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Since its discovery in 2001, human metapneumovirus (hMPV) has been identified as an
important cause of respiratory tract infection in young children, second only to the closely
related respiratory syncytial virus (RSV). Clinical evidence suggests that hMPV is associated
with acute exacerbations of asthma in both children and adults, and may play a role in
initiating asthma development in children. Animal models have demonstrated that airway
hyperresponsiveness (AHR) and inflammation are triggered following hMPV infection, and
hMPYV is able to persist in vivo by inhibiting innate immune responses and causing aberrant
adaptive responses. In this review, we discuss the prevalence of hMPV infection in pediatric
and adult populations and its potential role in asthma exacerbation. We also review recent
advances made in animal models to determine immune responses following hMPV infection,
and compare to what is known about RSV.

Introduction

First identified in the Netherlands in 2001, human metapneumovirus (hMPV) can still be considered a
relatively new virus. Approximately 5-15% of all respiratory tract infections of infants and toddlers are
caused by hMPV, making it the second most common cause of hospitalization of young children after
respiratory syncytial virus (RSV) [1]. Presenting symptoms are similar to those induced by RSV and in-
clude fever, cough, runny nose, tachypnea, and wheezing [2]. There are two main viral groups of hMPV: A
and B. In temperate countries, h(MPV outbreaks seem to follow a seasonal distribution with a significant
increase in cases during winter and spring. Although hMPV mainly targets the young, immunocompro-
mised adults and the elderly can also suffer from hMPV, with serious infections sometimes leading to
respiratory failure. It has also been reported that hMPV, as well as other respiratory viruses such as RSV,
parainfluenza viruses, influenza viruses, coronaviruses, and adenoviruses can exacerbate asthma across
all ages [3]. However, direct evidence for this has not been obtained, and determining the etiology of a
complex disease such as asthma is not an easy task. In this review, we will look at progress in hMPV re-
search and what we have learned about its potential involvement in asthma exacerbations, and compare
to what is known about RSV.

Clinical evidence of hMPV and asthma exacerbations

Since the recent discovery of hMPV as a respiratory pathogen, limited cross-sectional and longitudinal
clinical investigations have been conducted to establish the prevalence of this pathogen in the population
and its role in respiratory tract illness. A Finnish study investigating the efficacy of systemic glucocorti-
costeroids in acute expiratory wheezing detected hMPV in patients aged 3 months to 16 years who were

(© 2017 The Author(s). Published by Portiand Press Limited on behalf of the Biochemical Society 1713


mailto:s.mahalingam@griffith.edu.au

+. = PORTLAND
09 rress

1714

Clinical Science (2017) 131 1713-1721
DOI: 10.1042/CS20160011

consecutively recruited during a 20-month period when hospitalized for acute wheezing. hAMPV was detected in 7.6%
of 132 children in the first 8 months of the study [4] and 4% of 293 patients over the 20-month period [5]. A 13-month
study of children less than 5 years of age hospitalized with acute respiratory illness in the U.S.A. detected hMPV in
3.9% of patients [6], while a 3-month study over the winter period in South Africa reported hMPV in 5.8% of children
referred to hospital for upper or lower respiratory tract infection [7]. Williams et al. utilized samples obtained over a
25-year period from otherwise healthy children up to 5 years of age presenting with acute respiratory illness [8]. hAMPV
was detected in 20% and 15% of samples associated with lower or upper respiratory infection respectively, which had
previously tested negative for other respiratory pathogens [8]. A second study by Williams et al. identified hMPV in
13 of 133 children (9.8%) aged 2 months to 18 years who were hospitalized for wheezing during a 1-year period [9].
Interestingly, 70% of these patients were younger than 3 years old [9]. During a 5-year study in Spain of infants under
the age of 2 years hospitalized for acute respiratory infection, hMPV was detected in 9% and 7.6% of children after
the 3rd and 5th year of the study respectively [10,11]. Edwards et al. assessed children less than 5 years of age who
were hospitalized or seen at an outpatient clinic or emergency department for acute respiratory illness, during seven
consecutive winter—spring periods. h(MPV was detected in 5.7%, 6.8% and 7.5% respectively [12]. Finally, a Korean
study over a 13-month period on 309 children hospitalized with acute lower respiratory tract infection identified
hMPV in 22.6% of patients [13]. Therefore, depending on the specimen type, the duration of the study, the season
during which samples were collected, and the sensitivity of the analysis, a detection rate of 3.9-22.6% is estimated
in the pediatric population, with the highest incidence occurring in infants under 12 months of age [9,10,12]. In
contrast, two studies conducted by Widmer et al. [14,15] reported much lower detection rates in adults hospitalized
with respiratory symptoms, ranging from 2.6 to 4.5%, with hospitalization rates increasing significantly with age.
Higher rates of detection were reported for hospitalizations due to asthma or chronic obstructive pulmonary disease
(COPD).

Virus infections, particularly rhinovirus (RV) and RSV, are commonly associated with acute exacerbations of
asthma [16]; however, there are limited data linking asthma exacerbations with hMPV. Most commonly, hMPV in
younger patients is associated with bronchiolitis [8,17], recurrent wheezing [9,17-19], pneumonia, and croup [8].
While a study by Rawlinson et al. [20] found no association between hMPV infection and asthma, reports linking
hMPV to asthma have started to appear indicating that hMPV may be implicated in up to 14% of asthma exacerba-
tions [8,13]. A study by Kwon et al. [13] reported the average age of patients presenting with asthma exacerbations due
to hMPV infection was 60 months, compared with 16 months for bronchiolitis, suggesting exacerbation of asthma
by hMPV may be more evident in older children. Infants hospitalized with bronchiolitis or wheezing may also be at
increased risk of developing asthma or recurrent wheezing [19,21]. Garcia-Garcia et al. [17] reported that an episode
of hMPV bronchiolitis at age less than 2 years resulted in 52% of patients wheezing at 3 years of age and 64% wheez-
ing at 5 years, rates similar to those following RSV infection; therefore, AMPV infection during infancy may be a
significant risk factor for development of preschool asthma. Thus, hMPV infections might not only be associated
with acute exacerbations in asthmatic children, but also initiate development of asthma in the first 5 years of life, as
demonstrated for RV and RSV [22-24].

Whilst there are some studies describing hMPV infection in children, there have been few studies in adult popula-
tions. Following hospitalization with an exacerbation of asthma, hMPV was detected in 6.9% of adult patients, with
infection generally occurring in individuals with more severe or with less well-controlled asthma [25]. Exacerbations
of COPD can also be triggered by virus infection [26], and studies investigating the role of hMPV in acute exacerba-
tions of COPD have reported detection rates of 2-12% [27-30]. In a cohort of 167 patients presenting to a hospital
emergency department with a COPD exacerbation, we identified viruses in 26% of patients, with the most frequently
identified virus being RV (38.6%). hMPV was detected in 18.2% of patients; this rate of detection was higher than the
prevalence of COPD exacerbations caused by RSV infection within the same cohort (13.6%) [31].

Lessons learned from animal models

Until 2001, metapneumoviruses had only been identified in avian species. As previously mentioned, the first clini-
cal case was reported in the Netherlands in children presenting with respiratory signs reminiscent of RSV. Once the
causative agent was clearly identified as hMPV, many countries such as Australia, Canada, and France also reported
hMPYV circulating in the pediatric community [32-34]. Early research into hMPV focused on a variety of aspects
including genome organization, genetic analysis, virological features, pathogenesis/clinical manifestations, and de-
velopment of robust methods for detection. As for all diseases, the development of an adequate animal model is
extremely useful in order to gain insight into virus-host interactions and to aid in the development of therapeutics
and/or vaccines. A variety of small animals such as mice, hamsters, guinea pigs, ferrets, and cotton rats as well as
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non-human primates such as chimpanzees, rhesus macaques, and African green monkeys have all been explored as
suitable models for h(MPV [35-37]. However, with the exception of chimpanzees, none of these animal models mimic
all of the signs of human disease. The degree of hMPV replication in the upper and lower respiratory tracts is variable
and many contradictory results have been reported for these animal models. Age and strains of animals and viruses as
well as infectious dose all seem to contribute to the heterogeneity seen within the models. Nevertheless, these models
have still proved valuable in gaining insight into hMPV pathogenesis and examining the relationship between hMPV
and asthma.

Asthma is defined as a chronic inflammatory response accompanied by airway hyperresponsiveness (AHR). It is
still unclear if viral infections exacerbate asthma or are involved in etiology or if asthmatics are just more susceptible to
viral infections. As previously discussed, many children admitted to hospital at a young age suffering from respiratory
illnesses with a viral etiology go on to develop asthma at later stages in life. One explanation for this may lie in viral
persistence. Toward resolving the contribution of hAMPV to asthma exacerbation, several mouse studies have shown
that AHR and inflammation can be triggered by hMPV infection and that hMPV is able to persist in vivo.

hMPV-induced immune response and persistence

BALB/c mice are often used in hMPV studies because they are permissive to both RSV and hMPV infections and
provide an adequate small animal model. Most research on asthma exacerbations examines the contributions of both
of these respiratory viruses due to their clinical relevance. In such studies, mice from 4 weeks of age to adult are usu-
ally used and are inoculated intranasally with various strains of hAMPV. Mice infected with hMPV can display ruffled
tur, lethargy, hunched posture, tachypnea, and weight loss [38,39]. Weight loss appeared to coincide with peak lung
viral titers, which exhibited a biphasic growth kinetic, peaking on days 7 and 14 post-infection (p.i.). Furthermore,
replicating virus was retrieved up to 60 days p.i. despite the presence of neutralizing antibody [38]. This suggests that
hMPYV has the ability to circumvent host immune responses and could cause long-term lung damage. In this study,
airway remodeling and mucus production were also observed, suggesting that hAMPV can cause exacerbated lung dis-
ease. Other groups also reported asthma-like signs of disease, including airway obstruction and AHR, following viral
challenge in mice [40,41]. In accordance with these results, Hamelin et al. also observed chronic inflammation in the
lungs of infected mice for up to 154 days p.i, with peribronchiolitis and perivasculitis accompanied by early mucus
hyperproduction and increased respiratory rate. Although they failed to recover live virus after day 21 post inocu-
lation, viral RNA was detected for the duration of the chronic pathology seen in the lungs [42]. Interestingly, AHR
could be triggered by methacholine treatment up to 70 days post AMPV infection, thereby indicating that hMPV can
be responsible for this type of pathological change at later times after primary infection, which could in turn explain
subsequent asthma seen in children following hospitalization with hMPV. Liu et al. suggested that persistence in neu-
ronal cell processes in the lung may explain how hMPV can persist for extended amounts of time. It was shown, via
in situ hybridization, that this immune privileged area could harbor the virus for extended periods of time, and viral
reactivation could be observed following glucocorticoid treatment [43]. So how does the virus circumvent the innate
immune response? Several studies have shown that hAMPV infection inhibits innate immune responses and causes
aberrant adaptive responses. While Th1 responses are detected early during infection, Th2 responses along with in-
creased IL-10 levels are seen at later stages. In addition, low interferon (IFN)-y production and delayed cytotoxic
T-lymphocyte responses have also been reported upon hMPV infection. Together, all of these may be contributing
factors to hMPV persistence in vivo [44,45]. However, there may be additional factors contributing to persistence.
Several other immune components play key roles in hMPV clearance such as NK and T cells, IFN-3 production via
IRF-3/7, IPS-1, and MDAS5 as well as the production of IEN-A [41,46-48]. Additional in-depth studies need to be
undertaken to pinpoint the exact mechanisms that lead to hAMPV persistence.

Role of RSV infection in asthma exacerbation and
susceptibility

RSV, another prominent paramyxovirus in childhood infections, is closely related to hMPV. RSV causes significant
morbidity and mortality in infants worldwide, and accounts for as much as 70% of all childhood respiratory infections,
with almost all children infected with RSV by the age of 3 [49,50]. In humans, two distinct serotypes circulate, and
while RSV is mostly regarded as a childhood virus, adults are also susceptible to infection [23,49]. In children up
to 18 months old, RSV infection is associated with moderate to severe upper and lower respiratory tract infections,
with symptoms including acute bronchiolitis, reactive airway disease, and excessive mucus production [49,51]. In
infants presenting with RSV-induced bronchiolitis, cellular infiltrates of monocytes, lymphocytes, neutrophils, and
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eosinophils dominate the inflammatory microenvironment in both the pulmonary epithelium and lumen, and are
concomitant with airway hyperplasia and constriction [49].

The link between RSV infections in early childhood and susceptibility to asthma in later childhood years has been
extensively investigated and debated. Reactive airway disease, or wheezing, is a key symptom common to both asthma
and RSV infection, though it is widely established that genetic predisposition to atopic (or allergic) asthma is an
important factor when drawing parallels between respiratory viral infections and asthma [52]. Reports showing an
association between respiratory viral load, wheezing, and atopy suggest that the inflammatory milieu resulting from
lung epithelial RSV infection can favor, if not trigger, clinical manifestations of asthma in later years, beyond resolution
of infection.

While a direct ‘RSV-asthma’ causative link appears to be speculative, studies have shown that infants who expe-
rienced severe RSV bronchiolitis, where wheezing was a dominant feature, went on to experience more wheezing
episodes in later childhood, and a significant proportion of these children developed asthma in later years [53-56]. A
longitudinal follow-up study by Sigurs et al. showed that while bronchiolitis and pneumonia in general were associ-
ated with an increased risk of developing asthma in later years, cohorts of RSV-induced bronchiolitis patients showed
a significant increase in asthma frequency, with a prevalence of up to 30% compared with non-RSV groups [23].

Several mechanisms have been proposed to support the idea that childhood RSV infection predisposes to asthma.
First, it has been suggested that IgE antibodies abundantly produced following RSV-induced bronchiolitis could be a
driving factor for an increase in wheezing episodes during the first 2 years of life, primarily by skewing responses
to common allergen exposure at the local tissue level [57]. Second, neonatal RSV infection is associated with a
Th2-skewed response, in contrast with a Thl response in RSV-infected adults, lending weight to the notion that a
cytokine microenvironment permissive to asthma can be established upon early childhood RSV infection. This was
supported by the enhanced AHR and increased eosinophilia and neutrophilia in RSV-infected mice exposed to oval-
bumin (OVA) airway allergen [52,58]. The effector function of eosinophils in airway inflammation has been largely
attributed to the coordinated action of IL-5, IL-13 and CCL11 (eotaxin), while the induction and maintenance of a
Th2-skewed milieu also requires IL-9 and IL-33 in addition to IL-25 and IL-17 family cytokines [59-61]. Consider-
ing the importance of Th17 responses in asthma, the role of Th17 in driving Th2-skewed responses after primary
RSV infection may provide a plausible explanation as to how early childhood viral infections can modulate tissue and
cellular environments to favor chronic allergic conditions upon challenge [62-64].

The potential for RSV infection to exacerbate allergic asthma has been investigated by examining the response
to RSV following allergen sensitization in mice. Mice exposed to OVA (an intranasally delivered sensitizing agent)
and subsequently infected with RSV showed enhanced AHR and a significantly higher proportion of Th2 cells,
along with increased pulmonary infiltration of leukocytes [58]. By replicating an artificial allergic RSV infection
model, studies have shown that a Th2 cytokine milieu can exacerbate the pathophysiology of RSV infection, which
is typically Th1-skewed. Further, if the cytokine milieu rich in IL-13 and IL-5, and thus typically representative of
allergen-induced asthma, is replicated, RSV infections are known to result in more severe symptoms [49,59,65,66].
This, along with several reports examining other respiratory viruses such as RV, points toward the possibility of in-
creased susceptibility to severe RSV infection in asthmatic individuals, but the question remains: can early childhood
RSV infection predispose children to asthma in later years [67,68]?

Host responses to RSV infection
As for h(MPV, mouse models of RSV infection have helped our understanding of how host immune responses to RSV
infection are coordinated, and how they relate to pathological manifestations.

The involvement of the innate immune system has been demonstrated by the key role of innate recognition mecha-
nisms, such as toll-like receptors (TLR), which are essential for regulation of antiviral innate immune responses [69].
TLR3, which recognizes double-stranded RNA, is required for sensing RSV viral RNA and promotes the produc-
tion of proinflammatory cytokines CCL5, CXCL10, CXCL8, and type I IFN upon RSV infection in mice [70]. TLR4,
which recognizes bacterial lipopolysaccharide (LPS), recognizes RSV by interacting with CD14 upon viral fusion,
resulting in the activation of proinflammatory transcription factors such as NFkB [69,71]. Though TLR3 is likely to
be important in viral clearance due to its high specificity for RNA viruses, the majority of studies characterizing its
role have been performed in mice, and its function in humans during RSV infection remains unclear. In contrast,
distinct TLR4 polymorphisms in humans have been associated with an increased risk of severe RSV bronchiolitis
[70]. Another RNA-sensing mechanism, TLR7, is activated after RSV infection, leading to the production of IL-23,
an important differentiation factor required in Th17 differentiation [70,72].
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Figure 1. Model of how hMPV and RSV may be exacerbating asthma.

hMPV and RSV infection of pulmonary epithelial cells lead to potent antiviral responses and type | IFN production. Mucosal dendritic cell
(DC) activation allows the up-regulation of FceRl and a subsequent systemic Th2-biased signaling cascade. In asthmatic patients infected
with hMPV or RSV, allergen exposure could further promote the secretion of IgE leading to Th2 T-cell recruitment and activation to the
airways, stimulating local IL-4, IL-5, and IL-13 production. As a result of this Th2-biased response profile, such patients are at increased

risk of severe airway inflammation and impaired viral clearance.

While the adaptive immune system has been recognized as essential in viral clearance—requiring both CD4* and
CD8* T cells—there is a growing body of evidence supporting the notion that Th17 responses are important in RSV
infection [49,58,73]. CD4" and CD8" T cells were previously understood to dominate T-cell responses and mediate
efficient viral clearance; however, it is now apparent that a balance of Th1, Th2, regulatory T cells (Tyg), and Th17
signaling microenvironments is necessary for effective resolution [49,73]. Th17 cells are generated via IL-23, IL-6, and
TGF-f3 induction, and are characterized by a subset of IL-17-producing CD4*RORgt*T cells that have been impli-
cated in a range of inflammatory conditions [72]. Elevated numbers of Th17 cells have been reported in infants with
RSV infection, and CD4+-derived IL-17 was found to induce airway epithelial IL-8 following RSV infection. In mice,
IL-17 production in the lung of RSV-infected mice was associated with mucus hypersecretion [74-76] and depletion
of IL-17 during RSV infection resulted in enhanced CD8* T cell-mediated viral clearance and reduced mucus pro-
duction and lung inflammation [73]. Importantly, and relevant to the idea of balance, studies have shown that Th17
stimulates neutrophil infiltration into lung tissue, and skews the response toward a Th2-like cytokine production
profile while attenuating CD8* T cell-mediated viral clearance [76].

Ty, which finely balance pro- and anti-inflammatory responses by dampening excessive effector T-cell prolif-
eration, also play a role in RSV infection [73,77]. For example, depletion of Ty cells was associated with delayed
CD8" T-cell expansion and viral clearance, followed by excessive T cell and eosinophil recruitment and inflamma-
tion [78-80]. This fine balance is demonstrated by the functional redundancies within differentiation mechanisms:
specifically, IL-21 is required for Th17 differentiation, but suppresses FoxP3 transcription and T, differentiation
[73,81]. IL-10 is a cytokine that is produced by Ty, cells, but also promotes T, differentiation; interestingly, IL-10
is known to inhibit the production of Th17 cytokines [73,82]. In infectious inflammatory conditions like Borrelia
burgdorferi-induced arthritis, IL-10 was found inhibit IL-17 production and IL-17-induced synovial inflammation
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[83]. It is therefore highly likely that a feed-forward signaling mechanisms where T, and Th17 cells both operate
during RSV infection drives the type of inflammatory response seen in humans and mouse models of RSV infection.

With a growing and increasingly complex network of signaling pathways and differentiated subsets, our under-
standing of how the host immune system shapes its response to RSV infection has vastly improved. A closely or-
chestrated process requiring innate recognition of viral RNA and finely balanced helper T-cell responses are keys for
viral clearance and resolution, yet much remains to be understood about how best such responses can be coordinated
to promote more efficient clearance of this virus, and to minimize physiological damage to airway tissue following
localized inflammatory responses.

Conclusions

There is still no direct clinical or laboratory evidence that hAMPV leads to exacerbation of asthma. However, there
is sufficient evidence to reinforce the notion that such an association is plausible, especially when considering the
correlations observed with RSV. A model of our current understanding is outlined in Figure 1. Asthma and COPD
are serious diseases and frequent virus exacerbations increase morbidity and contribute to increased mortality. Taken
together, this indicates that investigations into the role of hMPV as a causative agent for disease initiation and/or as a
trigger for respiratory disease exacerbation is of considerable importance.
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