming. In fact, disparities in the susceptibilities of naive and
antigen-experienced T lymphocytes have also been documented
in the case of DCs infected with HRSV, which fail only in the
activation of cells with no antigen experience (207, 209). Presum-
ably, this difference is linked to the increased sensitivity of mem-
ory T cells to antigen (signal 1) (210). Compared to HRSV, influ-
enza A virus (IAV), and HPIV-3, HMPV is a poor inducer of T cell
proliferation after the infection of MDDCs (208). Although this
difference is not significant, it was observed for most donors, im-
plying alternatively that adults may have a more scarce population
of circulating memory CD4� T cells that are reactive against
HMPV antigens, which may also explain susceptibility to reinfec-
tions (208). Compared to IAV and HRSV, HMPV-infected MD-
DCs also activate TH1 cells less efficiently, as evidenced by the
reduced proportion of IFN-�� and TNF-�� T cells after 7 days of
stimulation (208). In a more recent work, Le Nouen and co-
workers showed that infection of monocyte-derived DCs with
HMPV, but not HMPV lacking SH and G (HMPV�SHG), im-
pairs the activation of autologous memory CD4� TH cells, sug-
gesting that G and SH are key virulence factors that hamper T cell
recall responses (123). Impaired T cell activation is accompanied
by reduced CD3 accumulation, which is a hallmark of TCR trig-
gering and immunological synapse formation, in the interface of T
cells and wild-type HMPV-infected DCs. Importantly, the po-
tential inhibition of G and SH proteins is (i) observed early in
DC-T cell cocultures, (ii) dependent on the inhibition of mac-
ropinocytosis of viral particles, and (iii) observed even with
UV-inactivated HMPV (123). Therefore, HMPV�SHG-infected
DCs may exhibit an increased density of antigenic pMHCs due to the
efficient transcription of HMPV�SHG compared to wild-type
HMPV, thus promoting a better activation of T cells, which would
argue against direct effects of SH and G on the impairment of T
cell activation. Although less likely, uninternalized viral particles
may exert steric hindrance on the surface of DCs and impair the
proper delivery of activating signals to T cells. As we demonstrated
for the HRSV nucleoprotein (210), corroboration of immunolog-
ical synapse inhibition, as well as the molecular mechanisms caus-
ing reduced accumulation of CD3, would require functional as-
says using supported lipid bilayers loaded with antigenic pMHCs
and the HMPV G and SH proteins (Fig. 6B). This will further
expand our understanding of the key molecules affecting T cell
responses and will open new opportunities for vaccine develop-
ment.

Because the initial step of T cell priming is also relevant for the
induction of cellular immunological memory, the impairment of
DC function by HMPV may explain the development of subopti-
mal immunological memory and susceptibility to reinfection in
humans (211, 212). The HMPV-exerted interference with CD4�

T cell priming may be advantageous for viral dissemination, due
to interference with many downstream immune processes that are
driven by TH cells, such as (i) the recruitment and restimulation of
antiviral T cell repertoires, (ii) viral clearance by CTLs, (iii) licens-
ing of DCs for CD8� T cell activation, and (iv) activation of B cells
by TH cells (213–215). The limited help provided by TH cells may
have strong negative repercussions for the quality of antibody re-
sponses mounted against relevant antigens, such as the F protein.
To date, there has been no study demonstrating direct deleterious
effects of HMPV on the humoral immune response of humans
and model animals. However, independent studies have shown
that healthy adults become reinfected, either experimentally (34)
or naturally, in the face of 80 to 100% seroprevalence against
HMPV (15, 216, 217), suggesting that HMPV may have evolved
mechanisms that interfere with the proper development of anti-
body-dependent immunity. Along this line, others have proposed
that the humoral response plays a minor role in the clearance of
HMPV (16) based on the observation that HMPV recirculates in
the population despite the fact that humans of all age groups
maintain significant titers of neutralizing antibodies. Moreover,
only 35% of experimentally infected adults mount a detectable
antibody response, reinforcing the notion of viral interference
with B cell immunity development (34). Mechanistically, ineffi-
cient B cell immunity to infection may originate from the altera-
tion of a number of immunological processes spanning from an
impairment of B cell differentiation, due to limited TH cell help, to
defective effector mechanisms in the pool of HMPV-specific im-
munoglobulins generated in the context of repeated natural infec-
tions. Moreover, the notion of aberrant acquired immunity to
natural infections is also supported by the observation that an
HMPV-specific memory CD8� T cell repertoire that is reactive to
most viral proteins, including M, F, M2-1, G, N, and SH, expands
in adults suffering from respiratory disease (218). Part of this CTL
repertoire is specific for M and F epitopes and may last up to 21
months postinfection (218); however, it appears to contribute
minimally to the control of reinfections, which are more severe in
adults �65 years of age. Although natural infection-acquired im-
munity of healthy adults fails to prevent HMPV reinfections, it is
sufficient to prevent more severe forms of ARTIs, such as pneu-
monitis and bronchiolitis. Thus, by reducing adaptive antiviral
immunity, HMPV escapes immune destruction, favors reinfec-
tion in healthy adults (mostly subclinical) and other susceptible
individuals, and ultimately promotes its recirculation in the com-
munity.

Acquired Immunity to HMPV Infection and Contribution to
Pathogenesis

In children, HMPV produces a self-limited infection that is asso-
ciated with pathological, chronic, and degenerative alterations in
the lower respiratory epithelium as well as chronic inflammation
with participation of lymphocytes and other mononuclear cells
(130, 219). As for children, adults experimentally infected with
HMPV release infectious viral particles for 7 to 9 days, supporting
the short-term nature of HMPV shedding in humans (34). The
BALB/c mouse infection model has yielded strong evidence link-
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ing the activation of adaptive immunity with viral clearance and
the generation of chronic airway inflammation and hyperrespon-
siveness. In fact, TH cells and CTLs cooperate to clear the virus
from the airways and also promote lung pathology during the
primary immune response of naive animals to HMPV (220).
More specifically, the depletion of specific T cell subsets led to the
notion that TH cells, more than CD8� CTLs, are key components
in the pathogenic response to HMPV in mice (220). In agreement
with this notion, CD8� CTL responses are capable of eliminating
HMPV from the lungs, even in the absence of TH cells and a de-
tectable B cell response (220). This suggests that helper T cells
generate an immunological milieu that is deleterious for proper
cytotoxic activity. In this regard, HMPV infection elicits a delayed
CTL response that develops alongside an aberrant T helper re-
sponse correlating with poor viral clearance in the lungs (187).
More specifically, in infected mice, HMPV induces an initial TH1-
biased T cell response that skews toward a mixed TH1/TH2 re-
sponse at 10 days postinfection (187). This mixed TH response is
composed of a significant proportion of lymphocytes that secrete
IL-10 (187), which is a key immunomodulatory cytokine that pre-
vents viral clearance due to the regulation of cellular antiviral im-
munity (221). Moreover, although CTLs that infiltrate the lungs
of infected mice are competent in secreting IFN-� and inducing
lysis of infected cells in vitro (187, 222), they fail at eliminating the
virus from the airways. Erickson and coworkers recently extended
the understanding of the mechanisms responsible for impaired
CTL responses in the respiratory tract of mice acutely infected
with HMPV. They demonstrated that upon antigen recognition in
the lungs, CD8� T cells rapidly become exhausted due to the up-
regulation of PD-1 and other inhibitory receptors (223). There-
fore, the infection-generated immunological milieu appears to
dampen the efficient clearance of HMPV in vivo. Mice lacking a
functional TSLP-TSLPR pathway (i.e., tslpr
/
 mice) show an in-
creased infiltration of TH cells and CTLs in the lungs and a signif-
icant reduction in viral replication (138). Importantly, HMPV
infection of tslpr
/
 mice elicits a helper T cell response with a
significantly different profile of cytokines, including a reduced
proportion of CD4� TH cells secreting TNF-� and interleukins 4,
10, and 13 as well as an overall reduction in lung IL-4, IL-5, and
IL-13 mRNA levels (TH2 cytokines) (138). In summary, these re-
sults lead to the notion that the immunological milieu elicited by
infection with HMPV significantly influences the effector re-
sponse of virus-specific CTLs and the development of pulmonary
pathology. These findings also indicate that the pathogenic role of
T cells during primary infection depends on the immunological
context and is not exclusively dependent on the phenotype of the
expanded TH cell repertoire.

The aberrant adaptive antiviral immunity that is elicited by pri-
mary infection of BALB/c mice is also depicted by the generation
of suboptimal humoral immunity that fails to fight HMPV persis-
tence in the lower respiratory tract but that is capable of transfer-
ring partial protection to naive mice, due to the production of
neutralizing antibodies (139, 187). Although the humoral im-
mune response of BALB/c mice efficiently neutralizes the virus in
vitro, it fails to eliminate pulmonary cells infected with HMPV
(139). Similarly, we have observed that immunization with two
subdermal injections of viable HMPV fails to protect mice from a
subsequent challenge (97), suggesting that HMPV efficiently
hampers B cell immunity. Because key B cell activation and differ-
entiation processes, such as antibody affinity maturation and an-

tibody isotype switching, depend on proper aid from TH cells,
these findings indicate that suboptimal humoral immunity may
be derived from viral interference in the function of helper T cells
(224).

Animal Models for the Study of HMPV-Induced
Pathogenesis

An ideal animal model for human disease must recapitulate the
pathophysiology of a given disorder as close as possible. For the
preclinical exploration of the mechanism of HMPV pathogenesis
and the identification of novel therapeutics and vaccines, several
animal models have been tested so far (reviewed in reference 11).
Mice, cotton rats, ferrets, hamsters, and nonhuman primates sup-
port HMPV replication in the lungs and develop ARTIs, with var-
ious degrees of susceptibility (97, 98, 103, 127, 138, 225–231).
Animal studies have contributed enormously to the preclinical
evaluation of vaccine candidates and helped in the identification
of immunological mechanisms that confer immunity against ex-
perimental infections (summarized in Table 1) (85, 91, 97, 103,
126, 227, 229, 230, 232–239). At the molecular level, the mouse
model of infection has yielded the majority of evidence regarding
potential pathophysiological mechanisms related to HMPV lung
disease (132, 138, 148, 159, 160, 220, 223, 240, 241). Despite this
body of information, however, a debate has been raised regarding
the usefulness of the mouse model in understanding the response
of humans against HMPV. The latter is based on the observation
that compared to cotton rats, hamsters, and rhesus macaques,
HMPV replicates poorly in the lungs of mice, which is considered
an important drawback for translating the conclusions obtained
from mice to humans (225, 226, 231, 242). Arguing against this
notion, it is worth mentioning that HMPV-infected mice replicate
the pulmonary pathology of humans in several aspects, including
histopathology, the secretion of inflammatory mediators, and the
recruitment of immune cells (132, 138, 187, 240). Although for
humans, it is acknowledged that disease severity is associated with
age and viral load in lungs, mice replicate human disease in the
face of modest viral replication and also replicate age-related im-
munological deficiencies (243). Furthermore, compared to other
animal models, we have gained a considerably better understand-
ing of the differences and similarities in the functioning of the
human and mouse immune systems. Conservation in the tran-
scriptional landscape of �64% of orthologous genes controlling
the activation and regulation of human and mouse T cells has been
demonstrated (244), suggesting that the laboratory mouse is a
good model for understanding the association between the mod-
ulation of host immunity and the development of pulmonary pa-
thology. However, one major drawback is translating to humans
the pathogenic roles and the diversity of immunodominant
epitopes found within the T cell repertoire elicited in HMPV-
infected mice, which differ from those seen in humans (summa-
rized in Table 2) (160, 218, 222, 245, 246).

CONCLUDING REMARKS

HMPV causes ARTIs that produce a significant economic and
public health burden worldwide. Significant efforts have been in-
vested in understanding both the pathophysiology of pulmonary
disease and the origins of the poor acquired immunity elicited by
natural infections. Although preliminary, our current under-
standing of the disease determinants that contribute to the patho-
genesis of airway inflammation highlights the contribution of the
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TSLP-TSLPR pathway as a candidate target for the development
of palliative treatments against the disease. Furthermore, IFN-�s
offer additional therapeutic opportunities as both antiviral agents
and modulatory drugs for the development of inflammatory hy-
perresponsiveness in lungs of infected individuals.

Interference in DC function has been highlighted as an instru-
mental strategy that is exploited by HMPV to subvert the activa-
tion, proliferation, and maintenance of TH cell responses and the
downstream activation of B lymphocytes. Therefore, the charac-
terization of viral proteins that impair helper T cell activation may

TABLE 1 Principal experimental vaccine strategies developed to prevent HMPV infection

Technology Basis Animal model(s) Immune response Reference(s)

Inactivated virus Virus inactivated with formalin Cynomolgus macaques,
cotton rats

Strong immunopathology by TH2-type
antibodies (neutralizing)

238, 239

Viral proteins DNA-vectorized F protein Cotton rats Not protective, TH2-type antibodies 126
Iscomatrix F protein Cynomolgus macaques Not protective, TH2-type antibodies 225

Live attenuated virus Deletion of SH and G genes Hamster Immunogenic inducer of protecting
TH2-type antibodies

236

Deletion of M2-1 and M2-2 genes Hamster Immunogenic inducer of protecting
TH2-type antibodies

85

Deletion of SH, G, and M2-2 genes Primates Immunogenic inducer of protecting
TH2-type antibodies

103

Removal of carbohydrate moiety of F protein BALB/c mice Immunogenic inducer of protecting
TH2-type antibodies

235

L mutant with impaired cap methyltransferase
activity

Cotton rats Immunogenic inducer of protecting
TH2-type antibodies

242

Chimeric constructions Replacement of N and P genes for heterologous
genes from an avian strain

Primates, hamster Immunogenic inducer of protecting
TH2-type antibodies

227

Attenuated strain of parainfluenza virus
expressing the G protein of HMPV

Hamster Immunogenic inducer of protecting
TH2-type antibodies

230

Attenuated strain of parainfluenza virus
expressing the F protein of HMPV

Primates Immunogenic inducer of protecting
TH2-type antibodies

229

Equine encephalitis virus expressing the F
protein of HMPV

Primates Immunogenic inducer of protecting
TH2-type antibodies

234

Virus-like particles Retroviral core particles that express the G and
F proteins of HMPV

BALB/c mice Immunogenic inducer of protecting
TH2-type antibodies

233

Human embryonic kidney epithelial (293-F)
cells expressing M and F proteins of HMPV

C57BL/6 mice TH2-type antibodies and TH1 cellular
response

232

Recombinant bacteria Recombinant BCG expressing P protein of
HMPV

BALB/c mice Immunogenic inducer of protecting
TH1 cellular response

97

TABLE 2 T cell epitopes in humans and mice exposed to HMPVa

HMPV
protein

Epitope
sequence Species; MHC restriction Cellular immunity generated

Mode(s) of antigen
delivery Reference(s)

N11–19 LSYKHAILK Mouse; H2-Kb TCD8, IFN-� secretion Experimental infection 160
N164–172 VGALIFTKL Mouse; H-2Kb CTLs, IL-12 and IFN-� secretion Peptide immunization 245
N198–206 YPRMDIPKI Mouse; B7tg (restricted to HLA-B*0702) Splenocytes, IFN-� secretion Experimental infection 160
M12–20 IPYTAAVQV Human; HLA-B7 PBMCs, IFN-� secretion; cytotoxicity Natural viral infection 218
M94–112 VALDEYSKL Mouse; H2-Kb and B7tg (restricted to

HLA-B*0702)
CTLs, IFN-� secretion VLP vaccination 246

M194–203 IAPYAGLIMI Human; HLA-B7, -B51, -B55 PBMCs, IFN-� secretion; cytotoxicity Natural viral infection 218
M195–203 APYAGLIM Mouse; B7tg (restricted to HLA-B*0702) Splenocytes, IFN-� secretion Experimental infection,

VLP vaccination
160, 246

F528–536 SGVTNNGFI Mouse; H2-Db TCD8, CTLs, IFN-� secretion Experimental infection,
VLP vaccination

160, 246

M2.181–89 GYIDDNQSI Mouse; H-2Kd Splenocytes, IFN-� secretion Experimental infection 222
M2.256–64 CYLENIEII Mouse; H-2Kd CTLs, IL-12 and IFN-� secretion Peptide immunization 245
SH35–44 KLILALLTFL Human; HLA-A*0202 CTLs, IL-12 and IFN-� secretion Peptide immunization 245
G32–41 SLILIGITTL Human; HLA-A*0201 CTLs, IL-12 and IFN-� secretion Peptide immunization 245
a PBMCs, peripheral blood mononuclear cells; VLP, virus-like particle; TCD8, CD8� T cells.
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open new and exciting opportunities for the development of ra-
tional vaccines for preventing lower ARTIs in children and the
elderly.

Members of the Paramyxoviridae family have evolved non-
structural proteins that interfere with key proteins involved in the
interferon-signaling cascade in AECs. For instance, within the Re-
spirovirus genus, the C protein of Sendai virus inhibits the phos-
phorylation of IRF7 (247), and the V proteins of HPIV-1 and -3
are thought to inhibit STAT-1 and STAT-2 (reviewed in reference
248). Similarly, the V proteins of viral species belonging to the
Morbillivirus genus, including measles and canine distemper vi-
ruses, prevent the transcription of ISGs by abrogating the nuclear
translocation of STAT-1 and STAT-2 (249, 250). In addition, V
proteins inhibit the phosphorylation of Tyk2 and Jak1, which are
key IFNR-associated kinases (251). The latter blunts the signaling
of IFN-� and type I IFNs. Furthermore, V proteins interact with
RNA helicases, such as MDA5 and LGP2, to prevent signaling
through PRRs and the very first sensing of viral RNAs in epithelial
cells (252, 253). Regarding proteins in the Pneumovirus genus,
the HRSV NS1 and NS2 proteins target STAT-2 for degradation
(254, 255). Altogether, these findings exemplify how distinct
paramyxoviruses have evolved synergistic or redundant mecha-
nisms to blunt the host interferon response affecting pivotal sig-
naling molecules. From an evolutionary perspective, while HMPV
lacks nonstructural proteins dedicated to the abrogation of the
IFN response, it is feasible that the pressure imposed by the hu-
man immune system may have participated in the selection of
structural proteins with secondary roles to compensate for such a
genetic deficiency. Although in �10 years, we have accumulated a
significant body of information regarding how HMPV escapes
immune recognition, this information landscape is rather prelim-
inary. As we gain an understanding of the host-HMPV interac-
tome, it will undoubtedly stimulate the development of novel
therapeutics as well as unravel the contributions of the IFN re-
sponse to the still poorly comprehended disease manifestations.

Several unresolved debates regarding the role of HMPV in the
genesis and/or progression of lung inflammatory conditions in
humans remain to be elucidated, including (i) the real contribu-
tion of host immune modulation to the exacerbation of chronic,
progressive diseases, such as TH1-associated COPD (256), and (ii)
whether HMPV contributes to SARS lethality by enhancing lung
tissue destruction and loss of functionality. Considering that neu-
rological symptoms associated with the presence of viral genetic
material in the central nervous system (CNS) have been observed
in severely ill patients, we need to explore whether blunting of host
interferon responses and T cell immunity may have a particular
role in the promotion of viral spread to nervous tissue. A recent
clinical study detected HMPV in two serum samples taken 4 days
apart from a hematopoietic cell transplant recipient (70), suggest-
ing that immunosuppression may favor HMPV viremia. Lessons
learned from viruses from other taxa, including members of the
Paramyxoviridae and Orthomyxoviridae families, suggest that be-
yond having surface glycoproteins with the capacity to bind recep-
tors and initiate infection in the CNS, neurotropic viruses also
require virulence mechanisms to blind host immunity and dis-
seminate systemically (257–263). Studies in mice, cotton rats, and
macaques using a number of HMPV strains have shown no dis-
semination of HMPV to the brain, other organs, or the blood (135,
141, 232, 241, 255), suggesting either that HMPV may not be a
bona fide neurotropic virus or that these models are inappropriate

models for studying this particular subject. The selective pressure
of the host immune system may have had a role selecting HMPV
proteins that promote the modulation of the IFN response. There-
fore, new research should first consider the evaluation of viral
determinants that may favor systemic dissemination of HMPV in
humans. To date, there is no study demonstrating the presence of
functional HMPV receptors in CNS tissue. Clinical studies aiming
to solve the association of neurological disorders and demonstra-
ble brain infections, as well as molecular epidemiology studies
seeking protein variability in HMPV virulence determinants and
host immune components, may further pave the road toward un-
derstanding the pathogenesis of encephalitis in HMPV-infected
humans.
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