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Preface

This volume of Viruses includes seventeen independent contributions that focus on the biology of
pneumovirus and metapneumovirus respiratory virus pathogens. As a group, these are all pathogens of
the family Paramyxoviridae, which are enveloped viruses with non-segmented single stranded RNA
genomes that cause acute infections of the upper and lower respiratory tract. Among the pneumovirus
pathogens, first and foremost is the human respiratory syncytial virus (HRSV; genus, pneumovirus).
HRSV is the leading cause of lower respiratory tract infection in infants and children, and is an
emerging pathogen of the elderly (reviewed in [1]). Current management for HRSV disease includes
prophylaxis with humanized monoclonal antibody, a regimen available to infants identified as high-
risk only (i.e. those born prematurely, with bronchopulmonary dysplasia, immunodeficiency or
congenital heart disease). At this time, there are no vaccines available to prevent HRSV infection. Two
contributions to this volume describe interesting and relatively novel experimental models, including a
perinatal lamb model (Dersheid and Ackermann) and neonatal calf model of HRSV infection
(Nonnecke and colleagues), both drawing important parallels to infection in human infants. In another
contribution, Pereira de Souza and colleagues provide an update on circulating HRSV (G-gene based)
genotypes in Sdo José do Rio Preto, Brazil. Also included are several studies focused on HRSV basic
biology and pathogenesis including receptor-based fusion (Mastrangelo and Hegele), gene expression
in macrophages (Rivera-Toledo and Gomez) and interactions with Th17 lymphocytes (Mageed and
colleagues). Finally, Hurwitz and colleagues have contributed a crucial update on current progress
towards development of a safe and effective vaccine for prevention of this HRSV infection.

Bovine RSV (BRSV) is a pathogen of considerable veterinary importance. Similar to the clinical
impact of HRSV, BRSV infects cattle worldwide, with the disease being most prevalent in calves less
than six months of age (reviewed in [2]). One interesting distinction between these pathogens, BRSV
infection results in a pronounced predisposition to secondary bacterial infections with a variety of
pathogens, including M. haemolytica or M. bovis, a condition known as bovine respiratory disease
complex [3]. In their contribution, Vaughan and colleagues provide an updated review of the
epidemiology and evolution of BRSV, and discuss the impact of these findings on development of
novel vaccine formulations. Likewise, several contributions address the biology of Pneumonia Virus
of Mice (PVM), a mouse pneumovirus pathogen first discovered serendipitously by Horsfall and
Curnen in 1946. PVM has more recently been featured as an important model severe HRSV infection
in inbred mouse strains [4]. Dyer and colleagues have presented an updated review PVM as a model of
severe RSV in vivo; Bem and colleagues include findings on PVM infection in their contribution
featuring pneumoviruses and apoptosis, and van Drunen Littel-van den Hurk and colleagues discuss
strain-dependent differences in cytokine production and cell recruitment in response to acute PVM
infection.
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Human metapneumovirus (hMPV; Genus Metapneumovirus) was discovered by van den Hoogen
and colleagues [5] as a result of an evaluation of samples from otherwise undiagnosed patients with
symptoms of acute viral respiratory tract infections. HMPV results in disease that is similar to HRSV,
characterized by mild upper respiratory tract symptoms that can progress to more severe bronchiolitis
and pneumonia. As with HRSV, there are no specific therapies available for treatment, nor is there a
vaccine available for prevention of HMPV infection. This volume features a full review of HMPV
disease in adults by Heemstra and colleagues, and a presentation of a novel surveillance method
designed to analyze HMPV in the setting of mixed virus infection (Drews and colleagues). Other
contributions include an epidemiologic analysis of the HMPV G protein lineages (Gordon and
colleagues), the role of HMPV F protein in mediating cell fusion (Cox and William), and reviews of
interactions of HMPV with Type I Interferons (Casola and colleagues) and lung dendritic cells
(Guerrero-Plata).

We appreciate the time and effort put forth by the authors of these manuscripts, by those who
reviewed the manuscripts prior to initial publication in the journal Viruses, and by the editorial staff at
MDPI who made this volume possible.”

Helene F. Rosenberg and Joseph B. Domachowske
Guest Editors
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Abstract: Human metapneumovirus (HMPV) is a relative newly described virus. It was
first isolated in 2001 and currently appears to be one of the most significant and common
human viral infections. Retrospective serologic studies demonstrated the presence of
HMPV antibodies in humans more than 50 years earlier. Although the virus was primarily
known as causative agent of respiratory tract infections in children, HMPV is an important
cause of respiratory infections in adults as well. Almost all children are infected by HMPV
below the age of five; the repeated infections throughout life indicate transient immunity.
HMPV infections usually are mild and self-limiting, but in the frail elderly and the
immunocompromised patients, the clinical course can be complicated. Since culturing the
virus is relatively difficult, diagnosis is mostly based on a nucleic acid amplification test,
such as reverse transcriptase polymerase chain reaction. To date, no vaccine is available
and treatment is supportive. However, ongoing research shows encouraging results. The
aim of this paper is to review the current literature concerning HMPV infections in adults,
and discuss recent development in treatment and vaccination.

Keywords: human metapneumovirus; HMPYV; respiratory tract infection; adults; intensive
care; diagnosis; treatment; vaccination
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Abbreviations

HMPV human metapneumovirus

RTI respiratory tract infection

NAAT nucleic acid amplification test
HRSV human respiratory syncytial virus

COPD chronic obstructive pulmonary disease

RT-PCR reverse transcriptase polymerase chain reaction assay
CE Conformité Européenne

FDA Food and Drug Administration

EIA enzyme immuno-assay

ELISA enzyme-linked immunosorbent assay

IFA direct immunofluorescent-antibody test

ICU intensive care unit

RNAI RNA interference

miRNA  microRNA

siRNA small interfering RNA

HSCT hematopoietic stem cell transplant
CAP community acquired pneumonia

1. Introduction

The most common illness experienced by people of all ages worldwide is an acute respiratory tract
infection (RTI). It is a leading cause of mortality and morbidity worldwide. Viruses are responsible for
a large proportion of RTI’s [1]. A significant portion of the infections with viral etiology can be
attributed to the human metapneumovirus (HMPV), also in adults [2-9].

HMPV was first identified in the Netherlands in 2001, but serologic studies of antibodies against
HMPV indicate that the virus is not new and circulated in humans for at least 50 years [4].

The aim of this paper is to review the current literature concerning HMPV infections in adults, and
discuss recent development in treatment and vaccination.

2. Virology

HMPV is classified as the first human member of the Metapneumovirus genus in the
Prneumovirinae subfamily within the Paramyxoviridae family. It is an enveloped negative-sense
single-stranded RNA virus. The RNA genome includes 8 genes coding for 9 different proteins. HMPV
is identical in gene order to the avian pneumovirus (AMPV), which also belongs to the
Metapneumovirus genus [10].

Phylogenetic analysis has identified two genotypes of HMPV, namely A and B [4]. Both genotypes
may co-circulate simultaneously, but during an epidemic, one genotype usually dominates [11,12].
Within each of these subgroups two clades are designated (designated Al, A2, B1 and B2 [12,13].
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This classification is mainly based on the sequence variability of the attachment (G) and fusion (F)
surface glycoproteins [4]. The highly conserved F protein constitutes an antigenic determinant that
mediates cross-lineage neutralization and protection [14]. In 2006, two further subgroups, A2a and
A2b, were described, but this further splitting was based on limited data and has not been confirmed
by other groups [15]. In addition, no clinical significance of these subgroups has yet been shown.

3. Pathogenesis and Susceptibility

For extensive explanation about pathogenesis of HMPV and animal models, we refer to the review
of Schildgen et al. [16]. The pathogenesis of HMPV infections in adults seems to be similar to that in
children.

HMPV is associated with severe infection in patients with pulmonary disease and chronic
obstructive pulmonary disease (COPD). Studies on HMPV in BALB/c in mice and cotton rats show
airway obstruction and hyperresponsiveness after infection. Initially HMPV infection in the lung is
characterized by interstitial inflammation with alveolitis starting on day 3 with a peak on day 5 and
subsequently decreasing inflammation [17]. However, after 2-3 weeks this develops in a more
prominent peribronchiolar and perivascular infiltrate. Hamelin ez al. also show airway obstruction in
BALB/c mice after a single HMPV challenge with a peak on day 5, but still present until day 70 [18].
In addition, significant hyperresponsiveness after methacholine challenge was also shown until day 70,
indicating long-term pulmonary inflammation after HMPV infection.

Darniot and colleagues demonstrated in a mice model that susceptibility to HMPV infection is age
related with aged mice showing severer illness and mortality compared to young mice. Aged mice
showed greater virus replication in the lung; however, viral clearance was not delayed. In addition,
lower levels of virus specific antibodies, neutralizing antibodies and interferon gamma with a
significant increase in IL4 and CD4" lymphocytes were observed in aged mice after HMPV infection.
This suggests an important role for the cellular immune response in controlling HMPV infection [19].
This hypothesis is partially confirmed by Ditt et al, who found that HMPV infection in aged
mice results in a diminished TNF-alfa expression resulting in low levels of NF-Kb compared to young
mice [20].

Lusebrink e al. demonstrated that neutralizing antibodies seem to be present in all age groups
in humans and that neutralizing capacities remain high, with a minor decrease for individuals over
69 years of age. Therefore, they hypothesized that the cellular response has a more important role in
the clearing of HMPV infection than the neutralizing humoral immune response [21].

Sastre et al. used a recombinant fusion protein-based enzyme linked immunosorbent assay
(F-ELISA) in the same set of sera. Their results support the hypothesis that it appears likely that
neutralizing antibodies play a minor role in the control of HMPV infections in humans [22]. In
addition, Falsey et al. found higher serum antibodies at baseline, a greater response in binding
antibody and a trend towards greater neutralizing antibody responses in older adults compared to
younger adults with HMPV illness of the same severity suggesting immune dysregulation in aged
patients with an HMPV infection [23].



Overall, neutralizing antibodies seem to play a minor role in controlling HMPV infections. Cellular
immune responses seem to be more important for the susceptibility of HMPYV infections in aged patients.

4. Epidemiology

HMPV is distributed worldwide and has a seasonal distribution comparable to that of influenza
viruses and RSV. It tends to strike in the late winter and early spring [11,24,25]. In young children,
HMPV is the second most common cause of lower RTI after RSV, with children less than one
year of age showing the highest rates of infection [26,27]. Seroprevalence at the age of 5 is almost
100% [4,25-36].

However, due to incompletely protective immune responses or infection with a new genotype
reinfection occurs, especially in elderly and high risk patients [9,37]. Van den Hoogen ef al.
demonstrated that experimental HMPV infection induces transient protective immunity in cynomolgus
macaques [38].

Walsh et al. found that the proportion of HMPV infections in adults varied between 3%—7.1% in
four consecutive winters [9]. This is similar to the annual average infection rate for RSV (5.5%) and
greater than that of influenza A (2.4%) in the same cohorts during the same time frame [39].

HMPV was identified in 2.2% of patients who visited a general practitioner because of
community-acquired acute RTI who were negative for RSV and influenza virus [5].

HMPYV infection is associated with hospitalization for acute RTI in adults in the study of Walsh
et al. [9]. The incidence of HMPYV infection in this hospitalized adults varied from year to year ranging
from 4.3%—13.2%. This is in accordance with the rates for RSV and influenza A. Average annual
infection rates for RSV and influenza A were 9.6% and 10.5% in the same cohorts [39]. Two-third
of these hospitalized patients had underlying disease. Twenty-tree percent of these patients had a
co-infection with another respiratory virus.

Widmer ef al. found that HMPV accounted for 4.5% of hospitalizations for acute RTI in adults
older then 50 years during the winter season in 3 consecutive years [8]. Rates for RSV and influenza A
were 6.1% and 6.5% respectively. Average annual rates of hospitalization for HMPV were 1.8/10,000
residents in adults from 50-65 years and 22.1/10,000 residents in adults >65 years. Patients with
HMPV infections were older, had more cardiovascular disease and were more likely to be vaccinated
with influenza vaccination compared to patients with influenza.

Boivin ef al. found HMPV in 2.3% of respiratory samples during the winter season 20002001 [29]. Of
the 26 HMPV infected hospitalized patient 35% was aged <5 years and 46% aged >65 years. One third
of the hospitalized children aged <5 years, two-third of the patients aged 15—65 years and all patients
aged >65 years had an underlying disease.

Data from our hospital suggest a comparable incidence in adult patients and pediatric patients. We
analyzed all polymerase chain reaction (PCR) tests for respiratory viruses of the last 19 months in our
hospital. A total of 283 adults were tested for HMPV because of symptoms of RTI and almost five
percent of the patients (14 of 283 patients) tested positive for HMPV.



5. Transmission

HMPYV is thought to be transmitted by direct or close contact with contaminated secretions, which
may involve saliva, droplets or large particle aerosols [40—42]. HMPV RNA is found in excretions five
days to two weeks after initiation of symptoms [43]. However, the extent of contagiousness is
unknown since detection of HMPV RNA in respiratory samples from patients recovering from
infection does not per se indicate viable contagious viral particles.

Based on two single cases of nosocomial HMPV infections the incubation period of HMPV is
estimated to be 4 to 6 days [44]. Another nosocomial HMPV infection study in a pediatric
hemato-oncology ward found an estimated incubation period of 7-9 days. In a retrospective study
HMPYV transmission in households in Japan was studied. Of the 15 studied families all index-patients
were children attending primary school, childcare or nursery homes. Contact cases developed
symptoms with a median of five days (range 3—7 days) after the index case developed symptoms [40].
As this was a retrospective study including only symptomatic patients, no reliable exact number of
transmissions in households could be determined. Two studies found HMPV carriage in 4.1% of
asymptomatic adults, which suggests that asymptomatic adults might be a neglected source of HMPV
transmission [3,45]. However, other studies found that the presence of HMPV RNA in excretions of
asymptomatic persons is uncommon [4,24,27,29,46].

6. Clinical Manifestations

In general, HMPV infection can not be distinguished from other respiratory viruses on clinical
grounds only [5]. Adult patients with an HMPV infection might be asymptomatic or might have
symptoms ranging from mild upper RTI symptoms to severe pneumonia [9]. Most patients present
with cough, nasal congestion and dyspnoea. Purulent cough, wheezing, sore throat, fever, pneumonia,
bronchi(oli)tis, conjunctivitis and otitis media are other reported symptoms [47]. Li et al. described a
HMPV infection in an immunocompetent adult presenting as a mononucleosis-like illness [48]. Adults
with HMPV infection were less likely to report fever in contrast to adults with RSV or influenza
infection [8,49,50]. In addition, adults with an HMPYV infection presented more often with wheezing
compared to adults with RSV or influenza [9]. Falsey et al. showed that this is mainly in the elderly
population (>65 years) [49]. Elder patients also showed more dyspnoea compared to younger
adults [49]. Young adults with HMPV infection had greater complaints of hoarseness [44]. In the frail
elderly patients, the patients with pulmonary or cardiovascular disease and immunocompromised
patients, infections can be severe [51-55].

Laboratory examination may show lymphopenia, neutropenia and elevated transaminases.
Studies on imaging with chest X-ray and computed tomotography (CT) show initially signs of acute
interstitial pneumonia (ground glass opacity and air-space consolidation) turning into signs of
bronchiolitis/bronchitis (bronchial(ar) wall thickening or impaction) [56—58].



Compared to RSV and influenza, similar rates of intensive care unit (ICU) admission, mechanical
ventilation, length of stay for hospitalization and length of stay in ICU were seen for HMPYV infection
in adults [8,9].

7. Diagnosis

The diagnosis of HMPV infection can be made by several techniques, including culture, nucleic
acid amplification tests (NAAT), antigen detection and serologic testing.

Virus culture is relatively difficult, because HMPV grows slowly in conventional cell culture and
has mild cytopathic effects. The rapid culture technique is known as shell vial amplification [59].

Detection of viral RNA by NAAT such as reverse transcriptase-PCR (RT-PCR) assay is the most
sensitive method for diagnosis of HMPV infection [53,60,61].

Methods for detection of HMPV antigens, such as enzyme immuno-assay (EIA) and enzyme-linked
immunosorbent assay (ELISA) are not commonly used. No commercial immunochromatographic
assays are available. A direct immunofluorescent-antibody (IFA) test—which is a rapid test in which
labeled antibodies to detect specific viral antigens in direct patients materials are used—could be useful
for the diagnosis of HMPV infections in outbreaks. The test results are known within two hours.
However, the sensitivity of IFA is lower than that of RT-PCR and needs to be validated before use.

Detection of the immune response against the virus by serologic testing is only used for
epidemiologic studies. One of the disadvantages of serology is the fact that the interval between virus
spreading and detection of HMPV-specific IgM and IgG antibodies is relatively long. However, a
combined approach of serology and RT-PCR has added diagnostic value in the diagnosis of HMPV
infections in the case of investigating the magnitude of an outbreak for instance in long term care
facilities [43,61].

8. Treatment and Prevention
8.1. Treatment

To date, treatment of HMPV infection is mainly supportive. Several treatment regimes have been
investigated. Most of these therapeutic options, like innovative approaches based on fusion inhibitors
and on RNA interference, seemed effective in vitro and in animal studies.

Ribavirin is a nucleoside with broad spectrum inhibitory activity against a variety of RNA and
DNA viruses, including HMPV. Ribavirin has demonstrated in vifro inhibition of tumor necrosis
factor-alfa, interferon-gamma and interleukin (IL)-10, suggesting a down regulation in Thl and Th2
cytokine production and an increase of IL-2 production by peripheral blood mononuclear cells [43,62].
Ribavirin may terminate T-cell immune-mediated damage caused by viral infections. It limits viral
transcription and showed to have immunomodulatory effects [63]. The in vitro results are confirmed
by an in vivo study in BALB/c mouse [64—69].

Immunoglobulins for therapeutical goals can be divided in specific and non specific.
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Palivizumab (Synagis”) contains humanized monoclonal antibodies that can recognize a highly
conserved neutralizing epitope on the fusion protein of RSV. It showed to have preventive effects in
infants at high risk of severe hRSV infections; monthly palivizumab injections reduced RSV
hospitalizations by 50% compared with placebo [70-73]. Motavizumab is another RSV specific
monoclonal antibody preparation, which is developed after the success of palivizumab. It showed to be
non-inferior to palivizumab for prevention of RSV hospitalization in high-risk children [74]. These
data of effectiveness of humanized monoclonal Abs against RSV infection has prompted a similar
approach for protection against HMPV.

MAD 338 is one of the antibodies that was developed to target the HMPV fusion protein. It
appeared effective in animal models in which it neutralized the prototypic strains of the four subgroups
of HMPV, significantly reduced the pulmonary viral titer, limited severe acute manifestations and
limited bronchial hyper-reactivity. In mice, it appears to have both prophylactic and therapeutic
benefits [75]. Hamelin et al. also showed that it could be useful after infection and not only as
preventive measure [76].

Williams et al. tested a fully human monoclonal antibody fragment (Human Fab DS7) with
biological activity against HMPV in vivo and in vitro and demonstrated a prophylactic and therapeutic
potential against severe HMPV infection. When Fab DS7 was given intranasally to cotton rats, a
>1,500-fold reduction in viral titer in the lungs and a modest 4-fold reduction in the nasal tissues was
found. A dose-response relationship between the dose of DS7 and virus titer was seen [77,78].

Wyde et al. showed that standard immune globulin preparations (thus without selection for
antibodies to a particular microorganism or its toxin), initially used as preventive measure against
hRSV, also inhibit replication of HMPV in vitro [64].

The combination of oral and aerosolized ribavirin with polyclonal intravenous immune globulin
(IVIG) seems an effective treatment for severe HMPV infections, but no randomized controlled trials
in humans have been performed. Despite this lack of good trials in human, a lot of experience has been
gained meanwhile in individual cases and small case series [69,79,80].

Both ribavirin and IVIG are expensive and have disadvantages. Ribavirin is potential teratogen and
administration by nebulization must be carried out via a small particle aerosol generator [81].
Therefore, in daily practice ribavirin nebulization is seldom used for HMPV infection. In addition,
health care providers who are pregnant or attempting to become pregnant should avoid contact with
patients receiving treatment with aerosolized ribavirin. Furthermore, IVIG requires large fluid volumes
infusions, generates a high protein load and is associated with adverse side effects in children with
congenital heart disease [82].

Fusion inhibitors target the first steps of the viral replication cycle. Deffrasnes and colleagues tested
nine inhibitory peptides with sequences homology with the HRA en HRB domains of the HMPV
fusion protein and demonstrated potent viral inhibitory activity in vitro of five of these peptides. One
peptide, HRA2, displayed very potent activity against all four HMPV subgroups. BALB/c mice that
received the HRA2 peptide and a lethal HMPYV intranasal challenge simultaneously were completely
protected from clinical symptoms and mortality [83]. The study of Miller and colleagues demonstrated
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that individual HR-1 peptides could lead to effective viral inhibition [84]. These peptides could be
used in the prevention of severe infection in vulnerable patients after exposure, but the clinical role
post-infection has to be investigated.

RNA interference (RNAI) is a recently discovered interesting approach for treatment of RNA virus
infections. RNAI is a naturally occurring intracellular inhibitory process that regulates gene expression
through the silencing of specific mRNAs. The small RNAs, the microRNA (miRNA) and small
interfering RNA (siRNA), can down-regulate protein production by inhibiting targeted mRNA in a
sequence-specific manner. RNAi therapeutics have been shown to be active in vitro and in vivo against
respiratory syncytial virus, parainfluenza and influenza [85-87]. Deffrasnes et al. successfully identified
two highly efficient siRNAs against HMPV in vitro, targeting essential components of the HMPV
replication complex [88]. Very recently, Preston and colleagues designed and validate a siRNA
molecule that is effective against the G gene of hMPV in vitro. Although, a significant reduction in G
mRNA did not reduce viral growth in vitro or induce a significant type I interferon (IFN) response,
hMPV G might still be a valid target for RNAI as G is required for viral replication in vivo [89].

Wyde et al. have also demonstrated that both the sulfated sialyl lipid (NMSO3) and heparin have
antiviral activity against HMPV in vifro. NMSO3 acts most likely by inhibiting attachment and
penetration of the virus and may inhibit cell-to-cell spread [90].

8.2. Vaccination

Several in vitro and animal studies have been performed investigating the development of an
HMPYV vaccine. However, no human studies have been performed yet and no vaccine is available up
till now.

Results of studies performed in rodent and non-human primate models look promising, but very
little research is performed in human volunteers. A variety of live attenuated, virus vectored,
inactivated virus and subunit vaccines have been tested in animal models and showed to have
immunogenicity and protective efficacy [91].

HMPYV expresses the major surface glycoproteins F and G. Two main genetic virus lineages exist
worldwide which have a similar highly conserved F (fusion) protein. Immunization strategies have
been targeted against these surface proteins. Immunization with monoclonal antibodies against the F
protein shows a prophylactic effect [77,78,92,93]. Several animal studies investigating the
immunization with a chimeric virus vector using a bovine parainfluenza virus 3 expressing the HMPV
F protein, adjuvanted soluble F protein or F protein DNA show protective immunity after a HMPV
challenge [92-96].

Immunization with the HMPV attachment (G) glycoproteins did not show any production of
antibodies or protection [97]. Ryder ef al. also demonstrated that HMPV G is not a protective antigen.
They evaluated the protective efficacy of immunization with a recombinant form of G ectodomain
(GDeltaTM) in cotton rats. Although immunized animals developed high levels of serum antibodies to
both recombinant and native G protein, they did not develop neutralizing antibodies and were not
protected against virus challenge [98].
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Studies investigating immunization with inactivated HMPV show an enhanced immune response
with even lethal outcome following HMPV infection in animals [99-101]. Use of live-attenuated
viruses generated by reverse genetics or recombinant proteins, tested in animals, showed encouraging
results. Live vaccines are mimicking natural infection; however natural infection does only lead to
transient protective immunity [38]. This makes an extra challenge for vaccine development.

The primary strategy is to develop a live-attenuated virus for intranasal immunization. Reverse
genetics provides a means of developing highly characterized ‘designer’ attenuated vaccine candidates.
To date, several promising vaccine candidates have been developed, each using a different mode of
attenuation. The first candidate involves deletion of the G glycoprotein, providing attenuation that is
probably based on reduced efficiency of attachment. The second candidate involves deletion of the
M2-2 protein, which participates in regulating RNA synthesis and whose deletion has the
advantageous property of up-regulating transcription and increasing antigen synthesis. A third
candidate involves replacing the P protein gene of HMPV with its counterpart from the related avian
metapneumovirus, thereby introducing attenuation owing to its chimeric nature and host range
restriction. Another live vaccine strategy involves using an attenuated parainfluenza virus as a vector
to express HMPV protective antigens, providing a bivalent pediatric vaccine [102].

8.3. Infection Control Measures

As outbreaks with HMPV are frequently described, control measures to prevent HMPV
transmission in hospitals and long-term care facilities seem justifiable [43,103—105]. When patients
with HMPYV infection are hospitalized, infection control measures similar to those taken in case of
RSV infection should be taken including droplet isolation until clinical recovery. The Dutch working
party on infection prevention advises to apply droplet isolation to all patients hospitalized with
bronchiolitis until clinical recovery [106]. No specific advice is formulated for HMPV infections. The
CDC advises contact and droplet precautions for infants and young children with respiratory
infections; however no advice for adults is given [107]. In our hospitals (Diakonessenhuis Utrecht and
the University Medical Centre Utrecht, Utrecht, The Netherlands), droplet isolation is applied to all
patients with HMPYV infection until clinical recovery. We do not routinely perform control RT-PCR on
nasopharyngeal swabs after clinical recovery.

9. Risk Groups

HMPV infections may be more severe in older patients or patients with underlying medical
conditions. It is a significant cause of acute respiratory diseases in adults over 65 years and adults with
comorbid diseases, such as COPD, asthma, cancer, immunocompromised status, including HIV or
post transplantation.
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9.1. Adults with Pulmonary Disease or Congestive Heart Disease

Respiratory viruses are a common trigger for exacerbations of COPD, and have been associated
with respiratory failure in patients with cardiopulmonary disease such as COPD and congestive heart
failure [108,109]. Walsh et al. performed a cohort-study during four winters to investigate the clinical
outcome and incidence of HMPV infections [110]. Serum samples were taken before and after the
observation period (November 15 to April 15) each year. In case of respiratory symptoms a
nasopharyngeal swab for HMPV RNA analysis and serum were sampled. They showed that 71% of
infections with HMPV were asymptomatic in the healthy young adults (19—40 years) in contrast to
39% in the high risk adults (patients with symptomatic lung disease, COPD, congestive heart failure).
These patients were also more likely to use medical care service. Patients were ill for a mean of
10 days in the young adults versus 16 days in the high risk group. Johnstone et al. investigated the
potential role of respiratory viruses in the natural history of community-acquired pneumonia (CAP). In
39% of the 193 patients who were admitted because of CAP, a pathogen was identified. Of these
pathogens, 39% were viruses and the easily transmissible viruses such as influenza, HMPV, and RSV
were the most common (respectively 24, 24 and 17%). There were few clinically meaningful
differences in presentation and no differences in outcomes according to the presence or absence of
viral infection. The patients with viral infection were, compared with bacterial infection, significant
older, more likely to have cardiac disease and more frail [111].

This is in accordance with the results of Hamelin ef al. who found HMPV in 4.1% of patients
with CAP or exacerbation of chronic obstructive pulmonary disease [112]. Martinello et al. also
showed that HMPV was frequently identified in patients hospitalized because of an exacerbation of
COPD [113]. HMPV (both genotype A and B) was identified in nasopharyngeal specimens
(by RT-PCR) in 12% of these patients (6/50). RSV, influenza A and parainfluenza type 3 were
identified in respectively 8%, 4% and 2%.

Along with these results, Williams and colleagues showed that HMPV was detected (by RT-PCR of
nasal wash specimens) in almost 7% (7/101) of the adults hospitalized for an acute asthma exacerbation,
compared to 1.3% in follow-up patients (p = 0.03). While none of these patients tested positive for
HMPYV three months after discharge, a direct etiologic role of the virus seems very likely [114,115].

Recently, we reported a case series of adult patients, including two patients known with COPD,
with severe HMPV infections with respiratory insufficiency and the need of ICU admission [116].

9.2. Healthy Elderly Patients over 65 Years

Since adults are not routinely screened for HMPV in the hospital and clinical course can be
asymptomatic or mild, infections in the elderly are likely to be underreported. The reported yearly
incidence in adults is between 4 and 11% and in adults aged over 50 years; hospitalization rates for
HMPYV were similar to those associated with influenza and RSV [8].

Walsh et al. showed that the risk for symptomatic severe HMPV infection was higher in the elderly.
HMPYV infection was asymptomatic in 44% of the healthy elderly in contrast to 71% of the healthy
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young adults. Thirty-eight % of the elderly with HMPV infection used medical care in contrast to 9%
in the young adults [23]. Rates for hospitalization in elderly patients over 65 years were also
significantly higher for HMPV infection (22.1/10,000 residents) compared to influenza virus
(12.3/10,000 residents), but similar to those of RSV infection (25.4/10,000 residents) [8,23]. Antibody
levels prior to infection were higher in elderly, suggesting possible immune dysregulation associated
with decreased viral clearance in elderly [117].

9.3. Outbreaks in Long Term Care Facilities

Several studies have reported outbreaks in long-term care facilities for elderly. Boivin et al. studied
a large outbreak in a long term care facility in Canada in which 96 (27%) op the 364 residents had
respiratory symptoms. Six out of 13 tested residents were HMPV positive by RT-PCR. Nine patients
died, of which three residents tested HMPV positive [103]. In a 23-bed ward in a hospital for older
people in Japan, all 8 residents with respiratory symptoms were HMPV positive by RT-PCR [118]. None
of these residents died. Tu et al. found 10 of 13 tested residents of a 53-bed psychiatric ward of an
armed forces general hospital in Taiwan HMPV positive by RT-PCR [41]. In a summer outbreak in a
long term care facility in California 26 (18%) of residents developed respiratory symptoms. Five of the
13 tested residents were HMPV positive [105]. In an outbreak that the authors of this review
described, the attack rate was 13% in a long term care facility [43]. Three patients died, however these
were only possible cases. Osbourn et al. found an attack rate of 16.4% in HMPV outbreak in a
long-term care facility in Australia, in which two residents died [104]. Sixteen (36%) of 44 residents in a
long-term care facility in Oregon had respiratory symptoms of which 6 of 10 tested residents were
HMPV positive by RT-PCR [119]. Another study in a community hospital in England reported an
attack rate of 29.4%. The different settings (residential care facilities for elderly versus hospital
settings) and different case definitions might partly explain the difference in attack rate and mortality.

9.4. Immunocompromised

Several case reports and case series concerning HMPV infections in immunocompromised patients
have been published reporting varying morbidity and mortality [67,120—124]. While immunocompromised
patients, including patients with haematological malignancies and solid organ and hematopoietic stem
cell transplant (HSCT) patients appear to acquire HMPV infection at the same frequency as
immunocompetent individuals, they seem to be at risk for severe infections, probably due to poor viral
clearance [125-127]. Clinical course is prolonged and respiratory failure may develop [121]. However,
Debiaggi showed that HSCT recipients may frequently develop symptomless HMPV infection [128].

Sumino et al. examined a cohort of 688 patients who underwent a bronchoscopy. Of these patients,
72% were immunocompromised (mainly lung transplant patients) and 30% were patients without
acute illness who underwent routine bronchoscopy for surveillance after lung transplantation or
follow-up of rejection. Six cases of HMPV infection were identified using RT-PCR; four of these were
immunocompromised hosts. In the asymptomatic individuals, no cases were identified [129].
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Kamboj et al. showed that HMPV is detected in 2.7% of cancer patients with respiratory disease.
However, HMPV was associated with mild respiratory disease and RSV and influenza were more often
found. In patients with hematologic malignancies HMPV was found more often [58].

Debur et al. showed that HMPV was present in 2.5% of hematologic stem cell transplant recipients
with respiratory disease. Most patients presented with upper RTI, while 27% had a lower RTA. No
patients died [130].

Englund et al. performed a retrospective survey to demonstrate the importance of HMPV in
hematopoietic stem-cell transplant recipients [131]. In 3% of these patients who underwent a BAL
because of LRTI was HMPV detected (by RT-PCR). Clinical course in this group was severe and 80%
died with acute respiratory failure.

Williams et al. showed that HMPV is found in the same frequency as RSV, influenza and
parainfluenzavirus in hematologic malignancy patients with acute respiratory disease. All patients
presented with an upper RTI, but 41% progressed to a lower RTI. One third (three patients) of these
patients died, however in two of these patients potential bacterial pathogens were also found in their
BAL fluid [125].

Cane et al. published a case report about a HSCT recipient who succumbed to progressive
respiratory failure following an upper respiratory prodrome and where HMPV was detected as the sole
pathogen in the nasopharyngeal aspirate [132].

In lung transplant patients, HMPV was found in 6% of adults with RTI. This was significantly
lower then the most frequently found viral cause, namely parainfluenza virus (17%) [133]. RSV and
influenza were found in 12% and 14% respectively. The rate of required hospitalization and length of
stay of hospitalization were not different between HMPV and other respiratory viruses. In this study,
viral RTI was associated with acute graft rejection. However, this rate was significantly higher for
RSV infection compared to HMPV infection.

Larcher et al. found HMPV in 25% of BAL fluids from lung transplant patients. Not al of them
had respiratory symptoms at the time of the lavage. In this study, HMPV infection seems associated
with acute graft rejection, but not with the development of bronchiolitis obliterans [134]. However,
other studies suggest that viral RTI is associated with the risk of the development of bronchiolitis
obliterans [135,136].

10. Complications

Bacterial and fungal superinfections might complicate viral respiratory infections. To our
knowledge no studies specific addressing this issue have been executed, although some studies report
the presence of potential bacterial pathogens in the BAL fluid, sputum or blood cultures in those
patients with sometimes lethal outcome [9,50,114,125].

In a mouse model that HMPV infection predisposes to severe bacterial infections [137]. Higher
levels of airway obstruction, pneumococcal replication and inflammatory cytokines and chemokines
were observed in the lungs of superinfected mice, which were challenged with Streptococcus
pneumoniae (S. pneumoniae) five days after HMPV infection. Inactivated HMPV did not result in
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these changes after a pneumococcal challenge, suggesting that HMPV replication rather than the host
response to HMPV may be responsible for these effects. Mice infected with influenza A show
long-term impairment of S. prneumoniae lung clearance, but the mechanism producing these effects
might be different. In contrast to these findings, Ludewick et al. showed that BALB/c mice infected
with HMPV had a normal bacterial lung clearance when they were challenged with S. preumoniae
14 days after HMPYV infection [138].

11. Discussion

The last years more knowledge is obtained about the significance of HMPV infection in adult patients.

Thanks to more sensitive diagnostic tools, like PCR, the proportion of known viral etiologies has
increased and HMPV is recognized as a major cause of respiratory disease in patients of all ages.
Reported yearly incidences in adults are up to 11%, but the real incidence of HMPV infections is
difficult to measure or estimate. First, because a great part of the HMPYV infections is asymptomatic or
mild and these patients do not present to the hospital. Secondly, the majority of the patients with
respiratory symptoms presenting to our hospital are not tested for viral infections.

Epidemiological studies show that elderly over 65 years, patients with cardiac or pulmonary
diseases and immunocompromised patients are at high risk for an HMPV infection presenting with
severer disease than younger adults without co-morbidity [8,9,114,125]. As serious outbreaks of
HMPYV with mortality have been reported in long-term care facilities and among immunocompromised
patients, infection control measures should be taken in case of a RTI with HMPV especially because
these patient groups are at greater risk for severer disease and no proven treatment and/or vaccination
strategies against HMPYV are available up till now [42,103,134,139].

Till now a lot of experience on treatment of HMPV has been gained in individual cases and small
case series [120,122,140-142]. The combination of ribavirin with IVIG seems to be very promising,
although this combination is expensive and has disadvantages. Several other treatment regimes have
been investigated and proven to be effective in vifro and in animal studies. Both immunoglobulins
(like mAb 338 and Fab DS7) and synthetic fusion inhibitors showed to be efficient against HMPV.
The recently discovered approach of RNA interference (RNAi) could be the technique of the future.
However, up till now, no treatment proven to be effective in large clinical trials is available and
treatment of HMPV infection is mainly supportive.

Since HMPV is an important cause of morbidity and mortality in frail patients, a vaccine is
desirable and several in vitro and animal studies investigating the development of an HMPV vaccine
have been performed. The development of a vaccine against HMPV is hampered by the fact that
natural infection with HMPV does not elicits complete immunity and that studies in which is
vaccinated with inactivated HMPV show an enlarged immune reaction with even lethal outcome.
However, other studies showed promising results, although no vaccine is available up till now.
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12. Conclusion

HMPV is an important pathogen causing viral RTI. People at risk are the elderly, the
immunocompromised patients and patients with cardiac or pulmonary diseases. While HMPV
infections are mild and self-limiting in the majority of adults, clinical course can be complicated in
these risk groups and associated morbidity and mortality are considerable.

13. Key Issues

® HMPV is an important pathogen causing viral RTI in adults.

® The elderly, immunocompromised patients and patients with cardiac or pulmonary diseases
are at risk for severe infection.

® Distinguishing HMPV clinically from other respiratory viruses is difficult. Diagnosis relies
mainly on RT-PCR.

® Although a lot of research has been performed last years, treatment of HMPV infection is
mainly supportive and no vaccine is available up till now.

® In case of severe infections, treatment with ribavirin and IVIG might be considered.
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Abstract: Respiratory syncytial virus (RSV) is the most frequent cause of bronchiolitis in
infants and children worldwide. Many animal models are used to study RSV, but most
studies investigate disease in adult animals which does not address the unique physiology
and immunology that makes infants more susceptible. The perinatal (preterm and term)
lamb is a useful model of infant RSV disease as lambs have similar pulmonary
structure including airway branching, Clara and type II cells, submucosal glands and
Duox/lactoperoxidase (LPO) oxidative system, and prenatal alveologenesis. Lambs can be
born preterm (90% gestation) and survive for experimentation although both preterm and
term lambs are susceptible to ovine, bovine and human strains of RSV and develop clinical
symptoms including fever, tachypnea, and malaise as well as mild to moderate gross and
histologic lesions including bronchiolitis with epithelial injury, neutrophil infiltration and
syncytial cell formation. RSV disease in preterm lambs is more severe than in term lambs;
disease is progressively less in adults and age-dependent susceptibility is a feature similar
to humans. Innate and adaptive immune responses by perinatal lambs closely parallel those
of infants. The model is used to test therapeutic regimens, risk factors such as maternal
ethanol consumption, and formalin inactivated RSV vaccines.
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1. Introduction

Respiratory syncytial virus (RSV) is the most frequent cause of bronchiolitis in infants and children
worldwide [1]. RSV was first discovered in 1955 in chimpanzees and two years later was isolated from
an outbreak of respiratory disease in infants [2,3]. In the 57 years since that time, only one specific
preventative measure, the humanized monoclonal antibody Palivizumab, and one therapy, the antiviral
ribavirin, have been successfully developed for use in a clinical setting [4-7]. Vaccines are also not
available as a result of vaccine trials of the 1960s, when enhanced disease occurred in infants, resulting
in severe disease including two mortalities and hospitalization of 80% of those vaccinated [8]. Despite
50 years of research since these studies, the cellular and molecular mechanisms underlying severe
disease are not fully understood [9].

Risk factors of severe RSV disease in infants include premature birth, congenital heart defects,
neuromuscular deficits, Down’s syndrome, immunodeficiency/compromise, and bronchopulmonary
dysplasia [9-11]. Of these at-risk populations, the largest group is those born premature. A survey in
the United States reported premature birth rate at 12.3%, or approximately one half million [12] and
worldwide, there are an estimated 13 million preterm births annually [13]. While epidemiologic
evidence can identify individuals at increased risk for RSV, the mechanisms of severe disease are
poorly understood. The vast majority of studies in animal models are performed in mature/adult
animals, and many studies of human RSV infection are also performed in adults. Rodents, non-human
primates, ferrets, cattle, and several other species have been utilized to study RSV; however, studies
investigating disease in mature/adult animals fail to address the unique structure, cellularity,
physiology, and immunology that contribute to the increased disease severity that can occur in
perinatal infants infected with RSV.

The perinatal (preterm and term) lamb model has been used by several investigators to study RSV
disease and paramyxoviral infections of infants as lambs have similar pulmonary development and are
susceptible to ruminant and human strains of RSV and parainfluenza virus-3 [14-20]. Lambs develop
mild clinical symptoms including fever, tachypnea or increased expiratory effort (wheeze), and
malaise as well as mild to moderate gross and histologic lesions when experimentally infected with
bovine (bRSV) or human (hRSV) strains of RSV [14-16,19,20]. Bovine strains infect cattle and sheep
and have much homology with hRSV strains. Disease severity is increased in preterm lambs infected
with bRSV which is similar to the increased disease severity that can occur in human infants born
preterm infected with human strains of RSV [19,21]. Thus, the perinatal lamb model has a strong
foundation and forms a valid model for RSV as evidenced by clinical alteration of respiration as well
as gross and histologic lesions.

2. Perinatal and Adult Lung in Regards to RSV Infection

The structural differences between infant and adult lung at the alveolar level include fewer as well
as thicker-walled alveoli in the infant [22]. The primary effect of this difference is on overall decreased
efficiency of gas exchange; its implication in disease is more severe clinical symptoms with less
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inflammation. Airway submucosal glands are present in the human trachea at 13 weeks’ gestation with
rapid progressive appearance in the more distal areas; however, the gland is present but its structure is
primitive, lacking the branching of more mature glands [23]. Submucosal glands are becoming
increasingly recognized for their role in innate defense through expression of secretory products such
as lactoperoxidase into the airways. Goblet cells form as early as 13 weeks of fetal age and contribute
significantly to airway mucin production. With RSV infection of mice with the Line 19 strain,
increased Goblet cell production occurs through a Toll-like receptor 7 (TLR7)-Interleukin-17 (IL-17)
and IL-23 pathway [24]. The number and type of Clara cells increase in the lung during fetal and
perinatal development [25,26]. As progenitor cells, Clara cells at different stages of maturity are
identified by ultrastructural characteristics [27]. While Clara cell secretory protein (CSSP; also known
as CC10) can be expressed as early as 10 weeks of gestation in humans [28], and almost certainly by
15 weeks gestation [25] the production of CCSP of Clara cells indicates a presence of cells but not
necessarily maturity. Clara cells serve as a common progenitor for Clara and type II cells, serve a role
in innate immunity through expression of immunomodulatory products such as CC10, and have a high
level of cytochrome P450 enzymes that function in detoxification of xenobiotics [29,30]. Type II cells,
which produce surfactant, surfactant proteins, other anti-RSV peptides and proteins, and serve as a
progenitor for type I cells, are present by 20 weeks of gestation and continually form with increasing
fetal age. Type II cells, Clara cells, pseudostratified ciliated cells and other airway epithelial subtypes
are targets for RSV replication. Airway epithelium of the neonate, once infected by RSV, alters
re-epithelialization and subsequent airway responses in the adult [31].

Cells of the innate immune system are decreased in number and often operate with decreased
efficiency in infants. Dendritic cells (DCs) in neonates are reduced and the ratio of myeloid to
plasmacytoid DCs is inversed as compared to adults [32]. Preterm DCs have a reduced ability to
produce interferon (IFN) and decreased ability to stimulate a T helper-1 (Thl) response, although
contrary to observations in mice this difference alone does not predispose infants to a Th2-skewed
response [32]. Dendritic cells are integral to immune response to RSV infection and increased numbers
are present in nasal washes of infants with severe RSV [33]. Neonates have a reduced proliferation
pool as well as a reduced storage pool of neutrophils and those in circulation have an impaired
response to chemotaxins and deficiencies at multiple stages of migration including rolling adhesion,
transmigration, and lamellipodia formation. Once at the site of infection, neutrophils of infants do not
function at the same level as those of adults [34]. Neutrophils of term infants have about half the
amount of lactoferrin, a 30% reduction in bactericidial/permeability increasing protein (BPI), and
impaired oxidase activity [34-36]. Neutrophils are a key component in RSV pathology, with an influx
into bronchioles and, to a lesser extent, alveoli [21]. Neutrophils undergoing NETosis (a form of
neutrophil apoptotic-like death mediated by pathogens) can release neutrophilic extracellular traps
(NETs) composed of DNA strands, histones, and antimicrobial peptides such as cathelicidins which
can entrap bacteria and have antibacterial activity [37]. NETs have not been linked with RSV, but
illustrate a mechanism of innate protection induced by neutrophils and may have a role against
bacterial infections secondary to RSV. Neutrophilic inflammation in any individual is always in a
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precarious balance between killing of pathogen and damage to native tissue. Impaired recruitment and
function may be in some degree preventative of collateral damage to lung tissue, but it also decreases
the efficiency of pathogen killing, while the presence of neutrophils in small airways contributes to the
clinical symptoms of labored breathing (increased expiratory effort, abdominal breathing) and wheeze.

Both the inflammatory mediators that are elicited upon RSV infection as well as the response to
these can be different between neonates and adults. Co-cultures of RSV-infected DCs and T cells of
either adults or umbilical cord blood elicited markedly different cytokine profiles with the primary
differences attributed to differences in response to transforming growth factor beta (TGF-) [33]. The
response to chemokines in neonates varies from adult response due to the altered number and function
of leukocytes as well as altered receptor expression. In vitro stimulation of term infant monocytes and
antigen presenting cells shows decreased expression of tumor necrosis factor alpha (TNF-a), IFN-a,
IFN-y, interleukin 12 (IL-12), and IL-1p, but increased expression of IL-6, IL-8, and IL-10 [38].

3. Lambs as a Model of RSV Infection of Infants

As recently reviewed by Bem, Domachowske, and Rosenberg, a number of animal models,
including chimpanzee, cotton rat, mice and cattle have been used to recapitulate aspects of the
different manifestations of human RSV disease [39—41]. While no animal model perfectly mimics all
forms of human disease, the perinatal lamb has features that are beneficial to studies with RSV (Table 1).
Similar to humans, sheep are outbred allowing manifestation of the diverse nature of response to RSV
that occurs in infants. Also, the ovine lung bears a close resemblance in development, airway structure
and cellularity to human lung. Sheep (and cattle) have a bronchus that branches from the distal tracheal
mucosa into the right cranial lobe. This bronchus can be used for fiberoptic bronchoscope inoculations
if desired; however, it requires dexterity due to a near ninety degree turn as the bronchus comes off the
trachea in somewhat of a perpendicular fashion. Lung lobes of lambs include a right cranial lobe (with
a cranial and caudal part), a left cranial lobe, left and right middle and caudal lobes, and an accessory
lobe. The lung lobes are somewhat similar in size to those of a human infant allowing substantial
tissue for tissue sampling. Airway branching patterns of lambs resembles infants, unlike rodents [42]
and alveolar development (alveologenesis) in human fetus and lambs begins prenatally, in contrast to
the post-natal alveolar development that occurs in mice/rodents [42—46]. In addition, the trachea and
bronchi are lined by pseudostratified ciliated epithelium and have submucosal glands which contribute
to mucus secretion and lactoperoxidase production similar to human infants but is in contrast to
rodents which have few or limited submucosal gland structures [42—47].

Airways of human and sheep express all components of an oxidative system that consists of two
H,0,-generating enzymes of airway epithelia, dual oxidase (Duox) 1 and 2, along with a pseudohalide
anion (thiocyanate, SCN"), and the enzyme lactoperoxidase (LPO) [47-50]. Hydrogen peroxide is
produced by Duox enzymes onto the apical extracellular space where it reacts with SCN™ in a
LPO-catalyzed reaction to form hypothiocyanate molecule OSCN™ (H,0, + SCN™ — OSCN") [49-57].
The Duox/LPO/SCN™ system generates sufficient OSCN™ to eliminate bacteria in vitro and
in vivo [58-60]. In in vitro assays the addition of iodide (I') to the Duox/LPO enzyme products
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generates hypoiodous acid (H,O, + I — HOI) instead of the physiological product OSCN~ which has
potent microbicidal activity against bacteria and viruses, including activity against respiratory
syncytial virus (RSV), whereas OSCN  exhibits little antiviral activity [61]. Inhibition of
lactoperoxidase in sheep reduces clearance of bacteria such as Mannheimia haemolytica, and we have
shown that oral administration of iodide in the form of potassium iodide greatly increases iodide levels
on the surface airway liquid of lambs [62]. Thus, lambs have a fully functional Duox/LPO oxidative
system [62] which can be used to assess Duox/LPO anti-RSV activity in vivo.

Epithelial cells of perinatal (preterm and term) lamb lung also have close similarities to human
infants. This is especially important since RSV replication within bronchioles results in bronchiolitis
and accumulation of neutrophils and cell debris which can occlude or partially occlude the airway
lumen and also affect bronchiolar dilation and contraction. Thus, the bronchiole is both an important
site for RSV replication within non-ciliated cells and type II cells at the bronchiolar/alveolar junction
and also a location where RSV-induced cell injury and inflammation can greatly impair airflow and
gaseous exchange. Clara cells are a major cell type of non-ciliated cells that line bronchiolar epithelium.
Bronchiolar epithelium in lambs is 18%-22% Clara cells which is similar to human lung, whereas
mouse lung has a large (50%+) population of Clara cells in bronchiolar airway [25-27,45,63,64]. The
Clara cells of sheep have ultrastructural features more similar to human Clara cells than most other
species [27,64].

Damage to or dysfunction of Clara cells creates a proinflammatory environment due to the loss of
their immunomodulatory secretions. Clara cells secrete large amounts of CC10 (also known as CCSP,
CCl16, secretoglobin, and uteroglobin) which is increased in bronchoalveolar lavage fluid (BALF) and
serum during acute injury such as smoke inhalation or application of pneumotoxicants (naphthalene,
4-ipomeanol (4-IM), chloroethylene), but decreased in chronic or dysplastic airway dysfunction
(asthma, chronic obstructive pulmonary disease, or bronchopulmonary dysplasia (BPD) [25,29,63,65].
CC10-deficient mice have increased inflammatory responses and persistence of RSV after infection
while restoration of CC10 abrogates these effects [30] and Clara cells damaged by 4-ipomeanol
enhanced RSV disease severity in calves [66]. CC10 may not only have a protective effect on Clara
cells, but also stimulate development of Clara cells [63]. Clara (and type II) cells also produce substances
with known anti-RSV activity including: surfactant proteins A (SP-A) and D (SP-D) which bind and
opsonize RSV, beta-defensins, beta-galactoside-binding protein, and RSV receptors such as Toll-like
receptor-4 (TLR-4), retinoic acid inducible gene-I (RIG-I) which triggers epithelial responses as well
as inflammatory/immunomodulatory substances [29,30,67-70]. CC10 is reduced in lambs preterm
which may contribute to the increased susceptibility of preterm ovine lung to RSV and the reduced
levels of innate immune gene expression such as CC10 and SP-A [71]. To our knowledge, Clara cell
distribution and CC10 expression has not been assessed during the ontogeny of human fetal lung. If
similar to lambs, reduced Clara cell numbers may affect RSV susceptibility.

Type II cells are present in distal lung bronchioles and alveoli and proliferate upon bronchiolar and
alveolar injury to replace other type II cells or alveolar type I cells [22]. Type II cells produce
surfactant, surfactant proteins, defensins, cytokines, chemokines, and RIG-I and are infected by RSV
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in both lambs and humans [21,72]. Similar to preterm human infants, numbers of type II (CD208+)
cells in preterm lamb lung are low and immature (increased glycogen retention) but are increased and
have increased maturity at birth [73].

Preterm lambs have reduced neutrophil expression of myeloperoxidase and reduced alveolar
macrophage expression of nitric oxide compared to term lambs [74]. Pulmonary dendritic cells
isolated from term lamb lung differ from those isolated from adult lung in terms of antigen expression
and maturation [75]. Ovine pulmonary dendritic cells from term lung support bRSV replication and
have enhanced interleukin (IL)-4 and IL-10 gene transcripts [76,77]. Alveolar macrophages of term
and adult sheep have differential expression of cytokines in response to bRSV and Toll-like receptor
ligation [75,77]. With bRSV and hRSV A2 infection, lymphocytic infiltration of the lung includes
CD4+ and CD8+ cells and tracheobronchial lymph nodes undergo marked lymphocytic hyperplasia
characterized by increased paracortical and follicular lymphocytes [19,78].

In terms of innate immune and adaptive responses in developing lamb lung, ontogeny studies of
fetal and perinatal lung tissue identified reduced mRNA levels of SP-A, SP-D, and sheep beta
defensin-1 (SBD-1) in preterm tissues [79], while another study showed no significant difference in
surfactant mRNA and very low levels of SBD-1 in prenatal and term tissue versus significantly higher
levels in adult sheep [71]. Messenger RNA expression of Toll-like receptor-4 and -8 (TLR-4 and -8)
in the lung, increases throughout gestation but for a sharp drop in TLR-4 mRNA levels in term
lambs [71]. TLR-4 is associated with CD14 that recognizes the F protein of RSV [10,80]. Binding of
the TLR-4/CD14 complex activates NF-«f3, eventually leading to secretion of IL-8, IL-10, IL-6, as
well as increased expression of TLR-4 on epithelial cell [80]. Pulmonary TLR-7 mRNA is also
significantly lower in term lambs than in preterm or adult animals [37]. TLR-7 recognizes
single-stranded RNA (viral); TLR-7 mRNA is increased in infants with naturally-occurring RSV
compared to infants with non-RSV bronchiolitis [71]. TLR-3 binds double stranded RNA, a replication
intermediate of RSV. Term and adult lambs have similar levels of TLR-3 expression in lung, but
preterm lambs have significantly higher levels [71]. Interferon gamma TNF-a, IL-6, IL-8, and
monocyte chemotactic protein-1 (MCP-1) increased throughout prenatal development, peaking at birth
and decreasing into adulthood [71]. Differences in TLR, cytokine and chemokine expression in
perinatal lung compared to adult may affect RSV binding, replication, and immune responses.

Lambs, other ruminants, swine and other species receive maternal immunoglobulins only through
ingestion of colostrum. This is because transplacental passage of immunoglobulins does not occur as
in rodents and human infants. Therefore, lambs deprived of colostrum are devoid of maternal
immunoglobulin and thereby lack maternal antibodies to RSV. This allows great flexibility in altering
the serum levels of maternal immunoglobulins in terms lambs which lends itself well to studies
assessing the role of immunoglobulins in protecting against RSV infection. In clean facilities with
proper management, colostrum-deprived lambs survive and lack secondary bacterial infections unlike
calves which often die in several days if not raised in gnotobiotic conditions. Thus, lambs lacking
maternal immunoglobulin can be used to test vaccines without interference by maternal
immunoglobulin. Because RSV is more severe in infants born preterm, and lack of antibody affinity
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maturation has a significant role in enhanced RSV disease [81], the extent to which fetal and preterm
infants may respond to a particular vaccine (without interference by transplacental passage of maternal
immunoglobulin) can be tested by vaccinated lambs in utero, preterm, at birth and a few weeks after
birth. In addition, the effect of maternal immunoglobulin on perinatal vaccination can be further
assessed by feeding lambs: colostrum lacking RSV antibody, colostrum with low neutralizing
RSV antibody, colostrum with high neutralizing RSV titers, and colostrum with antibodies to
formalin-inactivated RSV (FI-RSV) vaccine. Lambs can be infected with RSV by several routes, each
having advantages and disadvantages. Intratracheal inoculation is a relatively rapid injection of RSV in
fluid media that bypasses the nasal cavity and larynx allowing the fluid to be distributed directly into
the tracheal lumen with drainage into the major bronchi. At the tracheal carinae, the inoculated fluid
does not divide evenly and one side of the lung receives more or less than the other. The fluid volume
inoculated can range from 1 mL to 10 mL or more. This volume of fluid delivered rushes across the
tracheal luminal surface and can overwhelm the comparatively small amount of air-surface liquid and
its antimicrobial contents (e.g., lactoferrin, antimicrobial peptides, oxidative products). Bronchoscopic
inoculation of RSV in fluid media has the benefit of very precise delivery with a fluid volume of virus
into the bronchi that is more accurately localized than intratracheal inoculation but is still is often
rapidly injected resulting in a relatively large, single volume of a fluid inoculum that can locally
overwhelm the air-surface liquid. Aerosolized RSV inoculum delivered using atomizer devices into the
nares results in deposition of droplets in the upper and lower respiratory tract; however, these mists are
often rapidly delivered and the particles (ranging from 20 to 100 um in diameter) are too large for
consistent accumulation into the distal bronchioles and alveoli. Both aerosolized inoculum and
nebulized mists reduce the amount of fluid volume deposited onto the nasal mucosa and thereby
decrease the chance of the fluid volume of the inoculum to overwhelm the air-surface liquid volume.
Nebulized mist can be delivered over a specified time and deposits RSV inoculum in the upper and
lower respiratory tract allowing deposition to the bronchioles and alveoli. Thus, there is much
flexibility in the type of inoculation route to deliver RSV to the lung which can be tailored to assess
anti-RSV drugs, vaccines, or RSV pathogenesis. We prefer nebulization for studies that require even
distribution of virus throughout the lung especially studies assessing mucosal innate immune responses.
There are some hurdles to overcome in using lambs for RSV studies. First, a vendor that can supply
healthy lambs or a healthy flock is needed. Second, availability is limited to spring and fall lambing
seasons; however, the fall lambing season in some areas, including the midwest area of the United
States, can occur from September to December and the “spring” lambing season can last from January
to June. Investigators with access to multiple vendors that differ in breeding regimens can have a very
broad availability. Third, facilities for handling lambs and some expertise in ruminant anatomy,
physiology and medicine is beneficial especially for studies of colostrum-deprived lambs which
require a very clean environment, although most facilities for dogs or other midsized animals and a
veterinarian on staff can easily allow for studies in lambs. Fourth, reagents to ovine proteins can be
difficult to obtain; however, some antibodies to bovine proteins cross-react with ovine and the advent
of proteome profiles can overcome these issues. Gene expression assays are not an issue with ovine
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samples since the ovine genome is becoming further clarified, primers and probes to bovine work well,
and next-generation sequencing (NGS) allows extensive coverage. Fifth, premature lambs do not
survive but preterm lambs (90% gestation) have a good survival rate [19].

Lambs are naturally susceptible to ovine and bovine RSV strains and can be experimentally
infected with a number of strains. Respiratory syncytial virus (RSV) is in the Paramyxoviridae family,
subfamily Preumovirinae. The Pneumovirus genus includes human, bovine, ovine, and caprine
respiratory syncytial viruses as well as murine pneumovirus (pneumonia virus of mice). The four
respiratory syncytial viruses are closely related while murine pneumovirus shares less homology.
Initial studies by Lehmkuhl, Cutlip, Belknap, Lapin and others determined susceptibility of lambs
to bRSV experimentally and characterized histological and ultrastructural lesions as well as
immunoglobulin responses to infection [14—17]. More recent studies have assessed infection by human
strains of RSV (hRSV) [20,82]. There are two primary strains of RSV, A and B, with many genetically
divergent substrains of each. Human RSV A2 strain replicates in lambs and causes disease but as this
is a laboratory-adapted strain, other strains may have enhanced virulence [20,82]. Infection with RSV
in term as well as older (6 month old) lambs will cause clinical disease exhibited as fever, listlessness,
and tachypnea, as accompanied by gross and histologic lesions. Histologically, lesions caused by
bRSV and strains of hRSV are similar to those seen in infants and cattle and include bronchiolitis with
epithelial cell necrosis, syncytial cell formation, hyperplasia of nearby epithelium (subacutely) and
infiltrates of neutrophils with occasional macrophages [15,19,20,83,84] (Figure 1). Neutrophil
infiltration in lambs is associated with increased levels of IL-8 expression, which is similar to human
infants; rodents do not produce IL-8 but instead express the chemokine KC which has some overlap
with IL-8 in function [78]. The adventitia of infected bronchioles is infiltrated by lymphocytes
(CD4+ and CD8+) and plasma cells and alveolar lumens contain small amounts of cell debris
with occasional alveolar macrophages [15,19,21,78,80]. Tracheobronchial lymph nodes become
enlarged due to follicular and paracortical hyperplasia [78]. Viral antigen is present in bronchiolar
epithelium which contains Clara cells, occasional type II cells lining alveoli, and occasional alveolar
macrophages [19,20,82,85]. Infection of term lambs with another paramyxovirus, parainfluenza-3
(PI-3), caused similar lesions and induced increased mRNA expression of sheep beta defensins-1
(SBD-1), SP-A, and SP-D that was associated with viral clearance; protein levels of SP-A did not
change throughout the course of disease [34].

Preterm lambs can be derived by Caesarean section at 90% gestation with 80% survival for
experimentation [19,74]. These lambs are not premature; however, innate immune gene responses,
cellular differentiation, and responses to RSV by preterm lambs have significant differences from term
lambs [71,79]. In contrast, rodents do not survive preterm birth. Infection of preterm lambs with bRSV
resulted in enhanced disease with decreased viral clearance, increased viral antigen, mRNA levels
RSV, and infiltration of bronchioles by neutrophils compared to term lambs [19,74]. bRSV-infected
cells retrieved from lung tissue by laser capture microscopy (LCM) had increased SP-A and MCP-1
mRNA in both term and preterm lambs but expression was significantly lower in infected preterm
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lambs compared to term lambs [72]. These studies suggest that preterm lambs have reduced expression
and responses of innate immune genes to RSV which may contribute to the increased disease severity.

Figure 1. Image of lung from a lamb that at 2 days of age was infected with human
respiratory syncytial virus strain, Memphis 37 by nebulizer (6.4 x 10’ plaque-forming units

(PFU)/mL). Six days after infection, lung tissue was collected. The bronchiole has
moderately thickened epithelium due to hypertrophy and proliferation of epithelial cells
and within the lumen are neutrophils (blue arrow) and large syncytial cell (arrow). Around
the airway in the tunica adventitia are lymphocytes (short arrow). H and E. Bar = 120 um.
Manuscript in preparation.

The Long strain of RSV-A and type B RSV will infect lambs and cause clinically detectable RSV
disease [69]. Similar to bRSV, hRSV strain A2 infected term lambs, causing fever and inducing
pulmonary lesions similar to those observed with bRSV in lambs [20,78]. In these lambs at day 3
post-inoculation (p.i.) there are increased mRNA levels of TNF-a and IL-10 as well as increased
TNF-a protein in lung tissue. At 6 days p.i. IFN-y, IL-8, MCP-1, and macrophage inflammatory
protein-1 alpha (MIP-1a) mRNA levels are increased in infected levels compared to controls while
IFN-B, TNF-a, TGF-f, IL-10, and Regulated upon Activation, Normal T-cell Expressed, and Secreted
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(RANTES) mRNA are all decreased by infection with RSV. At 14 days p.i. the following mRNA
levels are decreased in infected compared to control: IFN-B, IFN-y, TNF-a, TGF-$, IL-10, IL-8,
MCP-1, and RANTES [78]. Memphis 37 (M-37) is a human RSV-A strain isolated from a pediatric
case and used in studies in human adult subjects [86] and can replicate and cause disease in lambs.
Recent studies have shown that M37 causes similar disease to that of both bRSV and hRSV A2 strains
(personal observations). Lambs inoculated with M37 grown in Vero cells had reduced disease severity
compared to lambs inoculated with M37 grown in HEp2 cells; this finding is consistent with studies
showing that growth of RSV in Vero cells reduces G protein expression [87].

Figure 2. Image of lung from a lamb fed a milk replacer lacking iodide and infected at 2
days of age with human respiratory syncytial virus strain, Memphis 37 by nebulizer
(6.4 x 10" PFU/mL). Within the bronchiolar epithelium there is dense accumulation of
RSV antigen detected by immunohistochemistry (primary antibody Meridan Biosciences).

Hematoxlyn counterstain. Bar = 150 um.

The lamb model has been used to test at therapeutic intervention. Vascular endothelial growth
factor (VEGF) administered intratracheally before viral inoculation had a protective effect against
bRSV characterized by decreased inflammation and decreased viral replication [85]. A similar
protective effect of VEGF was shown using hRSV A2 and associated with increased SP-A and TLR-4
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gene expression and delays in expression of anti-inflammatory mediators TGF-f and IL-10, decreasing
their expression at 16 and 24 h then increasing expression at 32 h after VEGF administration as
compared to control lambs [82,88]. The mechanism(s) by which VEGF reduces RSV severity is not
known; however, VEGF increases expression of SP-A which opsonizes and aggregates RSV. VEGF
also has other activities including those that may have anti-RSV effects such as: enhancement of
monocyte infiltration, macrophage activation and induction of vascular leak. We are currently using
the lamb model to assess efficacy of iodide enhancement of Duox/LPO-mediated innate defense
(Figures 2 and 3).

Figure 3. Image of lung from a lamb fed a milk replacer lacking iodide but was
supplemented with iodide by gastric gavage daily (10 mg/kg body weight). At two days of
age the lamb was infected with human respiratory syncytial virus strain, Memphis 37 by
nebulizer (6.4 x 10’ PFU/mL). Within the bronchiolar epithelium there are a few cells
containing viral antigen; however, significantly fewer cells are stained compared to the
staining of the lung tissue from the lamb in Figure 3. Thus, with KI administration there is
reduced viral antigen which is likely due to formation of iodide hypohalide (HOI) by dual
oxidases and lactoperoxidase. RSV antigen was detected by immunohistochemistry
(primary antibody Meridan Biosciences). Hematoxlyn counterstain. Bar = 150 um.

The perinatal lamb model of RSV infection has recently been used in studies assessing the effects
of formalin-inactivated RSV vaccines (FI-RSV) [89]. Our laboratory has shown that term lambs
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receiving one FI-RSV vaccination have increased perivascular and peribronchiolar lymphocytic
infiltrates with reduced viral titers and viral antigen, as well as low serum neutralizing antibodies all of
which are consistent with features that occurred in infants and other models (Figure 4; manuscript in
preparation). As indicated, since the lamb can be deprived of maternal immunoglobulin, the model
could be used to assess novel, promising, vaccines [89,90] without maternal immunoglobulin
interference and compare such promising vaccines to those with low-affinity antibodies such as
FI-RSV [81].

Maternal ethanol consumption is a risk factor for preterm birth and infants born premature have
increased risk for severe RSV infection. In development of a model to assess the effects of maternal
ethanol consumption at the level of a moderate drinker on the developing fetal lung, it was determined
that preterm lambs born from ewes receiving ethanol during the last three weeks of pregnancy had
significant reductions in SP-A and also VEGF, VEGF receptors, VEGFR1 and VEGFR2 and VEGF
transcription factors hypoxia inducible factor (HIF) HIF-1a and HIF-2a but not HIF-3a [90,91].
Because VEGF is essential for lung vascular and epithelial cell growth, reductions in VEGF may
contribute to the reduced SP-A expression. Since SP-A can opsonize and aggregate RSV and can also
activate alveolar macrophages and infants with single nucleotide polymorphisms of SP-A have
increased RSV disease severity, reductions in SP-A by exposure to ethanol in utero may exacerbate the
susceptibility of preterm lung to severe RSV infection [51,93,94]; however, additional studies are needed
to determine the extent to which ethanol exposure in utero may enhance RSV disease severity beyond
that of preterm birth alone. Next Generation Sequencing (NGS) studies (unpublished) comparing
preterm to term lambs with or without ethanol exposure in utero have identified transcripts with
notable enhanced expression in preterm lung exposed to ethanol including genes related to (1)
Inflammation, immunity and growth factors: lysozyme (19X), Secreted frizzled-related protein 2,
SFRP2 which affects Wnt signaling (16X), Interleukin 12 A (9X), CXCL10 (6.8X), insulin-like
growth factor-1, IGF-1 (6X), Fos (6X), IGF binding protein 5 (5.7X); early growth response protein 1,
EGRI1 (5X), CD28 (4X), CD4 (3.8X); (2) Metabolism/stress: leptin receptor, LEPR (5X), serotonin
transporter, SERT (5X); (3) Cell proliferation inhibition: CDKNIC, p57, a Kip2 cell proliferation
inhibitor (3.6X) and (4) Angiogenesis/vascularization: SERPINF1 (PEDF) was increased (4X) and this
gene has anti-angiogenic properties which is consistent with findings demonstrating reductions in
VEGF, VEGFR, and HIFa with ethanol exposure. Genes down-regulated by ethanol include: IL-8,
TNFa, ICAM-1, all of which are up-regulated by RSV infection. Thus, ethanol alters pulmonary
transcripts that may underlie susceptibility to RSV.
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Table 1. Features of perinatal (preterm and term) lambs integral to studies of respiratory

syncytial virus (RSV) infection.

Feature Advantage of Model References
Prenatal alveologenesis Similar to infants [43,44]
Airway branching pattern Similar to infants [42]
Submucosal glands in airways Similar to infants [43,45-47]
Number/development of Clara cells Similar to infants [27,64]
Number/development of type 11 cells Similar to infants [27,64,73]
Lung size Similar to infants Generally known

Can survive at 90% gestation

Similar to infants

9]

Susceptible to human RSV strains

Similar to infants

16,20] Figure 1

Susceptible to bovine RSV strains

Permissible to RSV strains

~17,95]

Susceptible to ovine PI-3

Paramyxovirus susceptibility

,_.

8]

Bronchiolitis

Syncytial cell formation
Neutrophil infiltration
CD4, CD8 T cells

B cells and plasma cells

Similar to infants

19,20] Figure 1
15,18-20,82,85]
19,78]

(1

[

[14

[
[15,18,21,82,85]
[

[

[

[19,78]

Enhanced RSV disease severity in
preterm and newborn

Similar to infants

[19,20,74]

Reduced immune responses preterm

Similar to infants

[71,75,76,79]

Reduced neutrophils responses preterm Similar to infants [74]
Dendritic cell responses to RSV Similar to infants [75-77]
IL-8 gene expression Similar to infants [74,78]
Functional Duox/LPO system Similar to human/infants [62]

Innate immune responses

Similar to infants

[34,38,71,72,74,78,79]

Adaptive immune responses Similar to infants [34,38,42,78]
Outbred (genetic diversity) Similar to infants [34,38,42,78]
Newborn lamb can be deprived of maternal CE.m vac<.:1nate newborn
. . without interference by Generally known
immunoglobulin (Ig)
maternal Ig
All 1 t of
Jugular vein large and accessible OWSP acen.len 0 Generally known
catheter to deliver drugs
All f lamb
Synchronized birth 9W§ groups of fambs Generally known
of similar age
VEGF reduces RSV severity Model can test anti-RSV [82,85]
therapies and drugs
Fetal lambs exposed to ethanol in vivo have ~ Model can test drugs and
reduced SP-A production, lung risk factors for lung [89.90]

development, HIF 1o, HIF 20, VEGF, and
VEGFR

development and RSV
susceptibility

Enhanced lymphocytic responses following
FI-RSV vaccination

Model can study FI-RSV
pathogenesis, mechanisms
and vaccines

Manuscript in
preparation
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Figure 4. Image of lung from a lamb from a lamb that at 3 days of age was vaccinated
with a formalin-inactivated respiratory syncytial virus A2 strain followed three weeks later

by nebulization of human respiratory syncytial virus strain, Memphis 37 by nebulizer
(6.4 x 10’ PFU/mL). Six weeks after nebulization, this lung was collected. The image
contains a bronchiole that is mildly dilated within the tunica adventitia are dense infiltrates
of lymphocytes. H and E Bar = 185 um. Manuscript in preparation.

In summary, lambs provide a model of perinatal (preterm and term) RSV infection that is useful in
exploring disease mechanisms due to their similar lung development, size, airway structure and
epithelial (Clara and type II cell) composition, innate and adaptive immune response, their ability to
survive if born preterm, and their ability to be deprived of maternal immunoglobulin and survive.
Also, groups of lambs can be obtained for ease of experimental design. Lambs are used to study
mechanisms of increased RSV disease severity in preterm lung, viral tropism to Clara and other
bronchiolar epithelial cells, innate immune responses by epithelia and the Duox/LPO oxidative system,
effects of anti-RSV immunoglobulins on RSV infection using colostrum-deprived lambs lacking
maternal immunoglobulin, and persistent effects of RSV infection. Lambs are also valuable for use in
pre-clinical trials of vaccines or therapeutics.
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Abstract: Respiratory syncytial virus (RSV) is the most common viral cause of childhood
acute lower respiratory tract infections. It is estimated that RSV infections result in more
than 100,000 deaths annually worldwide. Bovine RSV is a cause of enzootic pneumonia in
young dairy calves and summer pneumonia in nursing beef calves. Furthermore, bovine
RSV plays a significant role in bovine respiratory disease complex, the most prevalent
cause of morbidity and mortality among feedlot cattle. Infection of calves with bovine
RSV shares features in common with RSV infection in children, such as an age-dependent
susceptibility. In addition, comparable microscopic lesions consisting of bronchiolar
neutrophilic infiltrates, epithelial cell necrosis, and syncytial cell formation are observed.
Further, our studies have shown an upregulation of pro-inflammatory mediators in
RSV-infected calves, including IL-12p40 and CXCL8 (IL-8). This finding is consistent
with increased levels of IL-8 observed in children with RSV bronchiolitis. Since rodents
lack IL-8, neonatal calves can be useful for studies of IL-8 regulation in response to RSV
infection. We have recently found that vitamin D in milk replacer diets can be manipulated
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to produce calves differing in circulating 25-hydroxyvitamin D;. The results to date
indicate that although the vitamin D intracrine pathway is activated during RSV infection,
pro-inflammatory mediators frequently inhibited by the vitamin D intacrine pathway in
vitro are, in fact, upregulated or unaffected in lungs of infected calves. This review will
summarize available data that provide parallels between bovine RSV infection in neonatal
calves and human RSV in infants.

Keywords: Bovine respiratory syncytial virus; human respiratory syncytial virus; innate

immunity; adaptive immunity; vaccine

1. Importance of Human and Bovine Respiratory Syncytial Viruses

Human (hRSV) and bovine (bRSV) respiratory syncytial viruses are closely related viruses that are
among the leading causes of acute serious lower respiratory infection (ALRI) in young children and
calves, respectively. While estimated mortality rates in developing countries are low (<0.02%),
globally, it is estimated that new episodes of hRSV-associated disease in children younger than 5 years
of age exceed 33 million annually, with more than 100,000 resultant deaths [1]. Severe hRSV infections
during the first three years of life are frequently followed by recurrent episodes of childhood wheezing
or asthma [2,3]. In addition, hRSV is increasingly seen as an important cause of morbidity and
mortality in elderly adults [4,5] and in immunocompromised patients [6].

BRSV is a cause of enzootic pneumonia in young dairy calves and summer pneumonia in nursing
beef calves. In fact, worldwide estimates suggest the frequency of bRSV infections in some dairy and
beef herds exceeds 50% [7]. Furthermore, in combination with other viral and bacterial pathogens,
bRSV plays a significant role in shipping fever or bovine respiratory disease complex (BRDC), the
most prevalent cause of morbidity and mortality among feedlot cattle. Even in cases where animals do
not succumb to the disease, there can be long-term losses in performance. This includes reductions in
feed efficiency and rate of gain in the feedlot, as well as reproductive performance, milk production,
and longevity in the breeding herd. As a result, economic costs to the cattle industry from BRDC have
been estimated to approach $1 billion annually due to death losses, reduced performance, and costs of
vaccinations and treatment modalities.

2. Historical Perspectives on Respiratory Syncytial Viruses

In 1956, RSV was originally isolated as a causal agent of chimpanzee coryza [8]. However, at the
time this virus was further linked with respiratory illness in a human working with the coryza agent
that had close contact with the chimpanzees. The next year, there was a reported isolation of a virus
from infants with respiratory illness that was indistinguishable from the chimpanzee coryza agent [9,10].
The first study to propose an involvement of RSV in respiratory disease in cattle came more than a
decade later. Doggett ef al. [11] found bovine sera that contained neutralizing antibody against hRSV,
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suggesting a similar virus might exist in cattle. In the early 1970s, two reports from respiratory disease
outbreaks in Switzerland [12] and England [13] identified viruses isolated from cattle that were closely
related to hRSV. At the same time, Inaba ef al. [14] reported the isolation of what appeared to be a
new virus from cases of acute BRDC that was initially referred to as Nomi virus, but which they
subsequently identified as bRSV [15].

3. Age and Seasonal Affects

The most severe ALRI cases due to hRSV occur in infants and children less than 1 year of age,
especially those born premature or with underlying cardiopulmonary conditions [4,5]. In the USA, by
24 months of age, nearly all children have been infected at least once with hRSV, and approximately
half have experienced two infections [16]. BRSV-associated disease is most pronounced in calves less
than 6 months of age, and infection can occur even in the presence of maternal antibodies. It has been
estimated that more than 70% of calves have seroconverted by the age of 12 months [17]. As with
humans, re-infections in calves are common. Seasonal periodicity is seen with hRSV and bRSV, with
most common occurrences of infections in the fall and winter months [18].

4. RSV Viral Proteins

HRSV and bRSV belong to the family Paramixoviridae, subfamily Pneumoviridae, and genus
Pneumovirus. Pneumoviruses are single-stranded, negative-sense RNA viruses with a genome of
approximately 15.2 kb. The RSV viral RNA is transcribed into 10 major subgenomic mRNAs
encoding 11 proteins, due to the M2 gene encoding two proteins. Associated with the genomic RNA,
are nucleocapsid (N), phosphoprotein (P), large polymerase (L), and associated proteins, transcriptional
anti-termination factor M2-1 and RNA regulatory protein M2-2. There are 3 transmembrane surface
glycoproteins, attachment (G), fusion (F), and small hydrophobic (SH). A non-glycosylated matrix or
membrane protein, M, is associated with the inner face of the envelope. Finally, there are 2 non-structural
proteins that accumulate in infected cells NS1, NS2.

HRSV has been classified into two subgroups, A and B, based on antigenic and genetic
differences [19,20]. BRSV isolates can be classified into subgroups based on reactivity of mAb to the
G protein [21], although these may represent variants of a single major antigenic group [21,22]. The F
protein is a type I viral fusion protein synthesized as a precursor that is proteolytically cleaved by furin
into disulfide-linked fragments [23]. Among the hRSV subgroups, the cellular attachment G protein, a
type II integral membrane protein, is more divergent than the F protein [24]. Although bRSV isolates
possess antigenically heterogeneous G proteins, the nucleotide sequences are less variable than for
hRSV [21,25]. The F and G glycoproteins contain the predominant neutralization and protective
epitopes. For both hRSV and bRSV, the attachment protein is a major target of the host anti-RSV
antibody response [26] and specific regions of the protein may be under immune selection [27].
However, immunological pressures may differ between bRSV and hRSV as suggested by differences
in the variability of the central hydrophobic region of the G protein of these viruses [28].
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5. Experimental Bovine RSV in Calves and Similarities to Lesions seen in Human Infants

We have used bRSV strain 375 for inoculation of neonates in our studies [29-31]. The inoculum
was prepared from virus stock re-isolated from the lung of an infected animal and passaged less than
4 times on bovine turbinate cells. Our bRSV aerosol challenge model [31] was adapted from that
described by Woolums et al. [32]. Briefly, the challenge inoculum is delivered by nebulization into a
mask covering the nostrils and mouth. The nebulization apparatus consists of a compressed air tank, a
jet nebulizer, and a mask (Trudell Medical International, London, Ontario, Canada) modified to fit
calves. Compressed air (25 1b/in?) is used to jet nebulize the challenge inoculum directly into a holding
reservoir. Upon installation, the nebulized inoculum is inhaled through a one-way valve into the mask
and directly into the nostrils. Each calf received a 5 mL challenge inoculum containing approximately
10° TCIDso/mL of bRSV strain 375 during the nebulization period of 10—15 min.

Figure 1. Lung from an RSV-infected calf at day 7 post-infection. Note multifocal to
coalescing areas of plum-red consolidation in cranial and ventral aspects of right cranial
and middle lobes. Consolidated areas surround and divide foci of pale pink hyperinflated

lung (arrow). Scattered multifocal areas of consolidation are also present in the ventral
third of the right caudal lobe (arrowheads). Original figure: [31].
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Figure 2. Histological lesions observed in lung of calves after experimental infection with
bovine RSV. Calves were challenged via aerosol with bovine RSV. On day 7 post-infection,
samples of lung were collected for histological evaluation. A representative image from a
single calf is shown. (A) Moderate interstitial thickening and wide interlobular septac due
to edema. Original magnification, 4X. (B) Alveolar septae are thickened due to cellular
infiltrates found to be macrophages, lymphocytes and lesser numbers of neutrophils when
viewed at higher magnification. Original magnification, 20X. (C) Bronchioles are filled
with neutrophils, sloughed epithelial cells, and necrotic cell debris. Original magnification,
20X. (D) There is partial to complete loss of bronchiolar epithelial cells with attenuation of
remaining cells. In some bronchioles, epithelial cells form multinucleated syncytial cells
(arrows). Original magnification, 40X. Figure adapted from: [31].

At necropsy, performed on day 7 post infection, gross lesions typically consist of bilateral,
multifocal, firm, plum-red areas of consolidation that are of variable size and depressed compared to
the adjacent normal appearing lung (Figure 1). Lesions are most frequently observed in cranioventral
lung lobes. On cut surface, areas of consolidation are well delineated from adjacent normal lung. In
some cases, areas of consolidation surround and divide regions of pink, hyperinflated lung. Significant
microscopic lesions are apparent with representative photomicrographs shown (Figure 2). Microscopically,
interlobular septa are expanded by clear space interpreted to be edema (Figure 2A). Alveolar septa
are thickened due to infiltrates of macrophages, lymphocytes, and lesser numbers of neutrophils
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(Figure 2B). Intralesional bronchioles are filled with neutrophils, sloughed epithelial cells, and necrotic
cellular debris (Figure 2C). Bronchiolar epithelial cell necrosis results in attenuation of remaining
epithelial cells, or complete loss of airway epithelium. In some bronchioles, epithelial cells form
multinucleated syncytial cells (Figure 2D). These lesions are similar to those described by others
following experimental bRSV challenge.

In the rare instances where histopathological evaluation is available from fatal hRSV cases, it was
noted that airway lumina contain cellular debris from leukocytes and sloughed epithelial cells, with
fibrin and a minor amount of mucin [33-35]. Submucosal edema and peribronchiolar infiltrates,
consisting predominately of mononuclear cells with minor numbers of neutrophils, further obstructed
the airways. With interstitial pneumonia, there was evidence of significant alveolar involvement
including edema and cellular infiltration, as well as epithelial cell attenuation or loss.

6. Innate Immunity to RSV

Critical to the induction of the innate immune response are pattern recognition receptors (PRRs)
that recognize evolutionarily conserved pathogen-associated molecular patterns (PAMPs). Recognition
of viral PAMPs involves at least three distinct classes of PRRs, toll-like receptors (TLRs), retinoic acid
inducible gene-I (RIG-I)-like receptors (RLRs), and nucleotide-binding oligomerization domain
(NOD)-like receptors (NLRs). Involvement of several TLRs has been described for hRSV infection,
including TLR2, -3, -4, -7 and -8 [36,37]. Ligation of PRRs including TLR3, -7 and -8, and RLRs
activates interferon regulatory factors (IRFs). These IRFs, in particular IRF3 and 7, interact with other
transcription factors to control expression of type I IFNs and related molecules. Inactive IRFs reside in
the cytoplasm in a latent form [38]. Viral infection triggers phosphorylation of serine and threonine
residues and nuclear translocation of IRF3 and IRF7 where they associate with each other and complex
with other co-activators (e.g., CREB-binding protein) to form a transcriptional complex that binds to
promoter regions of type I IFN genes to activate transcription [39]. Virus-induced type I IFNs bind to
the type I IFN receptor (IFNAR) activating Jak/STAT signaling leading to the upregulation of
IFN-stimulated target genes (ISGs). Among ISGs are a number of antiviral mediators, including Mx,
PKR, and 2’-5' oligoadenylate synthetase.

Paramixoviruses are known to utilize different mechanisms to affect IFN signaling. hRSV and
bRSV have evolved strategies to inhibit the IFN-induced cellular response that are dependent upon
nonstructural (NS) proteins. As is characteristic of pneumoviruses, these viruses have two genes that
encode for NS proteins. It has been shown that NS1 and NS2 proteins cooperatively mediate resistance
of bRSV and hRSV to IFN-stimulated responses in a species-specific manner [40,41]. In fact, the
precise mechanism whereby type I IFN responses are altered, varies between these viruses. In the case
of bRSV, NS proteins block phosphorylation and activation of IRF3 [42]. By comparison, hRSV NS1
and NS2 modulation of type I IFN responsiveness involves inhibition of Stat2 expression [43].

In addition to induction of IRFs, ligation of PRRs by viral PAMPs stimulates the release of
inflammatory mediators. It has been shown that RSV induces cytokine/chemokine production in
airway epithelial cells via signaling through TLR3 and RLRs, which have been linked to distinct
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pathways controlling NF-kB activation [44]. In addition to respiratory epithelial cells, RSV infection
induces inflammatory cytokines in antigen-presenting cells, the kinetics of which differs between
cytokines. For example, we found peak induction of IL-1p and IL-12p40 mRNA in alveolar macrophages
occurs on day 3 post-infection in the neonatal bRSV model, whereas IL-6 mRNA was higher at day 5
than day 3 of infection [29]. Recently, we have shown a significant upregulation of the innate
chemokine IL-8 in lesioned lungs of bRSV-infected calves on day 7 post infection [31]. Importantly,
our results fit well with data showing that IL-8 is elevated in the respiratory tract of children with
hRSV bronchiolitis. Rodents lack a bona fide homologue of IL-8, although mice have what are
considered to be functional homologues, CXCL1 (GRO/KC), CXCL2 (MIP-2) and CXCL5-6 (LIX),
which belong to the same major cluster of chemokines. It is therefore evident that the neonatal calf
model can prove useful as an in vivo platform for future exploration into pathways that specifically
regulate innate immune responses during RSV infection.

Gamma delta T cells have been suggested to play a role in innate immunity to RSV based on their
recognition of unprocessed and non-protein antigens independent of MHC restriction and their
localization in epithelial tissues at the host-environmental interface [45]. In humans and mice, the
frequency of yd T cells in circulation or within secondary lymphoid tissues is low, generally
representing less than 5%—10% of the circulating peripheral lymphocyte population [46]. However, in
ruminants, Y8 T cells are significantly more abundant, representing up to 70% of the circulating
peripheral blood lymphocytes in very young animals [47,48]. Given their low frequency and the
difficulty in obtaining sufficient cell numbers, relatively few studies exist which have examined the
role of y6 T cells during hRSV infection. A study in patients hospitalized for hRSV bronchiolitis
revealed a significant reduction in the numbers of yd T cells circulating in the blood compared to
control patients. Interestingly, this reduction was more pronounced in patients with severe disease [49].
Aoyagi et al. recently demonstrated that yo T cells isolated from the blood of hRSV-infected infants
produce less IFNy and more IL-4 in response to mitogen stimulation than equivalent cells isolated
from rotavirus-infected infants [50], suggesting that vy T cells may be susceptible to the Th2-skewing
often associated with hRSV infection (see section on Adaptive immunity to RSV). Data from mice
suggests that vy T cells contribute to immunopathology at the site of infection, as depletion of y& T
cells prior to challenge with hRSV results in reduced lung inflammation and disease severity [51].
However, yd T cells may play a role in limiting viral replication in the lungs as their depletion also
resulted in an increase in peak viral titers [51].

Despite their abundance in circulation in the blood of ruminants, studies of yd T cells in the bovine
during bRSV infection are also relatively scarce. A study by Taylor et al. reported that depletion of
WC1" 8 T cells from neonatal gnotobiotic calves infected with bRSV had little effect on clinical
signs or viral clearance after 10 days of infection, but resulted in a significant increase in IgM and IgA
in the bronchiolar alveolar lavage [52]. Similarly, y& T cell depletion does not yield changes in
macroscopic or microscopic lesions in the lungs of bRSV-infected calves compared to non-depleted
control animals [53]. The results of these studies are difficult to interpret however, as the experimental
numbers are very small and the infection failed to yield any clinical signs. Recent results from our
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laboratory suggest that bovine yd T cell subsets respond to in vitro and in vivo BRSV infection with
pro-inflammatory chemokine and cytokine production [54], suggesting yd T cells may have a role in
recruiting effector cells to the site of infection. Together, there appears a potential role for yd T cells in
altering lung pathology and viral clearance following both hRSV and bRSV infection, but much
remains to be examined including the potential innate role of yo T cells in regulating early virus
recognition and lymphocyte recruitment.

7. Adaptive Immunity to RSV

The development of an adaptive immune response is required for the control and clearance of
established RSV infections. Following infection, humans and cattle mount virus-specific antibody and
T cell responses; however, these responses are weak and transient, as both species can be continuously
re-infected throughout life. Clearance of RSV infection is primarily mediated by CD4 and CD8 aff T
cells. T cell responses are directed at epitopes within several RSV proteins including the N, M, NS2,
M2-1, F and G [55]. The F and G proteins are the major HLA class II restricted targets in both humans
and cattle [55,56], with the F protein of hRSV being the most thoroughly studied and described to
contain multiple antigenic regions [57]. To our knowledge, there are currently no specific BoLA class
II epitopes defined for bRSV in the bovine.

While important in anti-viral immunity, the RSV-specific CD4 T cell response is also thought to
contribute to disease pathogenesis and damaging immunopathology [58—60]. CD4 T cells, and the
cytokines they produce, are key in shaping the nature of the adaptive virus-specific immune response.
HRSYV infection induces a mixed Thl and Th2-type cytokine response [61]. Production of IL-12 by
dendritic cells, and early IFNy is required for the priming of an effective Thl type cytokine response;
however, hRSV has been shown to interfere with dendritic cell cytokine production and their ability to
initiate the development of a Thl response [56,62,63]. The ensuing Th2 polarized response leads to
increased disease severity and lung injury, and is thought to block the development of an effective
CD8 T cell response during both primary and secondary challenge [56,64—66]. Much of our
understanding about the adaptive immune response to hRSV is derived from small rodent models;
however, evidence from humans, while limited, suggests a similar mechanism of disease pathogenesis.
Infants infected with hRSV exhibit Th2 polarization with increased IL-4 production in the lungs and
the establishment of eosinophilia [67,68]. Interestingly, eosinophilia was also apparent in the lungs of
infants that exhibited vaccine enhanced disease after receiving a formalin-inactivated hRSV vaccine
(see section on RSV Vaccines). However, cytokine balance and the resulting disease outcome likely
depends upon genetic background, as some infants have also been shown to contain significant
numbers [FNy-producing cells in the lungs, and these increased levels did not correlate to disease
severity or outcome [69].

Like humans, calves infected with bRSV develop a mixed cytokine response, but favor the
development of a Th2-type immune response following infection. Studies of the cells and lymph fluid
from bRSV infected calves reveal enhanced IL-4 and IL-13 production in the serum and tissues as
early as day 4 post infection, and increased serum levels of virus-specific IgE, indicating the
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establishment of a Th2-type response [70—72]. Calves also develop IFNy producing cells and levels of
the cytokine increase in the serum, but, as with humans, neither cell numbers nor IFNy levels correlate
with positive disease outcome [73]. Evidence from humans has suggested that, due to the Th2 nature
of the anti-viral immune response, hRSV infection may predispose children to the development of
allergies and asthma later in life [74,75]. Interestingly, bRSV infection in calves has also been shown
to predispose to allergic sensitization [76,77]. Gershwin et al. demonstrated that exposure to the model
allergen ovalbumin during bRSV infection resulted in significantly increased levels of IL-4, IL-13 and
ovalbumin-specific IgE compared to uninfected control calves [77].

Cytotoxic CD8 T cells play a critical role in the control and clearance of RSV infection. Infection
of human infants results in a significant influx of activated CD8 T cells into the airways [78], and
calves infected with bRSV exhibit increased CD8 T cell infiltration in the lungs, trachea and
nasopharynx [79]. Depletion of CD8 T cells from mice [59] or bRSV infected calves [53] results in
more severe disease and increased and sustained viral shedding compared to non-depleted control
animals. In humans, the hRSV-specific HLA class I response is primarily targeted against the M2,
F and N proteins [80—82]. Bovine CD8 T cells target the M2, F, N and G proteins of bRSV [83,84].
Interestingly, while G-specific CD8 T cells are readily detectable in cattle, they have not been
demonstrated in humans [85]. It has been reported that the strong Th2 skewing that occurs during RSV
infection acts to inhibit the development of an efficient CD8 T cell response and prevent the
establishment of long-lived memory [56]. Anecdotally, this is evidenced by the recurring infections
that occur commonly in both humans and calves [16,18]. In the mouse model, hRSV-specific CTLs
appear impaired in both cytokine secretion and cytotoxicity [56,86,87], while calves infected with
bRSV exhibit a similar phenotype, displaying limited bRSV-specific cytotoxicity during primary
infections and impaired memory responses following challenge or vaccination [88,89].

Humoral immunity plays an important role in defending the host from RSV infection. While not
fully effective, maternal antibodies may provide some level of protection from severe RSV infection in
both humans [90-92] and calves [93]; however, their presence has also been described to suppress the
development of antibody and T cell responses during acute infection [94,95]. Although humans initiate
responses to several proteins of hRSV, only antibodies that are reactive to the major surface
glycoproteins F and G appear to be important for protection [96,97]. The F protein is highly conserved
and the majority of the F specific response is cross-reactive, making it more important for protection
across hRSV strains [98]. The G protein is more divergent, thus few antibodies cross-react between
virus strains [98,99]. Further, the G-specific response is particularly inefficient and it has been
proposed that this may be due to the secreted form of the G protein acting as a decoy for the host’s
humoral response [100,101].

Like humans, calves mount antibody responses to several bRSV antigens, but the primary targets
for protective humoral responses are the F, G and NP proteins [84]. bRSV-specific IgM and IgA can
be detected in the nasal secretions and serum of bRSV infected calves as early as 8 days post
infection [95]. BRSV-specific I1gG2, the antibody isotype associated with a Thl response, is not
detected in the serum until 1-3 months post infection. As evidence of the cytokine skewing that occurs
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during RSV infection of calves, virus-specific IgG1, the isotype associated with a Th2 phenotype, is
detectable in the serum starting at 13 days post infection [95]. In a separate study, virus-specific IgE,
another antibody associated with Th2 skewing and airway hyperresponsiveness, was detectable in the
serum concurrent with the development of clinical signs [71,72].

In humans, both neutralizing IgG and IgA are thought to have a role in protection from RSV. IgA is
important in local immunity, particularly in the upper airways and nasopharynx, while serum IgG
plays a significant role in protection of the lower airways. Adults who have been repeatedly infected
with hRSV develop sustained high levels of IgA in nasal secretions which has been shown to prevent
virus replication in the upper airways, regardless of serum Ig levels [102]. Further underlining the
importance of both antibody types, passive immunization studies in rodents have shown that
administration of neutralizing IgG provides complete protection from hRSV replication in the lungs,
but not in nasal secretions [103—-105]. However, the IgA response is often transient and neutralizing
IgM and serum IgG are likely more important for long-term protection [94]. To date, the only licensed
therapy available for hRSV infection in humans is the passive transfer of the virus-specific monoclonal
antiserum, Palivizumab, which recognizes a conserved epitope in the F protein of hRSV. As proof of
the importance of neutralizing antibodies in the immune response to hRSV, the antiserum is effective
as a prophylactic and known to reduce disease severity in hRSV-infected infants [ 106—108].

8. RSV Vaccines

In the 1960s, a formalin-inactivated hRSV vaccine was prepared and tested in infants and children.
The Bernett strain of hRSV was initially propagated in human embryonic kidney cells and passaged in
vervet monkey kidney cells. The infected cells were inactivated with formalin and concentrated by
ultracentrifugation and alum precipitation. This preparation was known as lot 100. Lot 100 was
administered as two or three intramuscular doses separated by 1 to 3 months to infants and children
between 2 months and 7 years of age. Lot 100 not only failed to protect against hRSV disease, but also
induced an exaggerated clinical response to hRSV infection in infants who were hRSV niive before
vaccination [109-111]. Many vaccinates were hospitalized with LRI; in one study, the hospitalization
rate of vaccinates approached 80% compared to 5% in controls [111]. Tragically, two infants who
received lot 100 died following hRSV infection, one at 14 months of age and the second at 16 months
of age [111]. HRSV was readily isolated from the lower respiratory tracts of these infants, whose lungs
also contained eosinophilic infiltrates. The disastrous results of those clinical trials are still felt five
decades later. To date there is no approved vaccine.

There are multiple vaccines currently marketed for bRSV (killed and modified-live) that are
generally provided as part of multivalent products. As with humans, similar vaccine-enhanced disease
has been reported from two cases of natural bRSV infections in calves [112,113]. In the former case,
an outbreak of respiratory tract disease among 5- to 7-mo old calves on a beef-fattening farm in the
Netherlands started two days after administration of a modified-live bRSV vaccine [112]. The disease
was severe among vaccinates, but absent in non-vaccinated calves 8 mo of age or older. In the latter
case, 30% of 8-mo old Belgian Blue calves vaccinated with a beta-propiolactone inactivated bRSV
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vaccine died during a naturally occurring bRSV outbreak. Interestingly, no deaths were recorded among
younger calves not vaccinated [113]. Experimentally, vaccine-enhanced disease has been reproduced
in some studies of calves vaccinated with formalin-inactivated bRSV preparations [114,115], but not
in others [116,117]. Where bRSV vaccine-enhanced disease has been observed, there is a bias toward
a Th2-like response characterized by increases in serum IgE [114,118] and eosinophils in lavage
fluid [114].

Given the significant disease burden associated with hRSV and bRSV infections, there is a
profound interest in developing new and more efficacious vaccines for both species. RSV vaccine
development in both cattle and humans has been the topic of several recent and excellent
reviews [55,101,119]. As such, we will only briefly describe some of the approaches currently being
pursued in the field.

RSV and its target populations pose several obstacles with respect to vaccine development,
particularly the need to vaccinate populations with immature immune systems, to induce a response in
the face of maternal antibodies, and to induce an appropriate, robust and long-lasting immune
response. To address these challenges, a variety of new hRSV vaccines have recently been tested in
animal models and, in some cases, clinical trials. The primary focus of these new platforms is to
induce a more robust response using actual replicating agents, as opposed to the use of inactivated
virus, and to induce Thl-type CD4 T cell response through the use of known CD4 T cell targeted
proteins or Thl activating adjuvants. Amongst these new candidates are synthetic and subunit vaccines
that target whole or fragments of the F, N, G and M proteins, singly or in combination. Other examples
include the use of live attenuated hRSV, such as strains lacking nonessential genes such as the NS1,
NS2, SH, G or M2-2 genes and/or cold-passaged temperature-sensitive mutants [55,119]. One such
temperature-sensitive mutant, which lacks the SH gene and contains a mutation in the L gene, proved
promising in early phase I trials but lacked efficacy during phase II clinical trials in seronegative
infants [120,121]. The stability of the mutant has recently been improved and shown success in trials
using seronegative chimpanzees [121]. The use of nanoparticles, virosomes and virus-like particles, as
well as vector-based approaches using DNA, virus or bacterial-based vectors that express hRSV
proteins have all proven promising [55,119]. One of the vectors that has shown potential is a chimeric
bovine/human parainfluenza virus type 3-based vaccine that has been engineered to express the hRSV
F protein [122]. This vaccine has proven safe in phase I clinical trials and is currently being tested in a
large international clinical trial in infants [123,124].

Although there is widespread use of bRSV vaccines in calves, their efficacy is controversial and
there is a definite need for improved technologies. Researchers are currently studying many of the
same approaches as described for hRSV, including the use of subunit based vaccines and live
attenuated bRSV [55]. One promising example reported by Valarcher et al. reported the success of two
bRSV strains, one devoid of NS1 and the other lacking NS2 [125]. Calves vaccinated with either
deletion mutant exhibited a robust virus-specific antibody and CD4 T cell response and were protected
against virus challenge [125]. Interestingly, the NS2 mutant was more effective than its counterpart.
Also being extensively pursued against bRSV is the use of new adjuvants coupled with inactivated bRSV
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or subunit vaccines. Amongst those showing promise is the use of CpG containing oligodeoxynucleotides
(CpG-ODN) [126], and immunostimulating complexes (ISCOMS) [127,128]—both of which induce a
robust Thl skewing. ISCOMS are multimers composed of cholesterol, phospholipids, proteins and
Quillaja saponins. Recent studies by Hagglund et al. have described the ability BRSV-ISCOMs to
successfully induce bRSV-specific cellular and humoral responses and protect from virulent bRSV
challenge in neonatal calves aged 3-8 weeks. Interestingly, this protection was robust despite the
presence of significant levels of maternally derived antibodies [127,128].

9. Potential Role of Vitamin D as an Imnmunomodulator During RSV Infection

Recent evidence has suggested a role for vitamin D in hematopoietic cell differentiation and
immune function [129,130]. It is known that the nuclear vitamin D receptor (VDR) and the enzymes
responsible for activation (CYP27B1; 1a-hydroxylase) and degradation (CYP24A1; 24-hydroxylase)
of vitamin D are expressed in subsets of immune cells. Moreover, several aspects of immune
regulation are modified by the actions of vitamin D [129,131-134]. Based on these data and
epidemiological evidence suggesting a connection between inadequate vitamin D levels and
respiratory tract infections [135—137], there has been an examination of the ability of vitamin D to
modulate the response to in vitro respiratory infections. In the case of hRSV, it was shown that
treatment of cultured respiratory epithelial cells with 1,25(OH),D; decreases viral induction of
pro-inflammatory gene expression [138]. In spite of the reduction of antiviral IFN-f, there was no
concomitant increase in hRSV replication, suggesting that providing adequate vitamin D could reduce
inflammation while maintaining antiviral activity.

We examined the influence of vitamin D status on the response to bRSV experimental challenge in
calves [31]. Calves with high or low circulating 25(OH)Ds levels were challenged with RSV and
subsequently, lung tissue samples examined at day 7 post infection. We showed, for the first time
in vivo, that bRSV infection induced expression of the VDR and associated hydroxylase enzymes in
the lung. Importantly, gene expression levels of pro-inflammatory cytokines were not suppressed in
the presence of this induced vitamin D regulatory network, but rather specific pro-inflammatory
cytokines were elevated in the high vitamin D group compared to the low vitamin D group of calves.
Further examination of the potential effects of vitamin D status on bRSV disease resolution would
require longer-term studies with immunologically sufficient and deficient vitamin D levels. Thus,
preliminary bRSV challenge studies have been conducted with groups of calves with circulating levels
considered sufficient (40-60 ng/mL) or deficient (<20 ng/mL) in 25(OH)Ds. To date, we have not
observed an alteration in the clinical course of bRSV as a result of providing differing levels of
vitamin D supplementation.

10. Summary

In recent years, we have made significant progress in our knowledge of both bRSV and hRSV and
the way each interacts with its respective host. To date, the disease process and lesions, as well as
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many aspects of the innate and adaptive immune response described during bRSV infection in the
bovine parallel those described in human patients. See Table 1 for a summary of common features
between bRSV and hRSV infection. From these data, we suggest that cattle serve as an excellent
model for studying hRSV infection in humans. The field is currently pursuing several new approaches
and vaccine platforms in both species that hold great promise for the future. Despite this, however,
considerable challenges await with respect to our understanding of the RSV-specific immune response
and the development of effective vaccine strategies.

Table 1. Features common to hRSV in infants and bRSV in calves.

Feature Human RSV Bovine RSV References
More prevalent in More prevalent in
Age-d d 16,17
ge-dependency children <2 years old calves <6 mo old [16,17]
Seasonal periodicity More common in fall and winter More common in fall and winter [18]
Bronchiolitis; interstitial Bronchiolitis; interstitial
. pneumonia; pneumonia;
Histopathol 31,33-35
1stopatliclogy Prominent neutrophil and Prominent neutrophil and 31, 1
macrophage infiltration macrophage infiltration
CXC chemokines CXCLS (IL-8) upregulated CXCLS (IL-8) upregulated [31,139]
Adaptive immunity Th2 cytokine bias Th2 cytokine bias [67,68,70-72]
Vaccine-enhanced Observed with Observed with
. L . S . [109-113]
disease formalin-inactivated vaccine formalin-inactivated vaccine
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Abstract: Pneumonia Virus of Mice (PVM) is related to the human and bovine respiratory
syncytial virus (RSV) pathogens, and has been used to study respiratory virus replication
and the ensuing inflammatory response as a component of a natural host—pathogen
relationship. As such, PVM infection in mice reproduces many of the clinical and
pathologic features of the more severe forms of RSV infection in human infants. Here we
review some of the most recent findings on the basic biology of PVM infection and its use
as a model of disease, most notably for explorations of virus infection and allergic airways
disease, for vaccine evaluation, and for the development of immunomodulatory strategies
for acute respiratory virus infection.
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1. Introduction

Pneumonia virus of mice (PVM), human respiratory syncytial virus (hRSV) and bovine respiratory
syncytial virus (bRSV) are enveloped, negative sense, single-stranded RNA viruses of the family
Paramyxoviridae, subfamily Pneumovirinae, genus Pneumovirus [1]. PVM was originally discovered
in 1939 by researchers Horsfall and Hahn at The Rockefeller University as part of an attempt to
identify pathogens from human clinical samples that would replicate in lung tissues of inbred mice.
PVM was isolated from lung tissue of what had been presumed to be healthy control mice that had
been subjected to serial mouse-to-mouse passage [2]. PVM virions are polymorphic and found in
diverse shapes, from spheres of 80-120 pm in diameter to filaments up to 3 pm in length. The virus
replicates over a period of 24-30 h in mouse lung tissue, with virus amplification proceeding at 16-fold
per cycle [2].

PVM is one of the many virus pathogens that are monitored in commercial and research rodent
colonies [3,4]. In a study covering the years 2004-2007, Liang and colleagues [5] reported that
0.2%—-1.0% of isolates from mouse colonies and 6.4%-25.8% of isolates from rat colonies tested were
positive for PVM. Information on wild rodents is somewhat limited. However, an extensive three-year
study performed by Kaplan and colleagues [6] documented over 40% seropositivity for PVM in
nearly 300 small wild rodents tested at 11 field sites in the United Kingdom. In contrast, Smith and
colleagues [7] found no seropositivity for PVM among wild house mice in Southern Australia.

It is not yet clear how or if PVM replicates and induces pathology in non-rodent hosts. In a study
carried out in 1986, Pringle and Eglin [8] found that more than 75% of adult sera had PVM-neutralizing
activity that did not correlate with hRSV or parainfluenza virus (PIV)-3 neutralizing activity. More
recently, Brock and colleagues [9] explored this question further, and determined that PVM did
not replicate in situ when administered to the respiratory tracts of non-human primates, and that the
PVM-neutralizing factor(s) in human sera did not interact specifically with virion components. In
another recent development, Dubovi and colleagues [10,11] reported the isolation of canine
pneumovirus (CnPnV) from the respiratory tracts of shelter-confined dogs with apparent respiratory
illness. CnPnV is very similar overall to PVM (Figure 1), replicates in the lungs of BALB/c mice and
induces inflammatory pathology, morbidity and mortality similar to that elicited by PVM [12] but a
much higher initial inoculum is required to elicit these effects. The specific virulence attributable to
this virus in canine species remains to be explored.

There are two characterized strains of PVM, strain 15 (two variants) and strain J3666 in current use
in the research community. The original studies by Horsfall and co-workers [2,13—15] were performed
on an isolate named strain 15, which was reported to be highly pathogenic in mice. Since that time,
this strain had reportedly undergone tissue-culture passage, resulting in loss of its pathogenicity in vivo.
Strain 15/Warwick is highly attenuated and elicits minimal inflammatory response [16] while strain
15/ATCC (American Tissue Culture Collection VR-25), in our hands, elicits inflammatory pathology
in BALB/c mice but substantially less disease pathology in C57BL/6 mice [17]. Strain J3666 has
reportedly been maintained via mouse passage [18] and thus retains full pathogenicity. The molecular
organization of the PVM genome was elucidated by Easton and colleagues [19-22] and Krempl
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and colleagues [23,24]. The most significant differences between strains 15 and J3666 are in the G
attachment protein. Anh and colleagues [25] documented the susceptibility of various strains of mice
to strain J3666 as follows: 129/Sv > DBA > C3H/Hel] > BALB/c > C57BL/6 > SJL. Glineur and
colleagues [26] have recently explored PVM infection in crosses between 129/Sv and SJL mice and
have documented the polygenic nature of resistance and susceptibility to severe virus infection. A third
strain, PVM strain Y, originally derived from a spontaneous infection in athymic mice [27] and
featured in an early study of disease exacerbation in mice with severe combined immunodeficiency
disease [28] has recently been sequenced (Figure 1; [29]).

Figure 1. (A) Although there is little direct amino acid sequence homology between PVM
and hRSV, the two viruses share the same gene order. (B) Neighbor-joining tree featuring
the amino acid sequences of the G glycoproteins of selected pneumoviruses; Genbank
accession numbers include FJ614813.1; NC 001989.1; NC _006579; AY729016.1;
JQ899033.1; HQ734815; AY743910.1. Panel A reprinted with permission from [1].
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Horsfall and Ginsberg [14] recognized the potential of PVM for the exploration of acute respiratory
virus infection in an evolutionarily relevant host. These authors were also the first to relate the
development of lung lesions to ongoing virus replication and to evaluate altered morbidity and
mortality in response to immunomodulatory therapy, specifically in response to administration of
bacterial capsular polysaccharide [13—15]. We, and others, are using the PVM infection model to study
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the importance of virus-induced inflammatory responses in the development of severe respiratory virus
disease and as a platform for the development of novel immunomodulatory strategies (see section on
PVM and Disease, Heterologous Immunity).

2. The PVM Model of Acute Respiratory Infection

Our initial studies on PVM focused on the inflammatory responses to respiratory virus infection in
a natural, evolutionarily relevant host [30,31]. We reproduced the findings of Horsfall and colleagues
and reported robust virus replication in situ (to titers >10° pfu/gm lung tissue), progressing to marked
morbidity (hunching, fur ruffling), weight loss, and mortality in response to a minimal virus inoculum
of the highly pathogenic strain PVM J3666 [32,33]. We have localized immunoreactive PVM to the
bronchiolar epithelium [34], in a distribution similar to what has been observed for RSV in human
post-mortem specimens [35]. Profound inflammation of the lungs is evident and especially noteworthy
is the recruitment of granulocytes and severe pulmonary edema. PVM replication in the mouse lung
tissue is associated with local production of proinflammatory mediators including MIP-10, MIP-2, and
MCP-1 [34], consistent with those detected in lung and nasal washings in association with the more
severe forms of RSV disease in human infants [1,36]. Although some features of the PVM model
clearly conform to human pathophysiology, others do not. For example, neonatal mice exhibit little to
no overt inflammation in response to PVM infection [37], nor can we establish a distinct pattern of
infection in aged mice [38]. Similarly, it is crucial to recognize that PVM has no direct cross-reactivity
with the human RSV pathogen, thus one’s ability to perform studies of antigen-specific acquired
immunity are limited.

3. Host Immune Response to PVM Infection
3.1. Neutrophils and Eosinophils

Microscopic examination of bronchoalveolar lavage fluid and lung tissue from morbid mice reveals
profound inflammation, most notable for recruitment of granulocytes and progression to pulmonary
edema (Figure 2). Similar to findings from the mouse model of influenza virus [39], MIP-1a signaling
through CC chemokine receptor (CCR)-1, its major receptor on neutrophils and eosinophils, is crucial
for granulocyte recruitment in response to PVM infection [33]. We have built on this observation to
explore immunomodulatory therapies for pneumovirus infection directed at limiting uncontrolled
neutrophil influx [40,41] as discussed below.

The role of eosinophils in respiratory virus infection is controversial and somewhat of a “double-edged
sword” (reviewed in [42-44]). Eosinophils are among the granulocytes recruited at the earliest time
points in response to PVM infection [32]. We and others have shown that eosinophils have antiviral
properties against RSV [32,45,46]; recent findings from our laboratory demonstrate that activated
eosinophils promote survival against lethal PVM infection [47]. PVM replicates in mouse eosinophils
and promotes cytokine release [48].
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3.2. T Lymphocytes

Although T cells have no apparent impact on the outcome of acute lethal PVM infection, both CD4"
and CD8" T cells are required for virus clearance in response to sublethal infection [49]. Claassen and
colleagues [50] documented influx of activated CD8" T cells into the lungs of infected mice and
characterized PVM-specific responses against epitopes in the virus M (matrix; Mys_s;), F (fusion;
F304312) and P (phosphoprotein; P,g1_260) virion proteins. The relatively limited frequency of functional
virus-specific CD8" T cells suggested that PVM infection resulted in inactivation of effector T cells,
similar to what has been reported in acute RSV infections [51]. Claassen and colleagues [52] have also
identified a CD4" T cell epitope in the G attachment protein, Gsgi_3gs and demonstrated protective
immunity against lethal PVM challenge when mice were immunized simultaneously with both the
CD4" Gigi_sss and the Paga60 CD8" T cell epitope peptides.

While CD4" and CD8" T cells have been reported to promote virus clearance, IL-21, a type I
cytokine produced primarily by activated CD4'T cells, promotes pathology in response to PVM
infection [53]. Mice devoid of the unique receptor for IL-21 (IL2IR™"
the proinflammatory chemokine KC, and recruit fewer neutrophils, CD4", CD8" and gamma-delta

) have diminished levels of

T cells to the lungs, and survive longer in response to PVM infection than their PVM-infected
wild-type counterparts.

Figure 2. (A) Detection of PVM in bronchiolar epithelial cells, original magnification 63x;
(B,C) Histology of lung tissue from PVMe-infected wild-type C57BL/6 mice, featuring
multifocal acute alveolitis with intra-alveolar edema with scattered hemorrhage and
moderate granulocytic infiltrates throughout; original magnifications 63x and 20x,
respectively; (D) Flow cytometric profiles of Grl™ granulocytes in single cell suspensions
from lung tissue of naive and PVM-infected BALB/c mice. Reprinted with permission
from (A) [34]; (B) and (C) [54].
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3.3. Macrophages

Macrophages are the main resident phagocytes in the lung and, working together with intact
muco-ciliary to clear unwelcome debris including pathogens. Rigaux and colleagues [55] showed that
depletion of alveolar macrophage prior to PVM infection resulted in a small increase in virus recovery
and paradoxically prolonged survival. Macrophage depleted PVM-infected mice exhibited enhanced
NK cell recruitment to the lungs accompanied by increased production of IFNy by recruited NK cells,
CD4" and CD8" T cells. Interestingly, in similar studies featuring RSV challenge, Pribul and
colleagues [56] found that macrophage depletion had no impact on virus-mediated T cell recruitment,
weight loss or lung function, while Reed and colleagues [57] found that macrophage depletion prior to
RSV challenge resulted in prominent airway occlusion in association with ongoing disease.

3.4. Toll-Like Receptors

Several studies have elucidated the nature and function of pattern recognition receptors (PRRs)
that are involved in initiating the immune response to hRSV [58—60]. Despite findings that focused
on hRSV signaling via TLR4, Faisca and colleagues [61] found that the sequelae of PVM
infection—specifically, virus recovery, histopathology, body weight, and pulmonary function—were
indistinguishable from one another when examined in wild-type and TLR4 gene-deleted mice. The
results with the PVM model are consistent with recent findings from Marr and Turvey [62] who found
that NF-kB activation mediated by infectious RSV particles in cell culture does not require the
presence of a functional human TLR4/MD-2/CD14 complex.

Davidson and colleagues [63] utilized the PVM model to explore the role of TLR7 in promoting
host defense against acute pneumovirus infection. Among their findings, PVM infection in TLR7
gene-deleted mice was associated with delayed induction of interferons and diminished recruitment of
NK cells and neutrophils; adoptive transfer of TLR7-sufficient plasmacytoid dendritic cells restored
innate antiviral responses and promoted virus clearance. Interestingly, TLR7-sufficient eosinophils
also promote virus clearance in mouse models of RSV challenge [46].

3.5. Type I Interferons

Pneumoviruses have developed an efficient strategy to circumvent the host IFN response (reviewed
in [64]). Among the most prominent of these findings, the non-structural NS1 and NS2 proteins of
both human and bovine RSV inhibit the IFN alpha and beta (type I IFN) signaling pathways via
several independent mechanisms [65-68], including degradation of the STAT2 signaling intermediate
and blockade of activation and nuclear translocation of the transcription factor, interferon-regulatory
factor 3.

Garvey and colleagues [54] were the first to evaluate the interactions of PVM and type I interferons
in their study of the sequelae of virus infection in mice devoid of the receptor for type I interferons
(IFNafR " mice). PVM infection clearly elicited preferential expression of a wide spectrum of
interferon-regulated and interferon-response genes, and virus replication in vivo was relatively
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suppressed in wild-type vs. IFNoBR ™~ mice. However, paradoxically prolonged survival was observed
among the IFNafR "~ mice, which may be attributed to the overriding impact of differential
inflammatory pathology. Among the most striking differences, the IFNapR "~ mice developed tertiary
mucosal associated lymphoid tissue (MALT, or B (bronchus) ALT) which has been associated with
protection against virus pathogens in other settings (reviewed in [69]).

There are two studies that have directly addressed the role of PVM NSI1 and NS2 using the
recombinant virus (rPVM). In the first, Buchholz and colleagues [70] identified both NS1 and NS2 as
virulence factors, as rPVMANSI (i.e., with the NS1 gene-deletion), and more notably, IPVMANS2,
and rPVMANS1ANS?2 replicate less efficiently in BALB/c mice than the parent wild-type rPVM, and
resulted in fewer clinical symptoms. Interestingly, the ANS1 elicited production of both IFNa and
IFN was indistinguishable from that of the parent rPVM; ANS2 and ANS1ANS2 gene-deleted viruses
elicited higher levels of both [FNa and IFNf than the parent tPVM at early time points during
infection. In the second study, Heinze and colleagues [71] found that all three of the aforementioned
deletion mutants replicated more effectively in IFNafR " mice than they did in wild type mice;
replication of the mutant viruses was further enhanced in mice devoid of both IFNofR and IL28Ra,
the receptor for the type III interferon, IFNA.

4. Using the PVM Model to Explore Human Disease
4.1. Inflammation and Acute Infection

Among the primary reasons to explore respiratory virus infection using the PVM model is to
improve our understanding of the molecular basis of severe disease so as to design novel therapeutic
strategies. As a natural rodent pathogen, PVM undergoes robust virus replication in lung tissue [31].
However, we have found that even highly effective antiviral therapy—strategies such as systemic
ribavirin that result in immediate cessation of all further virus replication—do not provide tangible
benefits when one is evaluating morbidity and mortality as endpoints (reviewed in [72]). Indeed, our
experience with the PVM model mirrors the human clinical observations with ribavirin use for RSV
infection. Ribavirin was once administered routinely to infants hospitalized with RSV disease; and
although it was quite effective as an antiviral, clinical benefits were not observed [73,74]. As such, the
PVM model has provided the impetus to explore several specific immunomodulatory strategies.
Among the most promising directions are combined antivirals and immunomodulatory blockade of the
proinflammatory cytokine, MIP-1a [40,41]. Specifically, we have shown that antibody-mediated
blockade of the actions of MIP-1a resulted in improved survival, from 20% in response to ribavirin
alone to 60% in response to ribavirin together with anti-MIP-1a monoclonal antibody. Survival in
response to acute PVM infection was also enhanced in response to increasing concentrations of
metRANTES, which blocks MIP-1a signaling via its primary receptor, CCR1.

A similar study documented the effectiveness of ribavirin in PVM infection in conjunction with
montelukast a cysteinyl-leukotriene inhibitor [75]. Neither agent was effective at reducing morbidity
or mortality when administered alone. However, significant improvements in long-term survival were
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observed when provided as combined therapy. Interestingly, montelukast had little impact on
neutrophil recruitment, suggesting that the presence of neutrophils alone does not indicate inevitable
progression to intractable disease.

The chemerin/ChemR23 (also known as CMKLRI1) pathway is another potential therapeutic
target [76]. pDCs preferentially express chemerin and prochemerin is processed by neutrophil
proteases. Given that pDCs and neutrophils play an important role in the physiopathology of viral
infections of the lung, the role of chemerin/ChemR23 in PVM was investigated. PVM-infected
ChemR23 " mice responded with augmented neutrophil recruitment, delayed virus clearance, and
higher rates of morbidity and mortality than wild type counterparts, a response suggesting the
therapeutic value of supplementation with the activated adipokine, chemerin, during acute virus infection.

Glucocorticoids are in general use as potent and non-specific anti-inflammatory agents but have
only limited benefit for the treatment of severe hRSV-associated inflammation [77-80]. We have
shown that hydrocortisone therapy has no effect on the production of MIP-1a or on the influx of
neutrophils during acute severe PVM infection. In fact, PVM-infected mice responded to
hydrocortisone with enhanced viral replication and slightly accelerated mortality [81] suggesting that
the added immunosupression of glucocortcoids in this context contributed to illness severity.

Bem and colleagues [82] explored the impact of mechanical ventilation on the acute inflammatory
response in mice infected with PVM. In addition to increased levels of cytokines in the airways,
mechanical ventilation activated caspase-dependent cell death pathways leading to acute lung injury in
PVM-infected mice. In a subsequent study, van den Berg and colleagues [83] found that inflammatory
injuries associated with mechanical ventilation were less severe in /pr (Fas-deficient) mice although all
mice ultimately succumbed to infection.

4.2. Asthma and Allergic Airway Disease

The role of respiratory virus infection in promoting and exacerbating asthma and existing
respiratory allergies is an area of significant medical concern [84,85]. Siegle and colleagues [86,87]
have used PVM to determine how recovery from a respiratory virus infection early in life might alter
subsequent responses to an unrelated allergen. Mice that recovered from a sublethal PVM infection
displayed an exaggerated Th2 response to a chronic intranasal ovalbumin sensitization followed by a
moderate challenge, with elevated levels of serum IgE and augmented expression of IL-4, IL-5 and
IL-13; these responses were suppressed by a combination of neutralizing antibodies against both IL-4
and IL-25. Similarly, Barends and colleagues [88] found that PVM could exacerbate an ongoing
allergic response. When PVM was administered to sensitized mice together with an intranasal antigen
challenge, the virions elicited augmented eosinophil recruitment together with local elevation of
Th2 cytokines.



78

4.3. Vaccines

The first RSV wvaccination trial, performed in the early 1960s with a formalin-inactivated
preparation (FI-RSV, lot 100) resulted in an aberrant deleterious response following natural hRSV
infection. Numerous vaccinated infants developed severe respiratory complications from subsequent
natural RSV infection including two deaths, a phenomenon later referred to as “enhanced disease” [89].
Enhanced disease has been studied extensively, and has been modeled in BALB/c mice inoculated
with formalin-inactivated RSV and RSV virion components (reviewed in [90,91]). PVM antigens,
when prepared and administered in a manner analogous to the hRSV lot 100 vaccine also induces the
enhanced disease response, likewise characterized by elevated levels of Th2 cytokines and eosinophil
recruitment to airways and lung tissue [92]. Interestingly, the eosinophils, long perceived to be the
cells promoting respiratory pathology in this setting, had no impact on virus recovery or weight loss in
this experimental model.

Enhanced disease observed during the FI-RSV lot 100 study was among the issues that constrained
further progress in the development of an RSV vaccine. Now, several decades later, a small number of
human infant RSV vaccine trials are underway. Among the current vaccines under study, recent
success with recombinant rodent Sendai virus (SeV) used to deliver RSV antigens [93,94] suggests
that a similar approach may be feasible utilizing recombinant PVM [9,71]. Most recently, van Helden
and colleagues [95] used the PVM model to explore the role of antigen-specific CD8" T cells as a
useful vaccine strategy. Among their findings, adoptive transfer of PVM-specific CD8" T cells do
provide at least partial protection against acute pneumovirus disease, and do not appear to contribute
to immunopathology.

4.4. Heterologous Immunity

As part of an exploration of the immunomodulatory potential of probiotic Lacfobacillus strains, we
found that wild-type mice primed via intranasal inoculation with Lactobacillus plantarum or
Lactobacillus reuteri were fully protected against lethal sequelae of a subsequent PVM infection ([96],
Figure 3). These findings are a particularly robust example of heterologous immunity, a concept
recently introduced into the literature that explains observations such as this, in which increased
resistance (or susceptibility) to an unrelated (i.e., not cross-reactive) pathogen can be observed upon
recovery from an inflammatory insult [97-99]. There are a number of examples in which PVM has
been featured as a target pathogen in studies of heterologous immunity. One such study is that of
Wiley and colleagues [100] who elicited protection against PVM (within a larger series of respiratory
viruses) via instillation of protein cage nanoparticles, which are multi-subunit homopolymers of
unique heat shock proteins from the thermophilic bacterium, Methanocaldococcus jannaschii).
Likewise, Easton and colleagues [101] found that inoculation of mice with the defective interfering
(DI) deletion mutant influenza 244/PRS protects against subsequent infection with PVM. Interestingly,
although each of these initial priming events—Lactobacillus, nanoparticles or defective interfering
virus—all lead to a shared outcome, specifically, protection from the lethal sequelae of PVM
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infection, the cellular and biochemical mechanisms promoting these responses are unique and
stimulus-specific [102].

Figure 3. (A) Mice primed via intranasal inoculation with L. plantarum or L. reuteri are
fully (100%) protected from the lethal sequelae of PVM infection. (B) Prolonged survival
and significant long-term protection results even when virus challenge was delayed until
91 days (3 months) after initial Lactobacillus-mediated priming. Reprinted with permission

from [96].
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5. Conclusions

The PVM model holds great promise for the elucidation of inflammatory mechanisms associated
with pneumovirus infection. Studies carried out to date have provided a rationale for the use of
chemokine and/or chemokine receptor blockade alone and/or in conjunction with appropriate antiviral
therapy as a means to reduce the inflammatory pathology in severe pneumovirus disease. Likewise,
PVM is an excellent system in which to explore the molecular mechanisms of heterologous immunity

to pneumovirus infection, information that may assist in the development of vaccines and other novel
prevention strategies.
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Abstract: We investigated the proportions of mono vs. mixed infections for human
metapneumovirus (hMPV) as compared to adenovirus (ADV), four types of coronavirus
(CRV), parainfluenza virus (PIV), RSV, and enterovirus/rhinovirus (ERV) in Alberta,
Canada. Using the Data Integration for Alberta Laboratories (DIAL) platform, 26,226
respiratory specimens at ProvLab between 1 July 2009 and 30 June 2012 were selected and
included in the study. Using the Respiratory Virus Panel these specimens tested positive
for one or more respiratory virus and negative for influenza A and B. From our subset
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hMPV was the fourth most common virus (n = 2,561) with 373 (15%) identified as mixed
infection using DIAL. Mixed infection with hMPV was most commonly found in infants
less than 6 months old and ERV was most commonly found in mixed infection with hMPV
(230/373, 56%) across all age groups. The proportion of mixed-infection vs. mono-infection
was highest for ADV (46%), followed by CRV 229E (32%), CRV HKU1 (31%), CRV
NL63 (28%), CRV OC43 (23%), PIV (20%), RSV (17%), hMPV (15%) and ERV (13%).
hMPV was significantly more likely to be identified in mono infection as compared with
ADV, CRV, PIV, and RSV with the exception of ERV [p<0.05].

Keywords: hMPV; co-infection; testing; epidemiology; respiratory

1. Introduction

Respiratory tract infections are a global public health concern and in Canada is the eighth leading
cause of death in 2009 [1]. Human metapneumovirus (hMPV) is an RNA virus belonging to
Paramyxoviridae family. The virus was identified by researchers in the Netherlands in 2001 as an
important cause of respiratory infections that affect all age groups [2]. A study from Saskatchewan,
Canada by Liu et al. [3], using ELISA showed that seroprevalence for hMPV approaches 99% by
young adulthood. This virus can affect any age group but several studies have shown that hMPV is a
leading cause in lower respiratory tract infections in children [4-6] but it also affects the elderly [7].
Clinical manifestations are similar to Respiratory Syncytial Virus (RSV) primarily leading to
pneumonia and bronchiolitis [8]. In Canada, outbreaks associated with hMPV have been reported in
Alberta, British Columbia and Quebec mainly in long term and senior care facilities [9—11]. Other
common respiratory viruses in these settings include influenza A (FLUA), influenza B (FLUB),
parainfluenza virus (PIV), enterovirus/rhinovirus (ERV), adenovirus (ADV), and coronavirus (CRV),
which all can cause lower respiratory tract infections [12,13].

Provincial Laboratory for Public Health (ProvLab) in Alberta provides testing for all respiratory
virus pathogens for the province of Alberta and surrounding Northern Territories (excluding Yukon) of
Canada. The diagnostic testing algorithm for respiratory virus at ProvLab changed during the 2009
HINI1 pandemic. From April 2009, respiratory specimens arriving at ProvLab were screened by an
in-house real-time reverse-transcriptase (RT)-PCR for influenza A [14]. Specimens that were positive
for influenza A were also subtyped for seasonal H3, seasonal H1 and pandemic HIN1 (2009) genes by
RT-PCR. A cost effective approach was adopted in June 2009, to only test specimens negative for both
influenza A and B by either singleplex or multiplex real time PCR assays using the Respiratory Virus
Panel (RVP) classic assay, a multiplexed assay which detects multiple respiratory viral pathogens
including FLUA, FLUB, PIV, ERV, ADV, 4 types of CRV, RSV, and hMPV [15]. Exceptions to this
testing policy include samples submitted from a provincial influenza-like-illness surveillance program
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(Tarrant Viral Watch) and some samples from patients with severe illness and admission to the
intensive care units.

In Alberta, a unique platform was developed for laboratory-based surveillance called Data
Integration of Alberta Laboratories (DIAL). DIAL is a secure web based platform, which is used to
extract, interpret, collate and analyze respiratory virus testing data from ProvLab, Laboratory Information
System (LIS) in real time [16]. DIAL has an automatic engine that extracts raw specimen-based
laboratory data from ProvLab LIS, including patient demographics, information of physician and
submitting agencies, and test data for specific targets. The second and most important component of
DIAL is a built-in Automated Interpretation Engine (AIE) which provides clinically relevant
interpretation and final target-specific classifications for each specimen. Finally, DIAL also has an
analytical engine which allows users to select and create specific data sets for various targets by
different factors, e.g., patient demographics, geographic distribution, time periods, testing methods and
perform different types of analysis including graphical presentations, tables, maps, rate calculation and
trending analysis. In the case of respiratory specimens from ProvLab, DIAL’s AIE was designed to
assign positive and negative classifications for each respiratory virus as well as a summary
classification that classifies each specimen as: (1) only positive for one specific virus, (2) mixed
infection with more than one respiratory virus or (3) negative for all respiratory viruses. Using these
final classifications, positive and negative specimens for each virus can easily be selected in DIAL for
further analysis.

In this study we used DIAL to select specimen-based data and investigated the proportions of mono
vs. mixed infections for h(MPV as compared to ADV, CRV, ERV, PIV and RSV for a period of three
years, 1 July 2009 to 30 June 2012. In order to create a uniform dataset for this study, we excluded all
samples that tested positive for influenza A or B by the in-house real-time PCR assays and included
only samples that had undergone RVP testing.

2. Results and Discussion

Using DIAL, 36,824 specimens were identified as positive for one or more respiratory virus during
the study period. A total of 10,598 were excluded from this study with 9,340 tested positive for
influenza A, 1,065 for influenza B, 7 for both influenza A and B and 185 specimens not tested by RVP
even though they were negative for influenza. For the 26,226 RVP positive specimens included in the
study, 10,042 (38%) were received between July 2009 and June 2010, 8,450 (32%) between July 2010
and June 2011 and 7,734 (30%) between July 2011 and June 2012. Mixed infection (having more than
one virus identified) was found in 2,330 (9%) specimens and 23,896 (91%) had mono-infection
(having only one virus identified). The majority of the specimens were collected from the upper
respiratory tract as nasopharyngeal/nasal/throat swabs or nasopharyngeal aspirates 84% (n = 22,013),
12% (n = 3076) as respiratory samples with unspecified source, 4% (n = 917) were from the lower
respiratory tract e.g., endotracheal aspirates or bronchaveolar lavage, and remaining as unknown
sample types and a few tissues and sterile body fluid.
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The age distribution of specimens submitted and tested positive for hMPV is summarized in
Table 1. The highest number of specimens received was from patients less than 6 months old and the
proportion of specimens tested positive for hMPV ranged from 4%—-19% among the different age
groups (p < 0.001, Chi Square test). Overall, mixed infection was detected in 15% of specimens tested
positive for hMPV. Using specimens from the youngest age group (less than six months old) as the
reference age group, there was significant difference for the proportion of mixed hMPV infection
among the various age groups (p < 0.05, Binary Logistic Regression) (Table 1). Mixed infection with
hMPV was most commonly found in specimens from patients younger than six months and rarely in
specimens submitted from older than 70 years old.

Among the 373 specimens with mixed infections with hMPV, the three most commonly found virus
was ERV, RSV and PIV, which also were the three most common viruses detected in all the specimens
(Table 2). In comparison with ADV, four types of CRV, PIV, and RSV, hMPV had a significantly
lower proportion of mixed infection specimens [;(2 with Bonferroni’s correction, p =< 0.05] and there
was no significant difference of mixed infection comparing hMPV and ERV [;* with Bonferroni’s
correction, p = 0.06].

The age distribution of virus found in mixed infection with hMPV is summarized in Table 3. ERV
was the most commonly found virus in hMPV mixed infection across all age groups.

Table 1. Age distribution of specimens tested positive for metapneumovirus (hMPV) using
Respiratory Virus Panel (RVP) and the number and % of mixed infection with h(MPV.

Number of  Number of Number of specimens
specimens specimens tested with mixed hMPV % with
tested positive for hMPV  infection Mixed

Age groups (n =26,226) (%) (n=2,561) (n=373) infection

Unknown 83 13 (16) S5* 38 *

Less than 6 months 5636 389 (7) 90 23

6 months to 1 year 3398 350 (10) 75 21

1 year 4282 467 (11) 75 16 +

2 years 1808 203 (11) 34 17

3 years 1066 141 (13) 19 14

4 years 671 88 (13) 8 971

5 to 9 years 1386 153 (11) 19 12

10 to 19 years 1167 58 (5) 8 14

20 to 29 years 1026 43 (4) 4 9

30 to 39 years 1091 82 (8) 5 61

40 to 49 years 999 105 (11) 8 8t

50 to 59 years 1224 116 (10) 8 771

60 to 69 years 996 110 (11) 13 12 ¢

70 to 79 years 595 102 (17) 0 07

80 to 89 years 562 104 (19) 2 271

90 to 105 years 236 37 (16) 0 07

* 13 specimens with unknown age group, of which five had mixed hMPYV infection, were excluded from the
binary logistic regression analysis. T Using less than six months old as the reference age group, p < 0.05
comparing mono versus mixed infection for hMPV among the age groups (Binary Logistics Regression).
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Peak hMPV activity was observed in February 2010, June 2011 and November 2011, whereas peak
ERYV activity was found in the month of September in three consecutive years (2009, 2010 and 2011)
(Figure 1). Specimens with mixed infection with these two viruses followed the trend and circulatory
pattern of hMPV.

Figure 1. Monthly distribution of hMPV and ERV along with mixed infection with these
two viruses.
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The objective of this study was to describe mono and mixed infections of hMPV in our jurisdiction
for a three year period. All specimen data was acquired using ProvLab’s DIAL application and we
were able to identify that hMPV was more likely to occur in mono infection (85%) than mixed (15%).
The results in this study were similar to a previous pilot study in Alberta which identified hMPV
mixing with other pathogens in 15% of specimens (118/778) [17]. In other populations, namely
hospitalized patients, mixed hMPV infections were in the minority.

Our study also determined that in hMPV mixed infections, the pathogen most likely to co-exist with
hMPV is ERV (56%). In contrast, other studies have identified RSV as the leading cause of mixed
infection with hMPV [18-20]. There may be several reasons for the difference in findings including
the type of diagnostic assays used and the detection of various respiratory targets, clinical setting,
patient age, and timing of specimen collection. Many studies have focused on populations mostly
consisting of hospitalized pediatric patients and these studies have shown that RSV was the leading
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pathogen identified in these young children who were between 16 months to 14 years old [21-23].
In contrast, our study examined all age groups, including community-based and hospital-based
specimens. ERV and hMPV remained closely linked across all age groups. Mixed infection with
hMPV was most commonly found in the age group less than 6 months old. Moreover, ERV was still
the dominant virus found to be mixed with hMPV. Our data set included specimens collected during
the second phase of 2009 HIN1 pandemic in Alberta and Northern Territories, which made up of more
than one third of the specimens included in this study. We found 62% of the samples between July
2009 and June 2010 tested positive for ERV, significantly higher than that found in the other two time
periods, July 2010 to June 2011 (49%) and July 2011 to June 2012 (51%) (p < 0.001, Binary Logistic
Regression). Other studies have also shown that during the pandemic ERV was a very common
circulating virus followed by CRV [22,24,25]. Moreover, this linkage between ERV and hMPV could
also be due to the inclusion of a very large group of viruses identified as ERV since RVP could not
distinguish between various strains of rhinovirus and enterovirus. There might also be factors related
to host immune responses and viral infection kinetics [26-29]. We have only examined the seasonality
of hMPV and ERV and the mixed infection between these two viruses because of the relatively lower
number of hMPV mixed infections for the other six viruses. Annual variations in peak hMPV activity
was observed in our study with one of the peak months occurring in the summer of 2011, which was
different from other studies in various Canadian provinces showing peaks of hMPV in the winter
(January to April) [30-32]. As expected, the mixed infection of hMPV and ERV followed the
circulatory pattern of hMPV but differed from ERV.

Although our findings have shown some trends with hMPV and its ability to exist as mono versus
mixed infection, there are some important limitations in this study. Firstly, influenza A and B positive
samples were excluded mainly because ProvLab does not routinely test influenza positive specimens
for hMPV since the pandemic 2009. Excluding influenza viruses from our database may have
impacted viral co-infection rates identified in our study. On the other hand, a recent study in England
showed a lower prevalence of influenza A (HIN1) in patients positive for htMPV, ADV, RSV, PIV and
rhinovirus with statistical significance for this relationship with hMPV and rhinovirus [32]. Another
limitation was that the analysis by age group was based on specimen-based data only with duplicate
samples from some individuals. Moreover, only limited information is usually provided on the
requisition submitted with the specimens so we were not able to study clinical manifestations of
mono-infection versus mixed infections and explore different settings

Despite the limitations stated, this study has considerable public health implications. This study
helps us better understand the frequency of hMPV mono versus mixed infection over a period of three
years. Better understanding of what mechanisms or conditions support mono versus mixed infections
and the difference in clinical presentations and prognosis is needed. The prevalence of this virus
supports research efforts to develop vaccine strategies which may become available in the future [33].
This also brings us to question whether testing algorithms at ProvLab need to be changed to better
understand the interaction between hMPV and influenza A and B. Since hMPV has been shown to be

an important pathogen, it should be included in ongoing surveillance and public health strategies.
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Enhanced surveillance programs will help us better understand hMPV-associated diseases and
maintain our awareness of trends in mono and mixed infections.

3. Experimental Section

ProvLab provides respiratory virus testing for the province of Alberta and surrounding Northern
Territories (excluding Yukon) of Canada. Since June 2009, all respiratory specimens arriving at
ProvLab was screened by an in-house (RT)-PCR for influenza A [14]. Specimens tested positive for
influenza A were also subtyped for seasonal H3, seasonal HI and pandemic HIN1 (2009) genes by
RT-PCR. A multiplex assay to detect both influenza A and B was implemented in February 2010.
Only specimens tested negative for both influenza A and B were tested using the RVP classic assay, a
multiplexed assay which detects multiple respiratory viral pathogens including FLUA, FLUB, PIV,
ERV, ADV, four types of CRV, RSV, and hMPV [14]. Exceptions to this testing policy included
samples submitted from a provincial influenza-like-illness surveillance program (Tarrant Viral Watch)
and some samples from patients with severe illness and admitted to the intensive care units. Specimens
tested by RVP and tested positive for one or more respiratory virus excluding influenza A and B
between July 2009 and June 2012 identified using the DIAL application was included in this study.
DIAL provided classification of the specimens by each respiratory virus target as well as mono versus
mixed infection. DIAL also allowed a user to select specimens based on the type of testing and over
various geographic and time periods and age groups.

Statistical analysis of the proportion of mono versus mixed infections for the different virus was
performed using Pearson Chi-squared (x°) test with Bonferroni’s adjustment for multiple analyses. The
proportion of hMPV as mixed infection by age group and ERV positive specimens by analysis of age
group and time periods was analyzed using binary logistic regression. The SPSS software version 20.0
(IBM® SPSS®™ Statistics, IBM Corp., USA) was used for statistical analysis with the level of
significance set at p < 0.05.

4. Conclusions

In this study we used DIAL to provide user-defined data sets of respiratory virus testing data and
found that over a period of 3 years, July 2009 to June 2012, hMPV is significantly more likely to be
identified in mono infection (86%) as compared with ADV, four types of CRV, PIV, and RSV with
the exception of ERV. The three viruses most likely to be found in mixed infection with hMPV in this
study were ERV, PIV and RSV with a higher proportion of mixed infection found in young infants.
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Abstract: HRSV is one of the most important pathogens causing acute respiratory tract
diseases as bronchiolitis and pneumonia among infants. HRSV was isolated from two
distinct communities, a public day care center and a public hospital in Sdo José do Rio
Preto — SP, Brazil. We obtained partial sequences from G gene that were used on
phylogenetic and selection pressure analysis. HRSV accounted for 29% of respiratory
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infections in hospitalized children and 7.7% in day care center children. On phylogenetic
analysis of 60 HRSV strains, 48 (80%) clustered within or adjacent to the GA1 genotype;
GAS5, NAI1, NA2, BA-IV and SABI1 were also observed. SJRP GAl strains presented
variations among deduced amino acids composition and lost the potential O-glycosilation
site at amino acid position 295, nevertheless this resulted in an insertion of two potential
O-glycosilation sites at positions 296 and 297. Furthermore, a potential O-glycosilation site
insertion, at position 293, was only observed for hospital strains. Using SLAC and MEME
methods, only amino acid 274 was identified to be under positive selection. This is the first
report on HRSV circulation and genotypes classification derived from a day care center
community in Brazil.

Keywords: respiratory syncytial virus; attachment protein (G); genetic variability;
O-glycosilation; selection pressure

1. Introduction

Human Respiratory Syncytial Virus (HRSV) is a major viral agent causing serious respiratory tract
diseases in the pediatric population worldwide [1]. Of the estimated 2 million children under the age of
5 years who require care for HRSV infections annually, 78% are over the age of 1 year [2], although it
has been recognized as a main cause of morbidity in children under 1 year of age [3]. HRSV infection
results in several outcomes, ranging from common cold-like symptoms to more severe bronchiolitis
and pneumonia in children, immunocompromised and elderly individuals [4,5].

HRSV is classified into the Prneumovirus genus of the Paramyxoviridae family and is composed of
an envelope with a negative-sense single-stranded RNA genome, which encodes for 11 proteins. Based
on reactions with monoclonal antibodies against the G and F glycoproteins, beyond molecular
differences in several genes [6,7], two major groups, HRSVA and HRSVB, have been described [7—-10].
Several HRSVA genotypes were identified in different geographical regions, which include GAI to
GA7[9,10], SAA1 (South Africa, Al) [11], NAI and NA2 [12], and most recently ON1 [13]. Thirteen
HRSVB genotypes are currently known and designated as GB1 to GB4 [9], SAB1 to SAB3 (South
Africa) [11], and BAI to BA6 (Buenos Aires) [14]. Therefore, the antigenic variability of HRSV
strains has been a relevant subject on discussions of the key features contributing to the ability of the
virus to re-infect people and cause large-scale yearly outbreaks [15].

The sequence variability of the attachment (G) protein gene, which shows the largest antigenic and
genetic differences between the two HRSV groups [16], is commonly used for genotyping HRSVA
and HRSVB viruses [13]. The G protein is a type II glycoprotein of 289 to 299 amino acids in length,
consisting of the cytoplasmic tail (amino acids [AAs] 1-38), transmembrane domain (AA 38-66), and
the ectodomain (AA 66-298) [17]. The C-terminal ectodomain of G protein is comprised of two
variable regions, separated by a highly conserved region between amino acids 164 and 176 assumed to
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represent a receptor-binding site [17]. The two variable regions of the ectodomain contain high serine
and threonine residues, which are potential acceptor sites for O-linked sugars affecting the antigenic
structure of the G protein as well as impacting on virus infectivity [18,19].

Few studies have evaluated the epidemiology and HRSV genotypes circulating in Sdo Paulo State,
Brazil [20-26] and furthermore this is the first report on HRSV genotypes isolated from children
attending a day care center in Brazil. Accordingly, we aimed to identify HRSV strains features by
analyzing the genetic variability in the second hypervariable region of the attachment (G) gene of
viruses isolated from clinical samples collected in a public day care center, and a public hospital in Sdo
José do Rio Preto-SP (SJRP), Brazil. Phylogenetic analyses were performed to establish the relation
between SJRP’s strains and previously described HRSV genotypes deposited in Genbank and further
selection pressure analysis was performed to examine the replacement behavioral patterns of G protein
ectodomain encoded amino acids.

2. Results and Discussion
2.1. HRSV Epidemiology and Cohorts Characterization

Brazil is a country of large territorial extension, but few studies have evaluated HRSV circulation
patterns and genotypes, which are limited to hospital-based studies performed at Southeast and
Northeast regions [20-22,24-26]. Studies including children that attended day care centers have been
done mainly in Scandinavia, the United States and England [27], and evidenced that children who
attended day care centers from the beginning of infancy present higher risks of respiratory infections
comparing to children that did not attend day care centers [28]. Based on these works and due to the
lack of informative data, we aimed to understand features, such as the diversity, genotypes and
adaptation of HRSV strains circulating in two communities of Sdo José do Rio Preto-SP, Brazil: children
that attended a public day care center, and children that were hospitalized due to respiratory infections.

The day care center cohort was composed of 231 children, aged 1 to 78 months (average age of
30.85 months), 44.5% female and 55.5% male, which presented an HRSV frequency of 7.7%. From
July 2003 to April 2004, this pathogen was mainly detected and isolated on winter and spring seasons,
while in 2005, outbreaks were observed in late autumn and winter seasons. These results contrasts with
the previously reported HRSV frequency of 29% [29], detected between May 2004 and September
2005 in clinical samples derived from the hospital, which was composed of 272 children including
57% male and 43% female, whose ages varied between 1 to 68 months. HRSV hospital outbreaks
were observed in winter and spring 2004 and autumn 2005 [29].

Such variations on HRSV circulation patterns in both communities may have occurred due to
environmental factors such as temperature or relative air humidity, co-circulation and competition with
other respiratory pathogens as reported previously in Sdo José do Rio Preto [29] or even due to
virulence features as high infectivity and limited antigenic diversity of HRSV strains [30].

Episodes of respiratory infection, on HRSV positive children from the day care center, were
characterized by the absence of severe symptoms and were generally limited to upper airways, whit no
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need of hospitalization during the respiratory infection. The most frequent symptom was runny nose
(93.2%), followed by cough (58.2%), nasal obstruction (14.6%), wheezing (3.7%) and fever (2.4%).
In contrast, HRSV positive children from the hospital, developed severe diseases such as pneumonia
(24.1%), bronchiolitis (64%), and acute wheezing (16.2%) [29]. The most frequent symptoms were
cough (93.1%), fever (91%) and coryza (62.1%) and nasal obstruction (50%) [29]. It is evident that
strains isolated from the hospital were more pathogenic, accounting for severe symptoms, thus
suggesting that multiple lineages co-circulated in Sdo José do Rio Preto.

2.2. Phylogenetic Analysis

In order to understand the diversity and establish the relation between SJRP HRSV strains, we
performed phylogenetic analyses of partial sequences obtained from the C-terminal ectodomain of the
attachment protein (G) gene (n = 60). Results showed that SJRP’s HRSV strains were grouped into three
distinct clusters (Supplementary Figure 1) and evidenced the co-circulation of multiple HRSV antigenic
groups and genotypes, as reported in several regions of Brazil and Sao Paulo State [20,21,25,29].

Therefore, we proceeded to an analysis of SIRP’s HRSV sequences along with 32 HRSVA and
30 HRSVB reference strains derived from Genbank (Supplementary Table 1), including sequences
derived from HRSV isolated in Brazil. The analysis confirmed the co-circulation of both HRSVA and
HRSVB antigenic groups, however, most of the sequences (n = 55) were clustered to HRSVA group,
while five sequences were associated to HRSVB group (Figure 1). Oliveira and collaborators (2008)
also reported a predominance of HRSVA strains over HRSVB in Uberldndia-MG, which agrees with
most of the studies performed to identify on antigenic group subtypes, while Cintra and collaborators
(2001) have found higher frequencies of both antigenic groups circulating in Ribeirdo Preto-SP.
Although Ribeirdo Preto, Uberlandia and Sdo José do Rio Preto are nearly located (between 200-300 km
of distance), different geographical and demographical characteristics must be accounted and also,
HRSV antigenic group analysis were performed in different seasons and years, which may contribute
for differences on the HRSV subgroups detection.

It has been widely recognized that both subtypes circulate concurrently [31]. Zlateva and
collaborators (2004) found the presence of multiple identical sequences among Belgian isolates,
which suggested that certain strains predominated in a given epidemic season. Peret and colleagues
(2000) also found a dominance of HRSVA over HRSVB, and predominance of 1-2 genotypes in five
communities [10]. The predominance of HRSV-A viruses has been attributed to the higher variability
among the HRSV-A strains [32]. Usually, the dominant strains shift yearly, suggesting a mechanism
for frequent re-infections by evasion of immunity induced by previous strains [33].

Genotype classification through phylogenies demonstrated that SJRP HRSVA isolates, derived
from both communities, were more related to GA1 (n = 48), while GAS (n = 2), NAI (n = 3), NA2
(n =2) were detected only in samples from hospitalized children (Figure 1a). These results contrast with
previous reports, which showed major prevalence of GA2 genotype during 1999 in Salvador-Ba [21],
and during 2004 in Campinas-SP [24]. Interestingly, three Brazilian HRSV reference sequences
(RP221/5, BR266-05 and BR292-05), circulating in Sdo Paulo State during 2005 epidemic season, that



104

have been previously described as GA2 genotypes, were clustered together with NA2, a recently
identified genotype in Japan, that is genetically close to GA2 [12]. The fact that the three Brazilian
strains may be more related to NA2 genotype is supported by the absence of NA2 sequences on
phylogenetic analysis performed at the time they were reported, thus contributing to the association
with GA2 genotype.

Indeed, inter-continental circulation of HRSV had been reported [14]. Viruses of the BA-I genotype
circulated extensively in Buenos Aires from June to August of 1999. In December of the same year,
the first BA-I sequence with an exact copy of the duplicated 60 nucleotide segment on the third
hypervariable domain of G gene, from a non-Argentinean sample, was found in Belgium. Thus, it is
clear that HRSV crossed the Atlantic (in either direction) in a period of few months [14], supporting
that NA2 strains may have circulated in Brazil and Japan.

There was a strong phylogenetic association (bootstrapping value of 75%) between sequences
obtained from GAl isolates MMMOS5C and FACO3C from the day care center with the isolates
7004HB and 27905HB from the hospital. STRP GALl isolates were further divided into two major
clusters, I and II, which suggested that individual lineages of GA1 genotype could be co-circulating in
the period of analysis (Figure 1a), as also proposed by Eshaghi and collaborators (2012), that identified
two NAT lineages circulating in Ontario, Canada.

HRSVB strains were classified as SAB1 (n = 1) (Figure 1b), also reported by Botosso and
collaborators (2009) in Sao Paulo-SP and BA-IV (n = 4). Although, BA genotype had been isolated in
Brazil [23], this is the first time HRSVB strains are associated to BA-IV, which was also identified in
Buenos Aires, Argentina in 2004 epidemic season, Quebec, Canada through 2001-2003, Kenya in
2003, Belgium in 1999, 2001-2003 [14] and most recently in China through 2006-2009 epidemic
seasons [16].

2.3. Molecular Analysis of HRSV GAl Genotype

By comparing the nucleotide composition and the pattern of mutations among the 60 HRSV
isolates, remarkable genetic flexibility could be observed, as previously noted worldwide [31,34-36].
However, two major clusters comprising several groups of identical sequences were identified only
among the GA1 genotype strains, thus further analysis were carried out on this group due the lack of
sampling of other genotypes. The alignments of nucleotides of the second hypervariable region of
HRSV G gene from representative isolates for each GA1 group, compared to the HRSVA reference
strain A2 (originally isolated in Australia in 1961), showed possible deletion/insertion sites on
nucleotide positions 853, 854, 864, 865, 866 and 879 of the day care center strains, and on nucleotide
position 877 of hospital strains (Supplementary Figure 2). Consequently, these variations accounted
for changes on the deduced amino acid sequences of SJRP’s GA1 isolates, compared to A2 strain
amino acid sequence. High variability of day care center sequences was observed mainly from residue
285 to 299, contrasting to hospital sequences which present high variability from residue 293 to the
299 (Figure 2). Such diversification is expected since a high level of genetic variation may be
associated with the fact the G protein plays a key role in facilitating re-infections in HRSV—allowing
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evasion from cross-protective immune responses—and hence in the fluctuating patterns of viral
circulation [25].

Since the two variable regions of the ectodomain contain high serine and threonine residues, which
are potential acceptor sites for O-linked sugars affecting the antigenic structure of the G protein as well
as impacting on virus infectivity [18,19], we performed an O-glycosylation site analysis on deduced
aminoacid sequences from SJRP GAl isolates. Third four sites were potentially O-glycosylated,
among GAl strains isolated from the day care center, while hospital GA1 strains retrieved third five
potentially O-glycolsilated sites (G scores of 0.5-0.7) (Figure 2). Several amino acid positions that are
likely to have O linked side chains (serine at 267, 270, 275, 283, 287 and threonine at 227, 231, 235,
253, and 282), reported by [37] were conserved in all SJRP GA1 isolates. SJRP GA1 strains lost the
potential O-glycosilation site at amino acid position 295, nevertheless this resulted in an insertion of
two potential O-glycosilation sites at positions 296 and 297. Furthermore, a potential O-glycosilation
site insertion, at position 293, was only observed for hospital strains. It is possible that strains that have
lost or changed O glycosylation can escape the immune system by losing recognition of a carbohydrate
epitope [38]. We also performed N-glycosylation site analysis, which resulted in potential for
N-glycosilation at sites 237 (G score of 0.6340) and 251 (G score of 0.5601). These sites were
conserved among all SJRP sequences.

Eshaghi and colleagues (2012) found 21 and 27 potentially O-glycosylation sites in ON/RSV89 and
ON/RSV181 (GAS genotypes isolates) respectively, whereas an average of 33 sites were potentially
O-glycosylated in NALI isolates. By analyzing the same region, four putative N-glycosylation sites
(Asn-X-Ser/Thr) were identified among Ontario circulating strains. Zlateva and collaborators (2004)
predicted that serine residues at sites 117 and 290 are O glycosylated with a high potential and
the positive selected threonine residue at site 225 was also predicted to be O- glycosylated (GA2 and
GAS genotypes).

Figure 1. (a) Phylogenetic tree of José do Rio Preto-SP (SJRP) HRSVA nucleotide
sequences of 265-270 in length, from the second variable region of the G gene. Reference
strains representing known genotypes are indicated by a solid circle. SW8/60 (subtype B)
was used as outgroup, marked by an open square. (b) Phylogenetic tree of SJRP HRSVB
nucleotide sequences from the second variable region of the G gene. Reference strains
representing known genotypes are indicated by a solid square. Long (subtype A) was used
as outgroup, marked by an open circle. Multiple sequences alignment and phylogenetic
tree was constructed using Clustal W and Neighbor-joining method running within MEGA
5.05 software. Tree topology was supported by bootstrap analysis with 1000 pseudo
replicate datasets. Bootstrap values greater than 50 are shown at the branch nodes. HB
refers to strains isolated from the hospital (indicated by a solid lozenge) and C refers to
strains isolated in the day care center (indicated by an open triangle).
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Figure 2. Alignment of deduced amino acid sequence of the G protein of HRSV GAl
genotype strains isolated in Sdo José do Rio Preto-SP. Alignments are shown relative to
the sequence of prototype strain A2. The amino acids shown correspond to positions 212 to
298 of the second hypervariable region of HRSVA strain A2 G protein. The alignment was
done by the Clustal W algorithm running with BioEdit. Identical residues are represented
as dots. Potential O-glycosylation sites conserved between HRSVA strain A2 and SJRP
GAL1 isolates are shaded in red. Potential O-glycosylation sites present only on SJRP GA1

isolates are shaded in yellow.
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Virus infectivity has been shown to be sensitive to the limited removal of N-linked or O-linked
oligosaccharides [19]. Thus, sequence changes may influence the location of carbohydrate side chains,
which are important determinants of the G glycoprotein antigenic structure [38]. Modifications
observed on nucleotide sequences and consequently on the deduced amino acid residues composing
the G protein ectodomain (Supplementary Figure 2 and Figure 2) of SJRP GAI strains, also accounted
for changes on potential O-glycosylation sites, thus suggesting that hospital and day care center strains
could have different patterns of replication and virulence.
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2.4. Selective Pressure

The second hypervariable region of HRSV G gene has been reported to be an important domain of
diversity and adaptation between HRSV strains [17,25,38,39]. Therefore, in order to test neutrality
deviations on SJRP GAI strains and obtain first evidence of selection pressure action on this region of
the G gene, we performed the Tajima’s Neutrality Test [40], which resulted in D value: —2,32187 with
a p-value < 0.001 and thus suggested the occurrence of sites under positive/purifying selection on GA1
genotype circulating in Sdo José do Rio Preto (Table 1).

To test the hypothesis that the C-terminal hypervariable region of G proteins of SJRP’s GAl
isolates could be under action of selection pressure forces, we estimated the ratio of non-synonymous
(dN) to synonymous (dS) substitutions per site across the multiple aligned dataset of all SJRP GAl
sequences, including all 32 HRSVA sequences downloaded from GenBank (Supplementary Table 1).
We used the Datamonkey webserver [41] to calculate global and site-specific non-synonymous (dy)
and synonymous (ds) nucleotide substitution rate ratios (® = dn/ds) using the SLAC and MEME
methods, which are based on a neighbor-joining generated phylogenetic tree and the best-fit nucleotide
substitution model.

We observed a high average ratio of non-synonymous to synonymous nucleotide substitutions in
the G glycoprotein gene (0 = 0. 0.645), however this value does not surpass the threshold of ® > 1,
and it is therefore not indicative of positive selection [42]. Since the average o is usually not sensitive
enough to detect Darwinian selection at the molecular level [38], we used codon substitution models to
detect sites under positive selection. Notably, amino acid residue 274 was the only site found to be
subject of robust positive selection (p < 0.05) by both methods, with posterior probability of 1.000
(100%). In fact, previous works [13,25,43] found several sites under adaptive evolution within the G
protein, including amino acid residue 274, which is one of the sites that defines genotypes and lineages
within genotypes, and correlate well with known epitopes described in escape-mutants selected with
specific Mabs [44,45]. HRSV escape mutants that differ in their last 81 residues from the canonical
Long prototype protein sequence, retain their compositions and hydropathy profiles, strongly
suggesting that there may be indeed structural restrictions to changes in the G protein [25]. According
to previous works [13,38,43], the HRSV evolution is driven by positive selection operating at specific
codon positions and the fact that we identified only one site under positive selection could be due to
the method we used to identify positive selected sites, since these studies carried out the analysis on
the PAML program.

Table 1. Nucleotide diversity (n), Tajima D test (D), genetic distances (d) and statistical
significance for Tajima D test (p) of identified human respiratory syncytial virus (HRSV)
strains and GA1 genotype.

HRSV N 1 D d p
A 55 0.03465 ~2.14299 0.048 p<0.05
B 5 0.03878 ~0.85185 0.040 p>0.10

GAl 48 0.00924 —2.32187 0.010 p<0.01
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3. Experimental Procedures
3.1. Cohorts and Clinical Specimens

A total of 1,089 respiratory samples were obtained from children aged between 0 and 6 years in the
period of July 2003 to September 2005. Two cohorts were included, one composed of children that
were hospitalized at Sao José do Rio Preto Public Hospital (HB) (272 samples), presenting lower
respiratory tract diseases (such as bronchiolitis and pneumonia), and another composed of children
presenting acute respiratory infections (ARI) (characterized by single or combined occurrence of the
following physical signs and symptoms: cough, pharyngitis, rhinorrhea, nasal congestion, headache,
low grade fever, facial pressure and sneezing), that attended the Maria Ines Arnal Day Care Center (C)
(817 samples) in Sdo José do Rio Preto-SP, Brazil. Nasopharyngeal washes were obtained after
instillation of 0.5 mL of sterile PBS (Phosphate Buffered Saline - NaCl, Na2HPO4, NaH2PO4) into
each nostril with immediate aspiration through a sterile neonatal canula inserted into the child’s
nasopharynx. The sample was transferred to a sterile vial and immediately transported to the
laboratory, processed and frozen at —80 °C in Trizol LS (Invitrogen, Carlsbad, CA) for later RNA
extraction and RT-PCR testing.

3.2. Viral Detection and Nucleotide Sequencing

Total RNA was extracted from nasopharyngeal washes using guanidinium isothiocyanate phenol
(Trizol LS, InvitrogenH, Carlsbad, CA, USA) according to the manufacturer’s instructions. Reverse
transcription was performed with High Capacity cDNA Archive Kit — Applied Biosystems (USA)
according to the manufacturer’s instructions.

Partial HRSV G gene amplification was performed by a semi-nested PCR procedure. First, cDNA
was amplified using the primer FV: 5'- GTTATGACACTGGTATACCAACC-3" (based on sequences
complementary to nucleotides 186 to 163 of the F protein gene [46] — and the forward primer GAB:
5'- YCAYTTTGAAGTGTTCAACTT-3" (G gene, 504-524 nt). A semi-nested PCR was then
performed with primers FIAB 5'- CAACTCCATTGTTATTTGCC-3" (F gene, 3-22 nt) and
GAB [9,10]. PCR assay was carried out in a reaction mixture containing 200 ng of cDNA, 1 mM
MgCl12, 0,2 mM dNTPs, 20 pmol of each primer, 2 U of Taqg DNA Polimerase (Biotools, ESP) in a
final volume of 50 pL. Amplification was performed in a GeneAmp PCR System 9700 thermocycler
(Applied Biosystems Inc.) with the following parameters: 95 °C for 5 min, followed by 40 cycles of
1 min at 94 °C, 1 min at 55 °C and 1 min at 72 °C, and finally 7 min of extension at 72 °C.

The semi nested PCR was carried under the same conditions, with 20 pmol of each primer on a final
volume of 50 uL. Both cDNA synthesis and PCR followed strict procedures to prevent contamination,
including redundant negative controls and segregated environments for pre- and post-amplification
procedures. Amplified products of the G gene were purified with a commercial kit (Qiagen PCR
Purification Kit (Qiagen — USA)), according to the manufacturer’s instructions.
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Sanger sequencing, of a 490-bp fragment of the G gene, was carried out with the same primer pair
used for semi-nested PCR amplification on the ABI PRISM 3100 and 377 DNA sequencers (Applied
Biosystems Inc.) using the BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystems).

3.3. Phylogenetic Analysis

Sequences were assembled with the Sequence Navigator program version 1.0 (Applied Biosystems
Inc., EUA) resulting in contigs of 265 nucleotides on average, to isolates from the day care center, and
contigs of 270 and 330 nucleotides on average to isolates from the hospital. These contigs were
compared to HRSV G gene nucleotides from reference strains representing different HRSVA and
HRSVB genotypes identified in other cities or states of Brazil, South America, South Africa as well as
HRSV sequences from other countries available at GenBank (Supplementary Table 1). Multiple
sequence alignments of the obtained fragments compared to globally sampled reference strains were
performed using the Clustal W algorithm [47] and Bioedit sequence alignment-editing software.
Phylogenetic associations were determined using Maximum Likelihood (ML) and Neighbor-Joining
(NJ) methods running with MEGA 5.05 software [48]. Node support of each clade was evaluated
using bootstrap analysis (1000 replicates) and the evolutionary distances were derived using the
Kimura-2 parameter method [49].

3.4. O-glycosylation and N-glycosilation Site Analysis

Potential O-glycosylation and N-glycosylation sites were predicted using and NetOGlyc 3.1 [50] and
NetNGlyce 1.0. The deduced AA sequences of the second hypervariable region of HRSV GA1 genotypes
(encompassing AA 212 to the end of the G protein) were compared to those of HRSV-A2 strain.

3.5. Selection Pressure Analysis

Neutrality Tajima’s D test [40] was performed by DnaSP version 5.10.01 software [51] to verify
statistically significant deviations among sequences and provide first evidence of selection acting on
SJRP HRSV isolates.

To determine the selection pressures acting on the ectodomain of the G gene of GAl genotype
isolates, we estimated the numbers of non-synonymous (dN) to synonymous (dS) nucleotide changes
per site; when dN>dS, this was indicative of positive selection. Site-specific (that is, codon-specific)
selection pressures were determined using the Single Likelihood Ancestral Counting (SLAC) available
in the HyPhy package [52] and Mixed Effects Model of Evolution (MEME) [53] methods, accessed
through the Datamonkey webserver [41]. These methods were run using best fit nucleotide model on a
neighbor-joining phylogenetic tree. Using this procedure, only codon 274 contained statistically
significant evidence for positive selection.
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3.6. Ethics Statement

A Written Consent signed by the parents or legal responsible guardians was obtained for each child.
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Abstract: The bovine respiratory syncytial virus (BRSV) is an enveloped, negative sense,
single-stranded RNA virus belonging to the pneumovirus genus within the family
Paramyxoviridae. BRSV has been recognized as a major cause of respiratory disease in
young calves since the early 1970s. The analysis of BRSV infection was originally
hampered by its characteristic lability and poor growth in vitro. However, the advent of
numerous immunological and molecular methods has facilitated the study of BRSV
enormously. The knowledge gained from these studies has also provided the opportunity to
develop safe, stable, attenuated virus vaccine candidates. Nonetheless, many aspects of the
epidemiology, molecular epidemiology and evolution of the virus are still not fully
understood. The natural course of infection is rather complex and further complicates
diagnosis, treatment and the implementation of preventive measures aimed to control the
disease. Therefore, understanding the mechanisms by which BRSV is able to establish
infection is needed to prevent viral and disease spread. This review discusses important
information regarding the epidemiology and molecular epidemiology of BRSV worldwide,
and it highlights the importance of viral evolution in virus transmission.
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1. Introduction

The bovine respiratory syncytial virus (BRSV) has been recognized as a pathogen in cattle responsible
of an acute respiratory disease syndrome in beef and dairy calves since the early 1970s [1,2]. The
impact of BRSV infection on the cattle industry results in economic losses due to the morbidity,
mortality, treatment and prevention costs that eventually lead to loss of production and reduced carcass
value [3].

BRSV is an enveloped, non-segmented, negative-stranded RNA virus belonging to the
Pneumovirus genus within the subfamily Preumovirinae, family Paramyxoviridae [4]. The BRSV
virion consists of a lipid envelope containing three surface glycoproteins (glycoprotein [G], the fusion
protein [F] and the small hydrophobic protein [SH]) (Figure 1). The envelope encloses a helical
nucleocapsid composed by the nucleoprotein (N), the phosphoprotein (P), the viral RNA-dependent
polymerase protein (L) the M protein and a transcriptional anti-termination factor known as M2-1. The
genomic RNA (~15,000 nucleotides in length) also encodes an RNA regulatory protein M2-2 and two
non-structural proteins, NS1 and NS2 [4].

Figure 1. Bovine respiratory syncytial virus (BRSV) genome scheme and commonly used
region for molecular epidemiology studies. The areas encoding the BRSV proteins are
represented in boxes. Targeting regions are following: region (1), N region (nt 1294 to
nt 1984); region (2), SH complete genome (nt 4268 to 4513); region (3), G region (nt 4864
to 5353); region (3), F region (nt 6071 to nt 6812). Nucleotide positions were given in
reference to strain NC_001989.
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BRSV is closely related to human RSV (HRSV), and the epidemiology and pathogenesis of
infection between these two viruses share some similarities and also many differences [5]. The
similarities between the two viruses have facilitated the unveiling of some of the mechanisms by
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which BSRV can cause disease. However, the means used by the virus to warrant transmission among
individuals within and between herds have remained elusive.

Understanding of the global epidemiology and molecular epidemiology of BRSV has significantly
improved over recent years. In this review, we discuss various aspects of the epidemiology and
molecular epidemiology of BRSV as well as their relationship with viral evolution.

2. Epidemiology of BRSV

BRSYV infection is widely spread around the world, most likely as a direct result of the movement of
cattle [6]. Regardless of the geographical location, infectivity rates are usually rather high, suggesting
that viral transmission is a common event among herds. Cattle are the principal reservoir of infection;
however, sheep can also become infected [7]. Intra-herd transmission usually occurs by aerosols,
allowing the virus to enter susceptible cattle via the respiratory tract. However, local spread and
airborne transmission between herds are not of great importance for inter-herd transmission despite the
circulation of BRSV in a given geographical region [8]. On the other hand, direct transmission
between herds is frequently a consequence of the introduction of new infected animals, while indirect
transmission occurs by individuals visiting farms. Some of the main risk factors for BRSV
transmission include large herd size and common farm practices such as not providing boots to visitors
and dual-purpose farms [9,10]. Additionally, it has also been proposed that good management and
better hygienic routines have a direct impact on overall health status [8].

BRSV outbreaks commonly occur during winter [11]. Thus, clinical disease is commonly
diagnosed during autumn and winter in temperate regions [12]. Nevertheless, infection can also be
observed during summer [12,13]. The sero-prevalence of BRSV infection varies greatly across
different geographical regions [10,14—17]. The distribution of BRSV is most likely affected by the
movement of cattle, as insect vectors are not believed to play a role in viral transmission [6]. The
morbidity of the disease is quite high, and in some instances, it has been responsible for up to 60% of
the clinical respiratory diseases among dairy herds [13,18]. In general, the frequency of BRSV is
strongly associated with cattle population density in the region and with the age of the host [13,19,20].
Interestingly, BRSV infection is also associated with a high morbidity of up to 80% and with mortality
that can reach up to 20% in some outbreaks.

BRSV outbreaks can become epidemics affecting animals in all age groups. However, the age
distribution of BRSV infection seems to be a function of exposure. In other words, herds that have
been previously exposed to the virus tend to experience infections that are limited to younger,
more susceptible animals. In consequence, morbidity is commonly high during the occurrence of
outbreaks [21]. Importantly, natural infection affects both beef and dairy cattle, although management
practices can significantly impact the infectivity rates [22]. Climate also favors the dissemination of
the virus during winter, after the sudden drop in temperature [11], although infection can occur
throughout the year.

The mechanisms that are responsible for the survival of the virus within a given population are not
fully understood. Controversial information has been reported about viral persistence. Nonetheless,
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chronicity has been proposed as a mechanism that might play role in disease spread [23]. BRSV can
be isolated from asymptomatic animals and can persist for several months [6]. Thus, one possibility is
the existence of persistently infected calves, which might start shedding the virus under specific
conditions [24,25]. Therefore, latent infection among herds might occur, providing a possible
explanation for the occurrence of outbreaks among relatively isolated calves. However, some reports
have suggested that subclinical infection in cattle is not a plausible mechanism for the persistence of
BRSYV in dairy herds [26]. On the other hand, clinically ill animals are believed to be the most likely
sources of infection, and therefore, the most likely explanation for recurrent infections is the
reintroduction of the virus into the herd before the occurrence of a new outbreak. This controversial
issue requires more detailed studies aiming to assess the role of persistence in virus spread to fully
understand the mechanism exploited by the BRSV to warrant transmission.

The prevalence of the disease varies greatly in North America. For instance, in the United States,
original studies conducted during the early 1970s showed a frequency of infection of 67% among adult
cattle [27]. However, in a few instances, 100% of the animals within herds showed the presence of
specific antibodies. Subsequently published reports showed that up to 81% of herds had specific
antibodies against BRSV [28,29]. Additionally, the incidence of sero-conversion soon after the
occurrence of an outbreak has been reported to be as high as 45% [30]. Furthermore, the
sero-positivity rate among asymptomatic cattle has been shown to reach up to 95% [15]. Importantly,
the sero-positivity rate seems to be closely associated with the age of the host, showing a higher
prevalence among older animals. Moreover, southern regions of the U.S. commonly exhibit a higher
sero-prevalence than the northern parts of the country [31]. These discrepancies could be explained by
differences in the vaccination practices in those regions, as well as by management practices or by
sampling errors. Thus, the frequency of BRSV infection in a particular region is subject to a number of
factors that can drastically change the prevalence of the disease. Interestingly, the mortality among
herds experiencing respiratory disease in the U.S. can reach up to 13% [32]. While other viruses, such
as the bovine viral diarrhea and parainfluenza viruses, could also account for the elevated mortality
rates seen in the U.S., BRSV remains as a very important ethological agent and a probable cause of
death due to respiratory disease in cattle.

In Canada, initial reports have shown that the overall frequency of BRSV infection might be nearly
36% [16,17]. However, during outbreaks, the percentage of sero-positive individuals within a herd can
range between 22% and 53%. Subsequent studies confirmed the high frequency of the disease (40%)
among feedlot calves [33]. Similar to what has been observed in the U.S., BRSV is still an important
cause of mortality among cattle in Canada [34]. In Mexico, the circulation of BRSV was recently
reported in two different regions of the country [35,36]. Both studies reported rather high overall
frequencies of BRSV infection (52% and 90.8%). The reasons for the significant differences in the
distribution of BRSV infection between the two regions are not known; however, age played a major
role in the distribution of infection. Additionally, BRSV has also been shown to circulate in other
regions of the Americas [10,37,38].
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In Europe, shortly after the virus’s discovery, it was reported to have widely circulated in different
parts of the continent [39]. In Sweden, different studies have shown high frequencies of antibodies in
milk, ranging between 41% and 89% depending on the geographical region of the country [13].
In general, higher antibody frequencies in milk samples were observed in samples from the southern
regions of Sweden, while lower frequencies were detected in samples from the northern part of the
country. The authors attributed the discrepancies observed among differences herds to cattle
population density, as highly populated regions were more common in the southern part of Sweden.
More recently, the geographical distribution of BRSV in the country has been studied [40]. The
aforementioned study showed that infection with BRSV occurs predominantly in the central-western
and southern parts of Sweden. In particular, two regions of the country, Skaraborg and Skéne,
displayed a high prevalence of BRSV infection. Similarly, Danish reports have also shown rather high
frequencies of BRSV infection (54%) [41]. Likewise, a high prevalence of BRSV infection has been
observed in Belgium [42]. Circulation of the virus in Scotland has also been reported, although
conclusive figures regarding BRSV prevalence are not available [43]. Furthermore, the presence of
antibodies in bulk tank milk samples has been reported in herds from England [44]. Additionally, a
high sero-prevalence of BRSV has also been reported in Northern Europe [21,45].

In Africa, Ethiopia and South Africa have also been shown to have high incidences of BRSV
infection [14,46-48]. Other countries, in different regions, such as Turkey, have also been shown to a
have high sero-prevalence, which can reach up to 43% [49]. Unsurprisingly, high sero-prevalence has
also been associated with large-capacity facilities, rather than with small farms. Interestingly, organic
farms have been shown to exhibit lower antibody prevalence when compared to conventional
farms [22]. These findings highlight the importance of management for the effective control of viral
transmission and disease spread, which are closely associated with different farming methods

Thus, more information is required to understand the mechanisms that allow for viral survival in a
given geographical region. Monitoring of outbreaks among herds is likely to provide valuable
information that might help us to understand in greater detail the epidemiology of BRSV infection.

3. Molecular Epidemiology and Evolution of BRSV

Limited information is available regarding the molecular epidemiology of BRSV infection.
However, the rapidly changing field of DNA sequencing might help to unveil the molecular
mechanisms exploited by BRSV to assure transmission. Additionally, the field of phylogenetics has
contributed to identify the existence of diverse BRSV genotypes and their genetic relationship while
helping understand the molecular basis of BRSV genetic history [50,51]. Phylogeny approaches have
also been particularly useful for studying the origins and subsequent evolution of BRSV [51]. Recent
advances in phylogenetics have allowed for the analysis in greater detail of sequence information,
which could also help to understand the patterns of BRSV infection [52]. Additionally, current
phylogenetic methods facilitate the estimation of the time to the origin of a new viral strain, of the
emergence of new species, identification of viral recombination, of population size, and of how the
virus spread and evolve in particular settings [53]. Thus, the information obtained from phylogenetic
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studies could assist in the design and implementation of measures aimed to prevent BRSV
transmission. Molecular epidemiological approaches have provided important insights into BRSV
evolution, spread and transmission [50,54]. Phylogentic analysis have also helped to identify the
presence of mutations mapping along the immunodominat region located on the G protein [55] and to
elucidate the origin circulating strains in certain geographical regions [56]. Thus, the study of the
molecular epidemiology of the virus will most likely improve our understanding of the dynamics of
virus transmission and help us to implement informed public health policies.

The occurrence of antigenic variation among BRSV isolates was first suggested by the lack of
reaction between a polyclonal serum made against one particular viral strain, which failed to recognize
a different isolate [57]. Furthermore, viral heterogeneity was also inferred from the differences
observed among the molecular sizes of some of the structural proteins, which implied that BRSV was
composed of distinct subgroups [58,59]. The existence of diversity among BRSV isolates was further
assessed by the reactivity of a set of strains against anti-HRSV monoclonal antibodies [58]. In that
pioneering study, the authors showed the existence of different recognition patterns among different
BRSV isolates, thus implying antigenic diversity. The aforementioned findings highlighted the
limitations and efficacy of the BRSV vaccine, suggesting that vaccine failure could be at least partially
attributed to a possible broader antigenic spectrum of the BRSV population [58]. Thus, these initial
reports suggested the presence of two distinct BRSV subgroups. These observations were later
confirmed by another study [60]. Estimation of BRSV antigenic variation further confirmed the
presence of two major and one intermediate subgroups [61]. Currently, four antigenic subgroups
(A, B, AB, untyped) have been identified in BRSV; however, they might only represent variants of a
single major antigenic group [62].

The study of the molecular epidemiology of BRSV began with the identification of the nucleotide
sequences of the glycoprotein (G), fusion (F), nucleocapsid (N), matrix (M), phosphoprotein (P), small
hydrophobic (SH) and M2 proteins during the early 1990s [55,63—67]. The initial assessment of
the homology along the P protein between two isolates showed an identity of 97% at the nucleotide
level [67]. Subsequent studies, which analyzed the nucleotide variation of a limited number of isolates
at the G protein level, showed that the levels of identity between BRSV strains ranged between 84%
and 95% [60,68]. This degree of heterogeneity was suggestive of only one single genetic group.
The first direct comparison between the antigenic heterogeneity and molecular diversity among
BRSYV isolates showed that the antigenic divergence observed among BRSV strains was the result of
inter-subgroup variation [60]. The characterization of the antigenic structure of the BRSV G protein
provided further information about the mutations responsible for the distinctive BRSV groups reported
at that time [69]. Subsequent studies further confirmed the existence of antigenic divergence and
antigenic variability among wild BRSV isolates [70]. The partial nucleotide sequences of the G
protein from a set of isolates, along with the recognition pattern by monoclonal antibodies against the
BRSV G, F, N, and P proteins, showed random antigenic differences among the isolates, although
cross-reactivity to the viral protein epitopes was observed, particularly with the F protein. Moreover,
structural differences between the F and P proteins were also observed. The P protein exhibited diverse
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patterns, due to differences in molecular size, when subjected to polyacrylamide gel electrophoresis
analysis. However, the structural differences along the P protein were not correlated with the antigenic
differences observed in the F and N proteins. Overall, the nucleotide sequence identity in the G protein
ranged from 94.1% to 99.9%. In comparison, the predicted amino acid sequence homology ranged
from 89.9% to 99.6%, supporting the theory that BRSV belonged to a monophyletic group [70].

More comprehensive studies, which analyzed the reaction patterns against anti-BRSV G protein
and the genetic diversity occurring in a larger segment of the G protein gene from several isolates
obtained from different geographical regions, showed that the intragroup genetic variation among
BRSV strains ranged between 88% and 100% [71]. The corresponding phylogenetic analysis revealed
the presence of two main branches. Branch I was further subdivided into two groups, Ia and Ib, and
then into five different lineages, each representing a geographic cluster. Thus, group la contained
strains belonging to the antigenic subgroup A, whereas branch Ib consisted of strains of European
origin belonging to the subgroup AB. Branch II, in contrast, grouped all viral strains classified as
antigenic subgroup B. A third independent cluster included a set of Scandinavian strains that were not
grouped with any of the aforementioned branches. A direct correlation was also observed between the
positions along the phylogenetic tree and some of the strains and their antigenic patterns. Thus, this
study can be considered to be the first research demonstrating that BRSV belongs to a single antigenic
group with different genetic variants [71]. A subsequent study demonstrated that isolates of Danish
origin formed three distinctive lineages within a separate cluster. These isolates were also closely
related to the 220-69Bel strain, the prototype strain of the intermediate antigenic group [72].
Interestingly, viral isolates from the Czech Republic were closely related to the Danish strains isolated
during the mid-1990s, a finding that was most likely due to animals being imported into the country,
rather than due to virus evolution [73]. Moreover, a recently comparative analysis between Swedish
and Danish isolates showed that the reduced sequence diversity among Swedish strains might be due
to the relatively closed cattle population in Sweden as a consequence of the limited import of cows
into the country [12]. In conjunction, these findings support the participation of import of cows in the
increase of nucleotide sequence diversity of BRSV lineages in given regions.

A large-scale study addressing the global molecular epidemiology and evolution of BRSV included
54 European and North American isolates, in addition to previously reported sequences [50]. The
study assessed the diversity of the N, F and G protein nucleotides and analyzed amino acid sequences,
as well as their phylogenetic relationships. The average percentage of pairwise divergences was lowest
for the N and F protein genes (2%), in comparison to the G protein gene (8%). In general, complete
homology was observed among all of the BRSV proteins among animals within the same herd. A
limited number of differences were detected within the N and G protein gene sequences among a few
herds. This finding suggests that a single virus or a group of very closely related viruses would seem to
infect predominantly a given herd at a given time [74]. Phylogenetic analysis, based on the G protein
sequence, classified the isolates into six different groups (Figure 2A) [50]. The topology of the
phylogeny was retained when the analysis of the N and F protein gene sequences was conducted;
however, only five phylogenetic groups were observed for either protein (Figure 2B,C) [50]. As
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expected, the characteristic clustering of BRSV sequences, according to geographical origin and date
of isolation, was observed, further supporting the theory of geographical and temporal clustering.
Subgroup 1 consisted of old European strains isolated before 1976. Subgroup III included viruses
exclusively from the United States. Subgroups II, IV, V, and VI were composed entirely of “younger”
European isolates. Strains from northern Europe, Denmark, and Sweden were clustered in subgroup II,
while those from the Netherlands, Belgium, and France were found in subgroups II, IV, V, and
VI [75]. Interestingly, the study identified vaccine failure among animals harboring infections with
BRSV groups V and VI, indicating that commercial vaccines performed poorly against infections by
such viral groups. Moreover, continuous evolution of the BRSV N, G, and F proteins was also
observed, which seemed to be correlated with the implementation of vaccination in different countries.
Moreover, strong, positive selection was shown on the mucin-like region of the G protein and on
particular sites of the N and F proteins. The analysis of French BRSV isolates included in this study
also showed the presence of mutations located along the conserved central hydrophobic part of the
ectodomain of the G protein, resulting in the loss of four Cys residues, two disulfide bridges and,
consequently, a helix, which is critical for the three-dimensional structure of the G protein. These
observations suggested the continuous modification of the highly conserved central region of the
immunodominant G protein, thus highlighting the importance of considering BRSV evolution in the
rational development of vaccines [50]. Overall, this work could be considered as the foundation of
modern BRSV molecular epidemiology, it has also established the basis for subsequent studies looking at
the molecular epidemiological patterns of BRSV infection in different geographical regions [37,56,76,77].
Importantly, BRSV intrahost population has been shown to exist as a complex mixture of viral
variants, ambiguously referred as “quasispecies” [51]. Analyses of the BRSV G protein gene have
demonstrated the spectrum of subpopulations co-existing in clinical isolates. Clonal analysis revealed
the nucleotide heterogeneity along the G-coding region, exhibiting mutation frequencies ranging from
6.8 x 10* to 10.1 x 10* substitutions per nucleotide. These findings suggest that BRSV populations
evolve as complex and dynamic mutant swarms, despite the virus’s apparent genetic stability.
Molecular epidemiology approaches have shown the circulation of identical viruses among animals
within the same herds, especially during the occurrence of outbreaks [74]. However, viral strains from
recurrent outbreaks have varied significantly (up to 11%), suggesting the circulation of different
BRSYV viral variants that can persistently infect calves within a herd. In consequence, and because of
intrahost viral evolution, new, highly fit viruses became dominant and spread from a single, or a few,
animals associated with each new outbreak. Alternatively, and based on the high level of diversity
observed between outbreaks, this finding might suggest that BRSV outbreaks are the result of the
introduction of new viral strains into the population [74]. Interestingly, the reduced exposure to new
BRSV strains has been shown to limit the diversity of the circulating BRSV population [12].
Importantly, all aforesaid studies have focus on the nucleotide sequence of the gene coding for the G
protein. While the information obtained from the G protein has been extremely valuable to understand
the landscape and sequence space available to BRSV, the somehow limited sequence information
provided by this region significantly handicaps our capacity to fully characterize viral strains. Future
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studies analyzing longer sections of the BRSV, and possibly the full-length of the viral genome, will
likely provide a more accurate picture of the viral strains circulating worldwide.

Figure 2. Phylogenetic analysis of BRSV genomic regions. Maximum likelihood
phylogenetic trees from the G (A), F (B) and N (C) proteins were generated using
representative strains from each BRSV genotype [50].
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The global molecular epidemiology of BRSV has remained elusive. Only sparse reports addressing
the distribution of BRSV groups are available in the literature. Consequently, the molecular
characterization of BRSV isolates from representative regions of the world is still rather incomplete.
A study conducted in Japan in the early 2000s reported the circulation of strains belonging to subgroup
III. The isolates were further subdivided into two distinctive lineages [76]. Unfortunately, this study
only accounted for a very limited number of isolates, which notably precluded us from fully
understanding the molecular epidemiology of BRSV in the region. More recently, two Brazilian
studies identified a handful of isolates belonging to BRSV group B [37,77]. Likewise, this information
was limited, and the inference of the molecular epidemiology of BRSV in the country was not
possible. Recently, a Swedish report was published describing the molecular epidemiology of BRSV
from recent outbreaks (2007-2011) occurring among 30 different herds [12]. The report highlighted
the circulation of BRSV strains belonging to subgroup II, for the most part, in the southern region of
Sweden. A second study showed that isolates from England are related genetically to U.S. strains. [78].
Thus, both reports suggest that live cattle importation plays an important role in the global molecular
epidemiology of BRSV.

In summary, the study of the molecular epidemiology of BRSV has evolved considerably over the
past two decades. The information generated by the study of the molecular characterization,
phylogenetics and evolution of BRSV strains have broadly advanced our understanding of the
molecular mechanisms controlling virus transmission and disease spread. However, this field requires
extensive research to unveil the means exploited by the virus to attain persistence in a given
population. The establishment of molecular surveillance of BRSV in different geographical regions
will likely improve the identification of outbreaks, resulting in the implementation of preventive
measures aimed to control the disease. The advent of next-generation sequencing platforms on the eve
of the “DNA-sequencing era” could also provide a unique opportunity for the discovery of the
underlying processes responsible for viral replication and survival in the host.

4. Concluding Remarks

BRSV has been recognized as an important cause of respiratory disease in cattle for nearly four
decades. The characteristic heterogeneity of the viral genome and its low fidelity in replication are
some of the most important features that the virus exploits to assure its survival and persistence within
the host. The instability of the viral particle usually leads to unsuccessful attempts to isolate viral
strains in the laboratory from clinical specimens. Consequently, molecular approaches are rapidly
becoming the gold standard for the correct identification and characterization of BRSV in clinical
cases. As result, the field of the molecular epidemiology of BRSV has gained significant strength and
has further enhanced our knowledge about BRSV distribution and transmission patterns worldwide.
The arrival of new and more sophisticated molecular methods, including next-generation sequencing,
will most likely help to unveil the genetic makeup of the circulating viral population in different
geographical regions, as well as the mechanisms on which the virus relies for survival, persistence
and transmission.
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Abstract: We have previously shown that hWMPV G protein (B2 lineage) interacts with
cellular glycosaminoglycans (GAGs). In this study we examined subtypes Al, A2 and
Bl for this interaction. GAG-dependent infectivity of available hMPV strains was
demonstrated using GAG-deficient cells and heparin competition. We expressed the G
protein ectodomains from all strains and analysed these by heparin affinity
chromatography. In contrast to the B2 lineage, neither the A2 or B1 G proteins bound to
heparin. Sequence analysis of these strains indicated that although there was some
homology with the B2 heparin-binding domains, there were less positively charged
residues, providing a likely explanation for the lack of binding. Although sequence
analysis did not demonstrate well defined positively charged domains in G protein of the
Al strain, this protein was able to bind heparin, albeit with a lower affinity than G protein
of the B2 strain. These results indicate diversity in GAG interactions between G proteins of
different lineages and suggest that the GAG-dependency of all strains may be mediated by
interaction with an alternative surface protein, most probably the conserved fusion (F)
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protein. Analysis of both native and recombinant F protein confirmed that F protein binds
heparin, supporting this conclusion.

Keywords: human metapneumovirus (hMPV); Glycosaminoglycan (GAG); G protein;
F protein; infectivity

1. Introduction

Human metapneumovirus (hMPV) is responsible for causing serious respiratory illness, most
commonly in infants and young children, but also in the elderly and immunocompromised patients [1-5].
hMPV is a member of the genus Metapneumovirus within the family Paramyxoviridae. Avian
pnuemovirus is the only other member of this genus [5]. Respiratory syncytial virus (RSV), a member
of the genus Pneumovirus, also within the family Paramyxoviridae, is the most closely related human
pathogen to hMPV and as such they share many of the same symptoms [6-9]. These range from mild
upper respiratory tract disease to severe lower tract diseases such as bronchiolitis and pneumonia [5]
and together, hMPV and RSV, are responsible for at least 50% of all respiratory viral infections
requiring hospitalisation in children [10,11].

hMPV is an enveloped, single stranded, negative-sense RNA virus which contains 3 envelope
glycoproteins, the fusion (F), attachment (G) and the small hydrophobic (SH) protein. It is the
organisation of the genome and the lack of non structural genes which separates hMPV from other
paramyxoviruses, such as RSV [5,8]. Phylogenetic analysis of the nucleotide sequence of several
hMPV genes has shown that h(MPV is divided into two major groups, A and B, both of which can be
further divided into two minor subgroups, 1 and 2 [12-16]. hMPV resembles other members of the
Paramyxoviridae family genetically and morphologically, as determined by electron microscopy [17].

Whilst the fusion protein of hMPV is highly conserved, immunogenic and induces protective
antibodies, the other surface glycoproteins, G and SH, unlike most other Paramyxoviridae, have been
shown to be only weakly or negligibly immunogenic [18-22]. The G protein of hMPV is a type II
membrane protein consisting of extracellular, transmembrane and intracellular domains [8] and is highly
glycosylated [12,23]. It is highly variable, particularly the extracellular domain [13]. This diversity
along with its extensive glycosylation probably aids in its evasion of the immune system [12]. The role
of the G protein has not been fully elucidated, however previous studies indicate that it likely plays a
role in viral attachment [24] and replication [25].

Glycosaminoglycans (GAGs) are linear polysaccharides which are comprised of repeating
disaccharide units. The repeat units of GAGs consist of an amino sugar (N-acetylglucosamine or
N-acetylgalactosamine) and uronic acid (glucuronic or iduronic acid) or galactose which are variably
sulphated, except hyaluronic acid which lacks sulphate groups [26]. They are covalently attached to
core proteins to form proteoglycans which are found in tissue, the extracellular matrix (ECM) and on
the inside and the surface of most cell types [26].
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A number of viruses, including other paramyxoviruses, have been shown to interact with cell
surface GAGs to facilitate cellular attachment and subsequent entry into cells [27-30]. Past studies of
RSV and our previous study of hMPV have shown that infection is markedly or completely inhibited
by the presence of soluble GAGs such as heparin, by removing GAGs from the surface of cells
enzymatically or with the use of GAG deficient cells [24,31,32].

We have shown previously that attachment of hMPYV to cells may be mediated by a G protein-GAG
interaction. This initial work was carried out using G protein of the B2 lineage. Due to the high
variability of G protein between strains we investigated if this is consistent for all A(MPV strains. Using
recombinantly expressed G protein we demonstrated that, other that the B2 strain, only the Al strain
binds to GAGs. By truncating the G proteins of the A1 and B2 subtypes, we have further characterised
the functional domains within each protein involved in these interactions. Furthermore, using hMPV
infected cell lysates and recombinant F protein, we show binding of the F protein to GAGs suggesting
that this protein is also involved in virus attachment to the cell surface, and providing an explanation
for the GAG-dependency of all A\MPV strains.

2. Results and Discussion
2.1. Susceptibility of hMPV Primary Isolates to Inhibition of Infection by Heparin

To date our investigations have focused on G protein from the hMPV B2 strain. To determine if the
infectivity of other strains is also GAG-dependent, we incubated primary isolates of h(MPV A2, B1 and
B2 strains with and without heparin before inoculation of LLC-MK2 cells. Infectivity was determined
using quantitative real time PCR. Primary isolates were used to preclude the possibility that heparin
binding was an adaptation of the virus during cell culture. h(MPV Al strain is not represented in these
experiments as a primary isolate could not be obtained during the specimen collection period. Infection
with all available hMPV strains was markedly or completely inhibited by heparin pre-incubation
(Table 1).

Table 1. Susceptibility of h(MPV primary isolates to inhibition of infection by heparin .

Isolate Subtype Ct value”

Heparin Pre-treated Untreated virus
V47041 B2 Negative 24.1
V52283 A2 30.2 16.6
V50569 Bl Negative 13.1

" LLC-MK2 cells were inoculated with primary isolates of hMPV, +50 IU heparin pre-treatment. Infectivity
was determined by a quantitative real-time RT-PCR for nucleoprotein gene. > Results are represented as a
cycle threshold (Ct) value. Higher or negative Ct values after heparin pretreatment of the virus indicate

reduced viral infectivity.
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2.2. GAG-Deficient CHO Cells Are Resistant to hMPV Infection

As soluble heparin was able to reduce or completely inhibit infection of LLC-MK2 cells, we
examined the ability of the 3 primary isolates to infect CHO-K 1 and CHO-pgsA 745 cells. CHO-pgsA
745 cells lack xylosyltransferase activity and therefore are deficient in cellular GAGs [33]. The
CHO-K1 and CHO-pgsA cells were incubated for 2 weeks with nasopharyngeal aspirates positive for
hMPV by PCR. As the viral titres from CHO cultures were low, the wild type and mutant CHO-K1
cell supernatants were tested for infectious hMPV by subsequent incubation with LLC-MK2 cells
followed by cell ELISA. Infectivity of all three strains, hMPV A2, B1 and B2, was dependent on
GAGs as GAG deficient CHO-K1 cells had negligible evidence of infection (Figure 1).

Figure 1. Primary isolates of hMPV utilise GAGs to mediate infection. CHO-K1 and
CHO-pgsA 745 cells were inoculated with hMPV PCR positive nasopharyngeal aspirates.
LLC-MK?2 cells were inoculated with the CHO cell supernatants and infectivity determined
by cell ELISA using a hMPV matrix protein mAb. Data represent mean values + SD of
triplicate wells.

0.9 1

0.8 A
0.7 B CHO-K1
FICHO-pgsA 745

OD 490 nm

V47041 V52283 V50569
B2 A2 B1

hMPV strain

2.3. Binding of hMPV G Glycoprotein to Immobilised Heparin

Previous studies carried out in our laboratory demonstrated the binding of G protein of hMPV B2
strain to cellular GAGs [24]. To determine if this is consistent for all strains of hMPV, we expressed
the extracellular domain of the G protein for the A1, A2 and BI strains in the yeast Pichia pastoris
X33. The recombinant B1 G protein migrated at an apparent molecular weight of 60 kDa which is
comparable to the recombinant B2 ectodomain, however the apparent molecular weights for the Al
and A2 protein migration were 100 kDa and 75 kDa, respectively (Figure 2). The purified recombinant
proteins were applied to heparin agarose columns and after extensive washing were eluted with a
stepwise salt gradient. The recombinant G ectodomains of hMPV strains B2 and Al bound to the
heparin column while strains A2 and B1 did not (Figure 2). The recombinant hMPV B2 G protein
appears to have a higher affinity for heparin than the recombinant hMPV A1 G protein as it requires a
higher salt concentration for elution.
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Figure 2. Heparin agarose affinity chromatography of recombinant G ectodomain for Al,
A2, Bl and B2 hMPV strains. The start (S), flow through (FT), final wash (W) and salt
elution fractions were analyzed by 10% SDS-PAGE under reducing conditions and
western blot analysis using anti-c-Myc monoclonal antibody. Al, A2, Bl and B2 indicate
the strain type.
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2.4. Functional Domains in hMPV G Al Protein Involved in GAG Interactions

We have previously identified 2 adjacent regions of highly charged amino acids within the
extracellular region of the B2 G protein which are important for heparin binding [24]. These domains
are less well defined in other hMPV strains (Figure 3) and certainly appear to be lacking in the Al and
B1 strains. Despite this, the Al strain G protein still interacts with heparin, perhaps due to the high
number of positively charged residues adjacent to this region.

To identify the regions of Al strain G protein involved in binding to heparin, we constructed 8
fragments of the hMPV G Al ectodomain (Figure 4a), particularly targeting the region previously
shown to be important for binding in hMPV G B2 strain (Figure 4b). These recombinant truncations
migrated at sizes on SDS PAGE which varied depending on the length of the hMPV G (A1) fragment
expressed. The purified hMPV G Al fragments were applied to a heparin agarose column and
following extensive washing were eluted with a stepwise salt gradient. h\MPV-G Al F3 and F4, but
none of the other fragments, bound to heparin agarose (Figure 5, some data not shown). hMPV-G Al
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F4 (residues 93—142 of the extracellular domain) is the smallest fragment which binds heparin. A
smaller fragment, hMPV-G Al F6 (residues 108-142), was unable to bind heparin, which indicates
that residues 93—108 are crucial for the interaction of h(MPV-G A1l F4 with heparin. However, since
the non-binding hMPV-G A1 F2 (residues 1-115) also incorporates residues 93—108, there must be
additional residues required for the heparin-G protein interaction between residues 115 and 142. These
results indicate that the region of GAG binding in hMPV G Al is similar to that identified in hMPV G
B2 despite the fact that there are no well defined positively charged clusters in this protein.

Figure 3. Comparison of the predicted amino acid sequence for representatives of each
strain of hMPV G protein (residues 98—136/137/142 of the extracellular domain). Strains
are shown in blue and number of positively charged residues (shown in red in the
sequence) is indicated in green at the end of each sequence. The yellow highlights in the
B2 sequence indicate the previously identified heparin binding domains [24].

Al 98 TKNNPRTSSR------ TRSPPRATTRSVRRTTTLHTSSIRKRPPT 136 11
A2 98 EKKPTGATTK----- KEKETTTRTTSTAATQTLNTTNQTSNGREA 137 7
Bl 98 IRNNLSTASS------ TQSSPRAATKAIRRATTFRMSSTGRRPTT 136 8

B2 98 EKKKTRATTQRRGKGKENTNQTTSTAATQTTNTTNQIRNASETIT 142 ©

Figure 4. A schematic diagram of recombinant h(MPV G protein from (a) the A1 strain and
the fragments produced and (b) the B2 strain. h(MPV-G Al F1, F2, F3, F4, F5, F6, F7 and
F8 indicate the 8 fragments of hMPV G Al strain that were engineered. The sequence of
the smallest fragment that binds to heparin (hMPV-G Al F4) is shown with the positively
charged residues in red. The red boxes represent the clusters of positively charged amino
acids that are considered potential heparin binding sites.
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Figure 5. Heparin agarose affinity chromatography of recombinant F2, F3, F4, and F6
fragments of the hMPV G Al strain ectodomain. The start (S), flow through (FT), final
wash (W) and salt elution fractions were analysed by 10%—-14% SDS-PAGE under
reducing conditions and western blot analysis using anti-c-Myc MAD.
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2.5. Binding of hMPV F Protein to Immobilised Heparin

The results of the infection experiments indicate that infection with the available strains of hMPV is
dependent on the presence of GAGs; however not all of the hMPV G recombinant proteins bind to
immobilised heparin (Figure 2). This implies that there are interactions occurring between GAGs and
other surface exposed proteins on hMPV. An alternative to the attachment (G) protein is the fusion (F)
protein which is highly conserved across all strains of hMPV. Fusion protein binding to GAGs was
demonstrated by incubating hMPV infected cell lysates with heparin agarose and elution with salt
(Figure 6). Both the precursor F protein, Fy, and the biologically active cleaved F; protein bound to
heparin. No proteins were detected when uninfected cell lysate was subjected to heparin affinity
precipitation (Figure 6).

Figure 6. Binding of native hMPV F protein to heparin. Start material (ST), flow through
(FT), wash (W) and 2M NaCl elution (E) fractions were analysed by 10% SDS-PAGE
under reducing conditions and western blot analysis using anti-hMPV F antibody. Arrows
indicate bands corresponding to the predicted sizes of full length precursor hMPV-F (Fy)
and the cleavage fragment hMPV F;. Molecular weight markers are shown in kDa.
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ST FT W E ST FT W E
75 _]
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50
- - ‘_F1
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Additionally, the extracellular domain of F protein was cloned and expressed in a mammalian
expression system. This resulted in a recombinant protein which migrated on SDS PAGE according to
the predicted molecular weight of the uncleaved precursor form (Fy). Binding of soluble recombinant F
protein to GAGs was investigated by heparin affinity chromatography. Recombinant h(MPV-F protein
bound to heparin with high affinity as demonstrated by protein elution with a high salt concentration
(Figure 7).
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Figure 7. Heparin agarose affinity chromotography of recombinant soluble hMPV-F
protein. Start material (ST), flow through (FT), wash (W) and elution (E) fractions, with
0.5M NaCl (E1 & E2), IM NaCl (E3 & E4) and 1.5M NaCl (E5 & E6), were analysed by
10% SDS-PAGE under reducing conditions and western blot analysis using anti-hMPV F
antibody. Molecular weight markers are shown in kDa.
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3. Experimental Section
3.1. Cells and Viruses

The rhesus monkey kidney cells (LLC-MK2) and the human epithelial tumour cell line (HEp-2)
were grown in medium 199 (Invitrogen, Carlsbad, CA, USA) supplemented with 10% foetal bovine
serum (FBS). Wild type Chinese hamster ovary cells (CHO-K1) and GAG-deficient CHO-pgsA745
cells [33] were grown in Hams F12 medium (Invitrogen) supplemented with 10% FBS.

The A2 (V52283), B1 (V50569) and B2 (V47041) strains of hMPV were isolated from clinical
samples by the Virology Laboratory, Flinders Medical Centre (FMC). These samples were positive
only for hMPV and were not coinfected with influenza A, influenza B, RSV, adenovirus or
parainfluenza 1, 2 or 3. Stocks of hMPV were prepared by inoculating LLC-MK2 cells with the hMPV
strains and incubating for 14 to 21 days at 37 °C in 5% CO,. Stocks were stored at—70 °C until use.
RNA extracted from the hMPV Al strain was kindly provided to us by Dr. I. Mackay (Queensland
Paediatric Infectious Diseases Laboratory, Sir Albert Sakzewski Virus Research Centre, Royal
Children’s Hospital, Queensland, Australia). hMPV strain subtyping was based on the Ishiguro
classification [14].

3.2. Heparin Inhibition of hMPYV Infection

Primary isolates of hMPV, A2, Bl and B2 strains (A1 was not available as it was not detected in
South Australia during the collection period for these isolates), were pre-treated with or without
heparin (50 IU/mL heparin) at 37 °C for 30 min before inoculation of LLC-MK2 cells. The cultures



143

were incubated for 14 days with the maintenance medium changed every 3 days. Infectivity was
determined after 14 days by a quantitative real-time RT-PCR for a 163 bp region of the nucleoprotein
gene of hMPV [34]. Viral RNA extracted from the cultures was reverse transcribed using 50 U
MMLYV reverse transcriptase and 1 pM NL-N-reverse following the manufacturer’s protocol. Five uL.
cDNA was amplified using a Rotor Gene RG-3000 (Corbett Research, Sydney, Australia) in a 25 pL
reaction containing 1 x PCR buffer, 5 mM MgCl,, 200 pM dNTPs, 0.4 pM NL-N-forward, 0.2 uM
NL-N-reverse, 0.1 uM NL-N-probe and 0.75 U HotStar Taq polymerase (QIAGEN) with a 15 min Taq
activation at 95 °C followed by 55 cycles of 10 s at 95 °C, 15 s at 55 °C and 15 s at 72 °C.

3.3. GAG Dependence of hMPV Primary Isolates

CHO-K1 and CHO-pgsA cells were incubated with 200 pL of the primary hMPV isolates for
strains A2, Bl and B2 in 1 mL CHO maintenance medium in 14 mL conical tubes (Cellstar, Greiner
Bio-one, Frickenhausen, Germany) at 37 °C, 5% CO, for 14 days with the medium changed every
3 days. Two hundred microlitres of the culture supernatants, collected on day 14, were used to
inoculate LLC-MK2 cells in 96 well tissue culture plates (Linbro, ICN Biomedicals, Aurora, OH,
USA). After incubation for 2 h in 37 °C, 5% CO; the inoculum was replaced with 200 pL maintenance
medium and incubated for 7 days at 37 °C, 5% COa.

Infectivity was assessed using a cell based enzyme linked immunosorbent assay (ELISA) [24].
Briefly, confluent monolayers of Hep-2 cells in 96 well plates were inoculated with day 7 LLC-MK2
cell supernatants and incubated for 2 h at 37 °C, 5% CO,. Unbound virus was removed by washing
with medium 199 and the cells were cultured in medium 199 containing 1 pg/mL trypsin at 37 °C,
5% CO,. After 48 h the cells were fixed with 1% paraformaldehyde in phosphate buffered saline
(PBS) for 30 min at room temperature. Cells were washed twice with PBS, permeabilised with 0.02%
Triton X-100/PBS for 30 min at 4 °C and then washed twice with PBS. The cells were blocked with
5% skim milk/PBS for 1 h before incubation with 1/320 (v/v) hMPV matrix protein monoclonal
antibody (Chemicon, Temecula, CA, USA) in 0.5% Tween 20/PBS followed by 1/10,000 (v/v)
horseradish peroxidase (HRP) conjugated sheep anti-mouse immunoglobulin G (Chemicon) in 0.5%
Tween 20/PBS. All incubations were 1 h at 37 °C and the wells were washed four times with PBS
after each step. The wells were developed by incubating with O-phenylenediamine substrate (Sigma,
St. Louis, MO, USA) for 30 min. Reactions were stopped with 1N H,SO, and the absorbance at 490 nm
was determined. Wells were inoculated in triplicate and each experiment carried out at least twice.

3.4. Construction and Expression of Recombinant hMPV G Proteins

The ectodomains of A1, A2 and B1 were cloned and expressed for this study using similar methods
as that described for the construction and expression of the extracellular domain of the G protein of
the B2 strain of hMPV [24]. Briefly, RNA was extracted from hMPV (subtype A2 and B1) infected
LLC-MK2 cells using the QIAamp Viral RNA purification kit (QIAGEN, Hilden, Germany) following
the manufacturer’s protocol. cDNA was synthesised using 500 uM GBI1R or GA2R, as appropriate, or
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50 ng random primer (Promega, Madison, WI, USA) for the Al strain, using 200 U Moloney murine
leukaemia virus (MMLV) reverse transcriptase (Invitrogen) according to the manufacturer’s
conditions. The ectodomain of hMPV G protein was amplified using 0.8 puM forward and reverse
primers (Table 2) for individual strains of hMPV or the region of the G protein to be expressed. PCR
was carried out in a reaction containing 1 x PCR buffer, 1 x Q-Solution, 1.5 mM MgCl,, 400 uM
dNTPs and 0.75 U HotStar Taq Polymerase (QIAGEN) and 5 pL ¢cDNA. Forward and reverse primers
incorporated restriction sites compatible with those in the multiple cloning site of the pPICZaA
plasmid (Invitrogen) as underlined in Table 2. This allowed cloning of the PCR products downstream
of the yeast o factor signal sequence, resulting in the secretion of the expressed protein into the growth
medium. The PCR products were cloned in frame with the C-terminal tags, c-Myc and 6 x HIS, for
ease of detection and purification. Following transformation into Pichia pastoris X33 yeast, expression
of the soluble recombinant protein was induced with methanol over 3—4 days. The hMPV G proteins
were purified using immobilised metal affinity chromatography (IMAC) over HP fast flow chelating
columns (GE Life Sciences, Uppsala, Sweden) loaded with nickel chloride. The sequence of each
construct was verified prior to transformation into P. pastoris X33.

Table 2. Primers used to amplify the extracellular region of the hMPV strains Al, A2, Bl
and B2, hMPV-G Al strain fragments and the hMPV F extracellular region. Restriction
sites incorporated for ease of cloning are underlined; EcoRI (GAATTC), Mlul (ACGCGT)
and Xbal (TCTAGA). Bases incorporated to remain in frame with the C-terminal tags are
shown in italics.

Primer Name  hMPV Strains  Primer Sequence

GB2F B2 5-GGGGAATTCGATCATGCAACATTAAGAAACATG-3'
GB2R B2 5'-GGGTCTAGAGCTCCTGCACCTCYCCGTGCAT-3'
GBI1F B1 5'-AGAATTCGAATCAGAACATCACACCAG-3'

GBIR B1 5-ATCTAGAGCTGTGCTTGCAGATGCCTG-3'

GA2F A2 5S-AGAATTCGATTATGCAACATTAAAAAACATG-3'
GA2R A2 5'-ATCTAGAGCACTACTTAGAGAAGATGTGTC-3'
GAIF Al 5'-AGAATTCAACTATAMAATGCAARAAAACTCCGA-3'
GAIR Al S"TTCTAGAGCACTAGTTTGGTTGTATGTTGTTGA-3'
GAIF2 Al 5'-AGAATTCAGCCCAGCAGTCCACACAAAAAAC-3
GAIR1 Al 5-TTCTAGATCGACTGCTGGGCTTGTCTTTGTTC-3'
GAI1R2 Al 5-TTCTAGATCTGTTGTTGCCCGTGGTGGGGAAC-3'
GAI1F3 Al 5'-AGAATTCGACAGCAGCGCAACAATCC-3'

GAI1F4 Al 5'-AGAATTCACACGTTCCCCACCACG-3'

GAIF5 Al 5'-AGAATTCCTCCACACAAGCAGCATAAG-3'

GA1R4 Al 5-TTCTAGAGCGTCTGGTTGGGCTGATGC-3'
FMPV-for B2 5-GGGACGCGTCTTAAAGAGAGCTAYYTAGAAG-3'

FMPV-r2B B2 5'-GGGTCTAGAGCRCCAGTGTTTCCTTTTTCTGC-3'
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3.5. Heparin Agarose Affinity Chromatography

Heparin agarose chromatography was carried out in 50 mM sodium phosphate buffer pH 7.4 (PB)
using 1 mL heparin agarose columns (Pierce Chemical Corporation, Rockford, IL, USA and Sigma).
Recombinant proteins were dialysed into phosphate buffer overnight and then passed over the
column 4-6 times. The columns were extensively washed with phosphate buffer and then eluted in a
step-wise NaCl gradient. Start, flow-through, wash and elutions were all analysed using SDS-PAGE
and western blotting.

3.6. Detection of hMPV G Protein by Western Blot

Proteins were separated by 10%—14% SDS PAGE (depending on the expected size of the protein)
under reducing conditions and transferred onto Amersham™ Hybond™-ECL membrane (GE Healthcare).
Membranes were blocked with 5% skim milk/PBS and incubated with 1/5 (v/v) anti-c-Myc
monoclonal antibody (from in-house hybridoma cell line 9E10) followed by 1/2,000 (v/v) HRP
conjugated sheep anti-mouse immunoglobulin G. The proteins were visualised using enhanced
chemiluminescence (ECL).

3.7. Heparin Binding Studies Using hMPYV Infected Cell Lysates

Monolayers of LLC-MK2 cells were infected with hMPV (over 10 days) or virus/Chlamydia
transport medium (VCTM), as a “mock” inoculum control. Cells were washed twice with PBS and
lysed with 250 uL 60 mM n-octyl B-B-glucopyranoside (Sigma), 1 x protease inhibitor cocktail tablet
(Roche, Mannheim, Germany) in PBS. After 20 min on ice, cell debris was removed by centrifugation
at 13,000 x g for 15 min at 4 °C and the supernatant collected. Infected and uninfected cell lysates
were diluted 1:2 (v/v) in PB and incubated with heparin agarose, washed and eluted with salt.
Fractions were analysed by SDS-PAGE and western blotting.

3.8. Detection of hMPV F Protein by Western Blot

Proteins were separated by 10% SDS PAGE under reducing conditions and transferred onto
Amersham™ Hybond™-ECL membrane. Membranes were blocked with 5% skim milk/PBS and
incubated with 1/2,000 (v/v) hamster polyclonal anti-hMPV F antibody (MedImmune, Gaithersburg,
MD, USA) followed by 1/2,000 (v/v) HRP conjugated goat anti-Armenian hamster immunoglobulin
(Rockland Immunochemicals, Gilbertsville, PA, USA). The proteins were visualised using ECL.

3.9. Construction and Expression of hMPV F Protein

The extracellular domain of the F gene of hMPV (B2 strain) was amplified as described previously
using the primers shown in Table 2 and amplification conditions as described for amplification of
hMPV G protein. The PCR product was cloned into the mammalian expression vector, BSRoEN [35]
downstream of the factor H (fH) signal sequence. The hMPV F/BSRoEN construct was verified by



146

sequencing. CHO-K1 cells were transiently transfected with hMPV F/BSRoEN using Lipofectamine
2000 (Invitrogen) then grown in OPTI-MEM (Invitrogen) for 72 h. Supernatant was harvested and
analysed for protein expression using SDS PAGE and western blotting with anti-hMPV F antibody.

4. Conclusions

In this study we investigated whether sequence variability between different strains of hMPV G
protein would affect the ability of their attachment proteins to interact with GAGs. Although infection
with all strains tested (A2, B1 and B2) was inhibited by soluble heparin and required cell surface
GAGs for infection, only recombinant G proteins from the Al and B2 strains bound heparin agarose.
Some viruses, including Sindbis and Ross River virus have been shown to adapt during cell culture to
bind to heparin [36-38]. Sequence analysis of these serially cultured viruses, show the introduction of
amino acid substitutions which are likely to create heparin binding domains to better adapt to cell
culture and to expand the host range of the viruses. However, this may abrogate the ability of these
viruses to retain their pathogenicity as has been shown in culture-adapted Sindbis virus [38]. We
confirmed that the GAG dependency of each hMPYV strain was not an artifact of serial cell culture
passage by using non-passaged primary isolates for these experiments and also by sequencing the G
gene of a series of primary isolates (data not shown).

We observed differences in the apparent molecular weight of the G proteins expressed for each
strain. The proteins expressed for the B1 and B2 strains migrated on SDS PAGE at apparent molecular
weights of approximately 60 kDa and 50 kDa, respectively, however Al and A2 recombinant G
protein migrated at approximately 100 kDa and 75 kDa, respectively. This could be due to varying
lengths of the hMPV G ectodomains expressed and/or differences in glycosylation between strains. It
has been demonstrated that differential glycosylation of RSV G protein, dependent on the cell line of
origin, results in changes in electrophoretic mobility on SDS PAGE [39]. Yeast expression systems,
such as Saccharomyces cerevisiae, are known to hyperglycosylate secreted proteins, however this is
less likely in glycoproteins expressed by Pichia pastoris which are thought to resemble those of higher
eukaryotes [40].

The interactions between hMPV G protein and GAGs are most likely mediated by electrostatic
interactions between positively charged residues in the G ectodomain and negatively charged sulphates
on the GAGs rather than at specific recognition sites. It appears from our results that h\MPV B2 G
protein has a higher affinity for heparin than hMPV Al G protein. This could be due to the availability
of positively charged residues on the protein surface after folding, the number of positively charged
residues or the spacing of the residues. The conformation of Kaposi’s sarcoma-associated herpesvirus
complement control protein (KCP) is important in the formation of a strong positive patch on the KCP
which is then available to bind to heparin. Using docking simulations, Mark et al. [41] showed that the
extended conformation of this protein presented a more favourable docking site than could be found in
the bent conformation. Differences in conformation of the G protein in each strain, due to high
sequence variability, may explain the reduced affinity for heparin of hMPV A1 G protein compared to
G protein of the B2 strain. To investigate regions of positively charged residues we produced a series
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of truncations of hMPV G (A1) strain which were tested for binding to heparin agarose. The results
indicated a region between residues 93 and 142 may be responsible for G protein-GAG interactions.
This domain contained a greater concentration of positively charged residues and is not dissimilar to
the region identified for the B2 strain [24]. When the amino acid sequence of G protein from each
hMPYV strain is compared (Figure 3), GAG-binding strains had a higher number of positively charged
residues in the tentative binding region (residues 98-136/137/142). The increased affinity of the G
protein of the B2 strain is probably not due to the total number of positively charged residues, as the
Al strain has more in this region, but more likely the clustering of the residues seen in the B2 strain.
Consensus motifs, XBBXBX, XBBBXXBX and TXXBXXTBXXXTBB (where B is the probability
of basic residues, X is an uncharged hydrophobic residue and T is an amino acid in a turn) have been
proposed [42,43] to mediate GAG recognition however these do not hold true for every heparin
binding protein, including factor H. This suggests that the orientation and spacing of amino acids, as
described by Margalit et al. [44], and the local absence of a negative charge are important. Although it
is apparent from our previous study [24] that h(MPV infection is inhibited by a wide range of GAGs,
other viruses, such as RSV, Dengue virus and yellow fever virus, have a far more limited repertoire of
cell surface GAGs [45,46]. It may be possible that different strains of hMPV are also this
discriminatory and hence do not bind heparin, although our infection experiments suggest that this is
unlikely. A complex interaction between the number and clustering of charged residues is ultimately
likely to determine GAG-binding characteristics. Further mutagenesis of the Al strain or engineering
additional positively charged residues into this region within the non-binding strains may provide a
greater insight into the residues involved.

We have shown that the dependency of hMPV infection on GAGs is not explained by a common
interaction of G protein with GAGs. There is debate that the G protein of hMPV is not essential for
virus infectivity. Replication of a mutant hMPV virus which was lacking the G protein was shown to be
as efficient in cell culture as wild type virus, however replication in vivo was markedly reduced [25,47].
Similarly this has been investigated for RSV [48]; however the effect of deleting RSV G protein
appears to be cell specific [49] and replication of mutant RSV in the respiratory tract of mice is highly
restricted. We have shown in this study, and previously, that both hMPV infectivity and G protein
binding can be mediated by GAGs, however it is unlikely that the mechanism of infection is solely
reliant on the ability of G protein to bind GAGs. There is evidence that some viruses recognise more
than one receptor to gain entry to target host cells [50,51]. Wickham ez al. [51] described the use of
multiple receptors in adenovirus which firstly binds to the cell with a high affinity interaction through
the fibre protein and then to integrins via RGD sequences present in the penton base. Another example
is the cascade of interactions involved in the entry of HSV into cells which involves several virion
glycoproteins, some of which interact with heparin sulphate [52—57]. Our results indicate a mechanism
similar to that described for adenovirus. The inhibition of infection of the two strains not shown to
bind heparin agarose via their attachment proteins, can be explained by the ability of the highly
conserved F protein to bind to heparin. We showed that F protein, either in its native form, as part of a
hMPYV infected cell lysate, or expressed recombinantly, was able to bind to heparin with high affinity.
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This indicates that the GAG dependency of all hMPV strains for infectivity may be mediated by
F protein-GAG interactions. These results have recently been confirmed by Chang et al. [58]
who demonstrated that interactions between the hMPV F protein (of the A2 subtype) and the
glycosaminoglycan heparan sulphate was essential for efficient binding of virus to cell surfaces and is
most likely the initial step in virus binding and infection. Virus attachment and entry appears to require
a combination of GAG binding with, or as a precursor to, other interactions, including integrin
binding. Recently an integrin binding recognition Arg-Gly-Asp (RGD) sequence was identified in the
F protein of hMPV which is conserved across all strains [19]. The F protein was shown to interact with
the integrin avpl and this was suggested as a potential route for viral entry. Subsequently the same
group has demonstrated that F protein not only binds avp1 but will interact with a range of integrins
known to bind RGD sequences [59]. Although not essential for virus attachment the interaction
between the fusion protein and integrins is critical for efficient infection [58,59].

It is still unclear as to whether the binding of hMPV to GAGs is specific, however it is more likely
due to non-specific electrostatic interactions and may represent the first step in a multivalent receptor
process. In summary, we have shown that diversity exists in GAG binding amongst hMPV G protein
lineages and that there is a high affinity interaction between GAGs and the hMPV fusion protein
which could explain the dependency of hMPV on glycosaminoglycans.
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Abstract: In this review we propose a partially hypothetical model of respiratory syncytial
virus (RSV) binding and entry to the cell that includes the recently discovered RSV
receptor nucleolin, in an attempt to stimulate further inquiry in this research area. RSV
binding and entry is likely to be a two-step process, the first involving the attachment of
the virus to the cell membrane, which may be enhanced by electrostatic interactions with
cellular glycoproteins/heparin and the viral G protein, and the second involving fusion to
the cell membrane mediated by the viral F protein and a specific cellular fusion receptor.
With our recent discovery of nucleolin as a functional fusion receptor for RSV, comes the
possibility of a number of new approaches to the development of novel strategies for RSV
prophylaxis and therapy, as well as raising some new questions concerning the
pathobiology of RSV infection and tropism.

Keywords: RSV; nucleolin; receptor

1. Introduction

Human respiratory syncytial virus (RSV) is found ubiquitously and a major cause of acute lower
respiratory tract infections in children leading to hospitalization and occasionally death [1]. RSV also
causes disease in adults, particularly in the elderly and in the immunocompromised [2]. Treatment and
prophylaxis, given primarily to infants, are limited to Ribavirin and Palivizumab, respectively [2].
RSV is a negative-polarity, enveloped, single-stranded RNA virus from the Paramyxoviridae family.
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The viral genome encodes 11 proteins, three of which, small hydrophobic (SH), glycoprotein (G) and
fusion (F) contribute to the viral coat. In spite of the fact that the virus was discovered in 1956, a safe,
effective vaccine for RSV has remained elusive [3].

In this article we discuss aspects related to the discovery of nucleolin as a functional fusion receptor
for RSV and propose a revised model for RSV fusion at the cell surface that incorporates nucleolin.
Also, we discuss the implications this discovery has on the pathobiology of RSV infections and the
development of novel prophylactic and therapeutic strategies.

2. Viral Envelope Proteins and Fusion

In order to understand attachment and fusion/entry into cells it is crucial to determine which viral
envelope protein(s) are involved and what are their corresponding cellular ligands. The RSV G protein
is a heterogeneous glycoprotein that defines the two subtypes of RSV (A and B). Besides its role in
attachment of virus to the cell surface, the RSV G protein also helps the virus to elude the host
immune system by mimicking cellular cytokines and through shedding [4]. Fusion of the virus to the
cell membrane as well as the formation of syncytia, the characteristic cytopathic effect of RSV, is
mediated by the viral F protein. The F protein unlike the G protein is homologous to both subtypes of
RSV. SH, the remaining viral envelope protein, is not required for RSV attachment or entry [5].

As will be discussed in further detail below, we propose that RSV binding and entry into cells is
likely to be at least a two-step process: first, attachment of the virus to the cell membrane mediated by
electrostatic interactions with cellular glycoproteins/heparin and the viral G protein, and secondly,
fusion to the cell membrane mediated by the viral F protein and a specific cellular fusion receptor.

3. Defining a Functional RSV Receptor

Molecules proposed to be the “RSV receptor” include intercellular adhesion molecule
(ICAM)-1 [6], heparin [7], annexin II [8], toll-like receptor (TLR) 4 [9] and fractalkine (CX3CL1)
receptor, CX3CR1 [10]. Prior to the discovery of nucleolin as a functional receptor of RSV, no
candidate receptor molecule met all of the following criteria of being a functional receptor, including:
(i) decreased infection through antibody neutralization, competition with soluble candidate receptor
molecule or decreased receptor expression through RNA interference; (ii) increased infection of
non-permissive cells after ectopic expression of the candidate receptor molecule on the cell
surface [11]. Despite a lack of definitive validation of these various candidate receptor molecules by
all of the above criteria to date, one or more of them could function as co-receptors or co-factors for
RSV and nucleolin.

Binding of viral G protein in an electrostatic fashion to the cell surface may be the first step in
efficient viral attachment prior to fusion via nucleolin. Heparin, for example, binds the RSV G
protein [7] on HEp-2 cells, however it turns out that human airway epithelium does not express
heparin on the apical surface, the site of RSV attachment and cellular entry [12]. Thus the binding to
heparin by the G protein may simply serve to demonstrate that the G protein has a general affinity for



156

negatively charged carbohydrates on the cell surface. Further, mutant forms of RSV that lack the G
protein (RSVAG) are capable of causing productive infections, albeit at much lower efficiency than
wild-type RSV [13].

The RSV F protein is necessary for infection, as mutant RSV lacking F protein (RSVAF) cannot
infect cells on its own but rather requires a helper virus to gain entry into cells [14]. In contrast to RSV
G, the F protein has a list of much more specific protein interactions. One example of such a protein
interaction is RSV-F protein with intercellular adhesion molecule (ICAM)-1 expressed on the cell
surface. Although it has not been definitively shown to be essential for viral fusion, ICAM-1 has been
reported to bind the F protein and may as such still have a role in fusion [6]. Importantly, despite the
apparently greater specificity of RSV F-protein interactions vs. RSV G, one must exercise caution over
RSV F-protein interactions, as Toll-like receptor (TLR) 4 binds the purified RSV F protein, yet has no
effect on viral infectivity in cell culture [9].

4. Nucleolin: A Functional Fusion Receptor of RSV [15]
4.1. Identifying Nucleolin as a Ligand of Intact RSV

To search for candidate RSV receptor molecules, we performed a number of preliminary
experiments in which cell cultures from numerous mammalian species were treated with enzymes of
cell surface components (protein, lipid, carbohydrate) and effects of enzyme pre-treatment on
subsequent RSV infection were quantified. Results showed that pre-treatment of cells with trypsin, a
protease, resulted in lower RSV infection than occurred in cells that did not undergo enzyme
treatment, without affecting cell viability. These findings provided the rationale to use a Virus Overlay
Protein Binding Assay (VOPBA) to identify candidate RSV receptor molecules [16]. VOPBA is
essentially a modified Western blot where the virus substitutes for the primary antibody and is then
detected with a virus-specific secondary. In protein extracts from various mammalian cell lines and
numerous RSV isolates (including both laboratory-adapted and community strains of RSV A and RSV
B), we reproducibly identified a VOPBA signal of approximately 100 kDa. As one would expect, a
number of “hits” were obtained by mass spectrometry of this 100 kDa band, but nucleolin was the
most consistent, being found in every extract and viral isolate tested, and it also satisfied the
requirement of being found at the cell surface [17,18]. As noted above, RSV F and G are the envelope
proteins primarily involved in cell surface binding. To determine if nucleolin binds to RSV F or G,
immunoprecipitations (IPs) were performed. Nucleolin co-precipitated only with the viral F protein in
every instance tested. Addition of excess heparin to the IPs did not interfere with the nucleolin-protein
F interactions in IPs although we also saw, as have others, a decrease in RSV infection in vitro [13].

The biological plausibility of RSV-nucleolin interaction in infection was confirmed in vitro and
in vivo through a series of experiments that included: visualization of RSV-nucleolin co-localization
on the cell surface by use of confocal fluorescence microscopy; decreased RSV infection of cells
pre-treated with nucleolin-specific antibody and when cellular nucleolin expression was silenced by
use of RNA interference, or when virus was incubated with soluble recombinant nucleolin prior to
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being added to cell cultures; increased RSV infection of a non-permissive cell type (Sf9) [36] that had
been transfected with the human nucleolin gene and which showed ectopic expression of human
nucleolin protein on the cell surface; decreased RSV infection of mouse lung, in animals that were
pre-treated with short-interfering RNA of mouse nucleolin, delivered intranasally prior to RSV challenge.

4.2. Nucleolin: Brief Overview

First described in 1973, nucleolin is a multifunction protein that is found throughout the cell but it is
primarily localized within the nucleolus, contributing up to 10% of the total protein in that
compartment [19,20]. Although its predicted molecular weight is 77-78 kDa (depending on the
species), its relative molecular mobility in SDS-PAGE is 100-110 kDa [21], due to highly
phosphorylated amino acids of the N-terminus [22]. Nucleolin has been shown to be more stable in
proliferating cells due to inhibition of an auto-proteolytic activity more prominently found in quiescent
cells [23]. Nucleolin is involved in diverse biological processes including cell proliferation, growth,
cytokinesis, replication, embryogenesis and nucleogenesis and is considered necessary for cell survival
and proliferation [24].

Nucleolin has a very high degree of evolutionary conservation [25] and can be divided into three
structural/functional domains: (i) multiple acidic stretches in the N-terminus; (ii) multiple RNA
recognition motifs (RRMs) in the central portion and (iii) a glycine/arginine rich domain in the
C-terminal portion [21]. Although nucleolin is typically thought of first and foremost as an
intranuclear protein [25], there is abundant evidence that it can also be found within the cytoplasm and
on the cell surface and may play the role of a “molecular shuttle” between these compartments [24,26].
Nucleolin has a bipartite nuclear localization signal whose function is regulated by phosphorylation [27].
The actin cytoskeleton modulates the entry of substances via nucleolin into the cytoplasm [28]. The
half-life of cell surface nucleolin is less than one hour and its expression is very sensitive to inhibition
of transcription/translation, unlike nuclear nucleolin that has a half-life greater than eight hours [26].

In contrast to other cell surface proteins, nucleolin does not have a transmembrane domain or a
glycosylphosphatidyl-inositol (GPI) anchor [26]; instead, nucleolin exists on the cell surface as part of
a 500 kDa protein complex that includes other membrane proteins [29]. Nucleolin functions as a
receptor for a number of different molecules including DNA nanoparticles [30], apoB/E-containing
lipoproteins, laminin-1, viruses (see below) [24] and bacteria [31,32].

Nucleolin also plays a role in viral replication and intracellular trafficking of viral components.
For example nucleolin is required for HSV-1 DNA replication [33] and also for trafficking of the viral
protein US11 out of the nucleus [34]. It also has been shown to bind the RNA-dependent RNA
polymerase of HCV (NS5B) [35]. In HCMV nucleolin helps to maintain the architecture of viral
replication compartments [36]. Similarly, nucleolin has been shown to bind the 3’ untranslated regions
and protease-polymerase NS6/7 of feline calicivirus again having a role in viral replication [37].
That these roles in viral replication and trafficking are connected to nucleolin’s role as a viral receptor
has yet to be determined.
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5. A New Model for RSV Fusion/Entry

In light of our findings of expression of cell surface nucleolin being sufficient for RSV infection, a
revised model for RSV fusion can be generated. The present models for RSV fusion are in part
inferred by analogy to data obtained for other enveloped viruses, particularly influenza virus [38,39].
The RSV F protein initially exists in a pre-fusion state that then undergoes conformational changes to
a post-fusion form upon binding to receptor molecules expressed on the cell surface [31].
Current models reflect the fact that comparatively little is known about receptors or other factors
involved in RSV fusion, and what triggers the conformational changes in the RSV F protein required
for fusion. What seems evident from the results of our experiments is that nucleolin can allow this
event to occur. We propose a model were nucleolin binds the pre-fusion conformation of the F protein
possibly priming transition to the “extended” intermediate conformation [39]. Evidence that it is the
pre-fusion form of RSV F that binds nucleolin is provided by results of our VOPBA experiments, in
which live virus was shown to specifically bind nucleolin immobilized on a membrane in the absence
of any cells [13]. It follows that this interaction would be with the pre-fusion conformation of the
F protein, as “triggering” has not yet occurred. Furthermore, in so-called “competition” experiments in
which RSV was incubated with soluble, recombinant nucleolin prior to being added to cell cultures,
this state involved exogenous nucleolin saturating F protein binding sites in a pre-fusion state, since
there were no cells present during this incubation step.

In our proposed model (Figure 1A), RSV binds cell surface nucleolin via the trimeric pre-fusion
form of the F protein. Nucleolin is shown as part of a protein complex which includes either
membrane proteins or glycosylphosphatidylinositol (GPI)-linked proteins that tether it to the cell
surface. We postulate this binding event triggers the re-folding of the F protein into its extended
conformation and once this has occurred, fusion can continue without further need of nucleolin. In this
model as many as three molecules of nucleolin can bind one RSV F protein pre-fusion trimer.
Refolding of the fusion protein from a pre-fusion to post-fusion conformation is irreversible making
the temporal and spatial triggering of this event critical [38]. A fusion receptor like nucleolin helps to
ensure that the optimal conditions for viral fusion are met.

Cell surface nucleolin has been found in association with lipid-rich rafts upon anchorage of HIV to
permissive cells [40] and efficient RSV infection of human lung epithelial cells requires intact
lipid-rich rafts [41]. Nucleolin-mediated trafficking of DNA nanoparticles is lipid raft dependent and
nucleolin colocalizes with and co-immunoprecipitates with the raft protein, flotillin [42]. Thus
nucleolin may serve to bring RSV in contact to raft domains that may themselves be preferred areas
for virus fusion. Alternatively, RSV may be brought into the cell via caveolae or endosomes and
triggering/fusion might occur in one of these intracellular compartments. Uptake of virus by bovine
dendritic cells has been shown to involve caveolae and RSV colocalizes with caveolin in these
cells [43]. However, unlike the case of influenza and Semliki forest virus (SFV) [44], RSV F protein
does not appear to be triggered by pH change that occurs during the acidification of lysosomes [45,46].
Interestingly, it has been reported that the internalization of nucleolin on ligand binding is a
calcium-dependent process [26] and it has been known for some years that RSV infection is also a
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calcium-dependent process [47]. On the other hand, there is a body of evidence that supports the idea
of clatherin-mediated endocytosis being necessary for RSV infection [48]. Similarly, there are
publications that show that nucleolin is internalized after ligand binding (i.e., endostatin) via a
clatherin-mediated pathway [49]. It seems possible that RSV and nucleolin may use both types of
endosomal pathways in different circumstances however this still remains to be resolved.

Figure 1. (A) Model of RSV F-protein binding nucleolin. On the left, the F-protein is
shown in its trimeric pre-fusion conformation. The red circles are putative nucleolin
binding sites. Nucleolin is shown in orange as part of a protein complex that includes
proteins anchored to the membrane by either a transmembrane domain or a GPI anchor.
Only one nucleolin molecule is shown binding the F-protein trimer for clarity but in this
model as many as three could bind at once. On the right the F-protein is shown in the
“extended” conformation with fusion peptides (yellow) inserted into the cell membrane.
After this step virus-cell membrane fusion would proceed without nucleolin. (B) Diagram
of virus binding to the cell surface. Indicated in light yellow are lipid-rich domains/rafts.
The virus is shown in a dark magenta covered with F-protein binding to nucleolin that is
preferentially located in lipid-rich rafts or caveolae. A caveola is shown covered with
caveolin (dark red). This in turn can enter the cell to form a caveozome and join the
endosomal or lysosomal pathway. Our proposed model leaves open the possibilities that
viral fusion may occur at the cell surface or in a caveozome/endosome/lysosome. Another
possibility (not shown) is that virus enters via clathirin-coated pits (see text).
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As depicted in Figure 1B, RSV binding to the cell surface is shown incorporating lipid-rich rafts or
caveolae. Based on available evidence, including analogies to other pathogens, there exist a number of
possibilities by which this can occur and how nucleolin may be involved. For example, nucleolin may
either be located within lipid rafts or may become associated with these rafts after binding to the virus.
Moreover, lipid raft formation may even be induced by the aggregation of nucleolin around the viral
fusion protein. At this point either fusion occurs immediately or the virus is brought into the cell
possibly via a caveosome and fusion is triggered later on. Overall, the model we show here, while
incomplete, provides a framework with which these various possibilities can be tested experimentally.

6. Future Directions
6.1. Targeting the Host in RSV Prophylaxis and Therapy?

As has been demonstrated for Palivizumab [50], targeting RSV as a strategy for patient
management has limitations, since resistant viral strains can arise through random genetic mutation
and selective pressure. An alternative strategy is to target the host rather than the virus, the human
genome being much more stable. This is not as radical an idea as it may sound if one considers that
when immunizing a patient against infection the goal is “conversion” of the host to a virus-resistant
state —in effect the host, not the virus, is being targeted. The challenge is to achieve an adequate
anti-viral state in the host, and to avoid undesired off-target effects or other toxicity.

6.2. Nucleolin as an Anti-RSV Target

Nucleolin has a rapid half-life on the cell surface: exposure of cells to nucleolin-specific antibody
results in rapid internalization of the nucleolin-antibody complex and replacement with “fresh”
nucleolin [51]. The rapid turnover of the cell surface nucleolin may be advantageous in the context of
designing RSV prophylaxis and/or therapy since it is unlikely there would be any long-lasting
disruption of its normal functions. Targeting cell surface nucleolin with the guanine-rich oligonucleotide
(GRO), AS1411 [52], is being evaluated in the therapy a variety of cancers in human clinical trials.
Other nucleolin-binding compounds (e.g., midkine, pleiotropin, lactoferrin, pseudopeptide HB-19)
have been described and in some cases, their safety profiles have already been established in humans.
An important practical consideration is that, in contrast to use in chronic diseases such as cancer,
nucleolin-binding compounds used for either prophylaxis or therapy of RSV infections (e.g., as a nasal
spray formulation) would be administered for relatively short intervals and thus could avoid the
development of some of the undesired drug-related effects associated with longer term use.

6.3. RSV-Nucleolin Interaction Domain(s)

Detailed inspection of the primary amino acid sequence of nucleolin does not provide any apparent
clues about potential interaction domain(s) with RSV, although one might reasonably exclude
the RRMs found in the central portion because these domains are known to be nucleic acid binding
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motifs [21]. While binding cell surface nucleolin with a specific compound that targets nucleolin and
causing it to internalize may be sufficient to make it unavailable for binding to virus, determining the
interaction domains of nucleolin and the RSV F protein will be essential for the rational design of
small molecule inhibitors. Also, if cell surface nucleolin is part of a larger protein complex [29] that
functions to tether it to the cell surface, one could potentially target the other proteins in this complex
in order to destabilize it.

One potential site of RSV-F protein interaction with nucleolin may occur with the “head” around
amino acids 429-437. This region of the protein binds mAb 19 and mAb 20, both monoclonal
antibodies known to inhibit RSV fusion [53-55]. However, such associations based on antibody
binding epitopes need to be interpreted cautiously as interference via an antibody may only require that
it bind near enough to the interaction domain to be effective at neutralization.

Figure 2. Human airway epithelial cells from bronchial brushings stained with a rabbit
polyclonal antibody against human nucleolin (H-250, Santa Cruz Biotechnology Inc.,
Santa Cruz, CA, USA). Note the positive nucleolin immunostaining (dark brown) at the
apical surface of airway epithelial cells (arrows).

6.4. Nucleolin and RSV Tropism

Because nucleolin is an essential protein found in all cells, it does not by itself account for the
apparent restricted tropism of RSV to the respiratory tract and while it is clearly expressed on the cell
surface of airway epithelium, the major target for RSV infection, it has not yet been determined if this
is the case for other cell types in vivo (Figure 2). However, this situation is not unique to RSV, as other
viral receptors are widely expressed in various cells and tissues, while tropism is restricted [56]. For
example, the cellular receptor of Hepatitis A virus, HAVecr-1, is expressed in various cells within the
gastrointestinal tract, salivary glands, kidney, spleen and lymph nodes, yet clinically the virus shows
marked tropism to the liver [57]. We speculate that the tropism of RSV for the respiratory tract could



162

involve a combination of the local environment/context and possibly the involvement of more than one
receptor/co-receptor, including other molecules postulated to be RSV receptors indicated above. In this
context, the viral G protein may be an important determinant of RSV’s tropism to the respiratory tract,
in terms of the role of RSV G in initial attachment and enabling the virus to recognize nucleolin
expressed on the cell surface. Given that the efficiency of RSV infection is markedly decreased in
RSVAG compared to wild-type virus, a role for RSV G as a determinant of tropism is likely.

7. Concluding Remarks

Our discovery of nucleolin as a functional RSV fusion receptor in vitro and in vivo increases our
understanding of the pathobiology of RSV infections, and presents a number of possibilities for novel
interventions, including targeting RSV fusion from a “host” perspective. Although the mechanisms of
RSV fusion require further study, we present a model of RSV fusion that has a number of testable
assumptions and could lead to a deeper understanding of the events underlying RSV fusion and entry
into cells.
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Abstract: Viruses can persistently infect differentiated cells through regulation of
expression of both their own genes and those of the host cell, thereby evading detection by
the host’s immune system and achieving residence in a non-lytic state. Models in vitro with
cell lines are useful tools in understanding the mechanisms associated with the
establishment of viral persistence. In particular, a model to study respiratory syncytial virus
(RSV) persistence in a murine macrophage-like cell line has been established. Compared to
non-infected macrophages, macrophages persistently infected with RSV show altered
expression both of genes coding for cytokines and trans-membrane proteins associated
with antigen uptake and of genes related to cell survival. The biological changes associated
with altered gene expression in macrophages as a consequence of persistent RSV infection

are summarized.

Keywords: Respiratory syncytial virus; viral persistence; macrophages; P388D1; altered

gene expression

1. The Virus: Characteristics, Pathogenesis, and Epidemiology

Respiratory syncytial virus (RSV; family Paramyxoviridae, genus Pneumovirus) is a highly
infectious agent—more so than other respiratory viruses—and worldwide is the principal cause of
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serious lower-respiratory tract illness in infants and young children [1]. Structurally, RSV is an
enveloped and pleomorphic virus, with a single-stranded, negative-sense RNA genome encoding 11
proteins [1,2]. Epidemiological studies of RSV indicate that this pathogen is frequently isolated from
children with bronchiolitis [3,4] and is the most frequent cause of hospitalization of infants in
industrialized countries [5]. Risk factors, such as premature birth, congenital heart disease, and
immune deficiencies, predispose children <6 months of age to severe respiratory disease, thus
increasing the frequency of RSV-related hospitalizations by as much as 56% [6—8]. Most infants
experience RSV infection during the first year of life and there exists an association between early
severe RSV infection and recurrent wheezing or asthma in later childhood [9-11]. RSV is also an
important cause of morbidity and mortality in the elderly and in immunocompromised patients [12,13].
In the elderly, RSV is the second leading cause of viral death, with an annual incidence up to 5% [14].
The World Health Organization (WHO) reports 64 million cases and 160,000 deaths each year due to
RSV—more than that caused by any other respiratory virus [15]. Seasonal RSV outbreaks occur each
year throughout the world during the winter months: in the northern hemisphere, the annual epidemics
normally start in November, peak in January and February and end in May; in the southern
hemisphere, the epidemic season runs from May through September [16,17].

Prospective studies of cohorts of patients with chronic obstructive pulmonary disease (COPD) have
revealed, through reverse-transcription polymerase chain reaction (RT-PCR), that RSV is the virus
most frequently detected in nasopharyngeal aspirates during stable COPD and exacerbated
episodes [18,19]. The effects of the sequelae of severe RSV disease may be explained, in part, by viral
persistence, with the RSV infection causing an alteration of the airway structure and/or inducing an
aberrant immune response [9,10,19]. Continuous stimulation of the immune system by persistent
viral infections may cause chroniflanmmation or alter the expression of immunoregulatory
molecules [20-22]; such outcomes may explain the clinical manifestations that persist long after acute
viral infection. Infected epithelial cells and macrophages secrete cytokines, chemokines, and other
factors that attract lymphocytes and other cells to the site of infection, thus resulting in airway
inflammation [23,24].

2. RSV Persistence

Although RSV persistence in humans has not been demonstrated, some observations indicate that
this may be the case: (1) the presence of RSV antigen in bone biopsies and in osteoclasts cultured from
patients with Paget disease was detected by using immunohistological assays [25]; (2) RSV was
isolated repeatedly from the nasopharynx of apparently healthy children [26]; (3) RSV nucleoprotein
mRNA was detected in archival postmortem lung tissue from infants, who had died during the
summer, without apparent clinical disease having been reported [27]; and (4) RSV genome has been
detected in human naive primary bone marrow stromal cells from adults (6/8) and children (3/3) [28].

Persistent RSV infection has been established in vivo in mouse and guinea pig models [29-31].
In studies using BALB/c mice, persistent RSV infection has been followed through kinetic studies,
revealing that infectious virus can be isolated from bronchioalveolar fluid or lymph nodes only during
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the first 14 days post-infection, whereas in lung homogenates, viral genomic RNA and mRNA can still
be detected after 100 days, even though signs of acute infection have disappeared [30]. In guinea pigs,
after resolution of acute bronchiolitis and at 60 days post-infection, viral genomic RNA and RSV
proteins, along with polymorphonuclear cell infiltrates, can be detected in lungs by RT-PCR and
immunohistochemistry [29]. Although, in these models in vivo, the cell type that RSV is able to
persistently infect has not been determined, studies in vitro indicate that RSV can establish persistent
infection in epithelial cells, macrophages and dendritic cells [32-36].

The predominant cell type recovered from bronchioalveolar lavages from children with acute severe
lower-respiratory tract symptoms is the alveolar macrophage; these macrophages express RSV
antigens along with pro-inflammatory cytokines [37]. Also, experiments with calves acutely infected
with bovine respiratory syncytial virus (BRSV), a virus closely related to RSV, indicate that upper and
lower airway epithelial cells and alveolar macrophages are target cells for the virus, as they became
productively infected [38]. In addition, experiments with isolated human alveolar macrophages have
shown that this cell type can support prolonged RSV replication (up to 25 days post-infection) without
an apparent effect on cell viability, suggesting that macrophages may be an important reservoir for
RSV in vivo [39].

Succeeding in a persistent infection depends on the ability of the virus to regulate not only its own
genes but also the host genes in order to avoid killing the host cell. This is achieved by an alternative
viral strategy of replication and the ability to evade the immunologic surveillance system of the host.
In this way, the continuous replication of a virus in a differentiated cell can alter the normal functions
of said cell without destroying it; this in turn disturbs the homeostasis of the host, thus producing
disease [40].

Given that macrophages are important target cells for RSV and that, once infected, they can support
a persistent viral infection, this brief review is focused on alterations in the biological functions of a
murine macrophage-like cell line persistently infected with RSV.

3. Establishment and Characteristics of a Persistently RSV-Infected Macrophage-Like Culture

A model to study the RSV persistence in macrophages was established by using the murine
macrophage-like cell line, P388D1, which was derived from serial passages in mice of an original
methylcholanthrene-induced lymphoid neoplasm in a DBA/2 mouse [41]. When this cell line was
infected at a multiplicity of infection (m.o.i.) of 1.0 with the prototype RSV Long strain (wild-type
RSV), both a low frequency of syncytia and a high percentage of cell death during the first 48 h post
infection were observed. Nevertheless, after 72 h, the number of macrophages started to increase and
the surviving cells were propagated. In the first few passages, 40%—60% of the cells presented viral
antigen on their cell membrane; after cloning the cells by limited dilution and reinfecting the clones at
an m.o.i. of 1.0, subsequent passages were stabilized, with a constant viral expression in 90%—-95% of
the cells being achieved [33]. Currently, after more than 85 passages, this line of macrophages
persistently infected with RSV (M@P) continues to express the viral genome: mRNA of the N viral
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gene is detected by RT-PCR and viral proteins are expressed on the cell membrane, as demonstrated
by immunofluorescence [42].

One of the effects of persistent virus infection in immortalized cells is alteration of the viral
genome, thus producing viral variants adapted for a prolonged period of replication without killing the
host cell [40]. Similarly, the RSV in M@P shows genotypic changes, at least in the viral membrane
fusion protein (F), compared to the wild-type RSV [43]. The genotypic change in persistent RSV was
associated with a decreased fusogenic activity and was manifested by reduced size and frequency of
syncytia, as well as with low extracellular viral titer in Vero cells, an RSV-permissive cell line [43].
When the deduced amino acid sequences of the F protein from the persistent and wild-type RSV were
compared, changes in nine amino acids were observed, three of which are adjacent to the cleavage
domain and the fusion peptide. The particular changes in the region of the cleavage domain suggest
that the processing of the FO precursor by cellular proteases may not be efficient, thus reducing its
membrane fusion capacity. This hypothesis is supported by experiments in which the number of
syncytia was augmented approximately five-fold when Vero cells infected with persistent RSV were
cultured either in the presence of trypsin or in a low pH environment—conditions that have been
shown to improve activation of viral fusogenic proteins [44—46]. However, it seems that the efficiency
of FO processing from persistent RSV is cell-line dependent, because when lung carcinoma cells H358
were used as target cells for the same persistent virus, neither the enzymatic nor acidic treatment
improved the fusogenic activity; in fact, the fusogenic activity was similar to that obtained without
treatment, indicating that the intracellular protease activation of the persistent RSV F protein is less
efficient in Vero cells than in H358 cells [43].

4. Persistent RSV Infection Alters Macrophage Gene Expression and Biological Activities

Macrophages, important cells of the innate immune system, act as a first-line of defense against
invading pathogens and help to initiate T-cell responses by processing and presenting antigens. The
non-specific defense function of macrophages depends mainly on their ability to take up particulate
material by phagocytosis [47]. Phagocytosis can be mediated either directly by receptors on the
macrophages recognizing foreign structures of particles or indirectly by receptors that recognize
self-ligands (e.g., when a foreign particle is opsonized by complement or by antibodies) [48,49].

Specific phagocytosis mediated by Fcy receptors (FcyR) of IgG-opsonized sheep red blood cells is
three- to six-fold enhanced in M¢P, compared to mock infected macrophages (MeN); this relevant
change is likely a consequence of an increased level of expression of FcyRII and FeyRIII in the
MgP [50]. Arrevillaga et al. [42] showed that non-opsonized phagocytosis is also altered in MeP. In
that work, M@P show a decreased efficiency in phagocytizing non-typeable Haemophilus influenzae
(NTHi), a pathogen associated with exacerbations of COPD, with bacterial adhesion and ingestion
being 1.7- and 11-fold less, respectively, than the values obtained with M@N [42]. This diminished
uptake of bacteria by MoP is linked to a reduced expression (~50%) of both the ICAM-1 mRNA
and ICAM-1 protein on the cell membrane, the latter serving as a ligand to bind bacteria. Although
ICAM-1 is not the only ligand for NTHi, the negative transcriptional regulation of this molecule,
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as a consequence of the persistent RSV infection, could contribute to inefficient bacterial clearance
by macrophages.

Dendritic cells, macrophages, and B lymphocytes are “professional” antigen-presenting cells
(APCs). Although dendritic cells and their subsets are the most potent stimulators of T lymphocytes,
the relevance of particular APCs can be determined according to their abundance in a particular
tissue [51]. Alveolar macrophages comprise 95% of the cells of the lung lavage with the remaining
portion consisting mostly of leukocytes, thus indicating that macrophages may be important in
establishing an early non-specific defense and by functioning as presenting cells to initiate the adaptive
immune response in the lung [52]. A study by Guerrero-Plata er al. [53], which focused on
determining whether MoP preserve their ability to present antigens, showed that persistent infection
with RSV increases expression levels of alleles K and D of the MHC class-I molecules to levels
similar to those obtained at 24-h post-acute infection. The augmented MHC-I expression in M¢P
correlates with an efficient processing and presentation of RSV antigens to RSV-specific CD8 T cells,
as determined by cytotoxicity assays. Also, MeP maintain the ability to process and present other viral
antigens, such as a peptide derived from the influenza virus nucleoprotein (NP147-155). In addition,
the profiles of cytokine expression in supernatants of M@P and MeN cultures indicate that the
cytokines IL-1B and IL-6 are statistically significantly augmented in the MoP, suggesting that
persistent RSV infection keeps macrophages in a permanently activated state [50]. Acute RSV
infection of lung epithelial cells and granulocytes induced prolonged survival of infected cells by
increasing the expression of anti-apoptotic molecules of the Bcl-2 family [54,55]. MoP, under normal
culture conditions, display similar viability as M@N [56]. However, treatment of these macrophage
cultures with staurosporine—an inhibitor of protein kinases, which induces cellular apoptosis in the
original P388D1 cell line [57]—induces cell death of almost all MeN after 24 h, whereas more than
75% of MoP are refractory [56]. M@P resistance to apoptosis is associated with reduced expression of
the protein pro-caspase 9, although its mRNA levels are normal or even higher than in M@N,
suggesting that persistent infection regulates caspase 9 expression at a post-transcriptional level.
Furthermore, chronic RSV infection of M@P up-regulates mRNA and the protein products of
anti-apoptotic genes such as Bcl-2, Bel-x, and XIAP, indicating that abrogation of the intrinsic pathway
of apoptosis is a mechanism crucial for the establishment and maintenance of viral persistence [56].
Figure 1 summarizes changes in virus and MP as a consequence of persistent infection.
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Figure 1. Changes in respiratory syncytial virus (RSV) and macrophages by
persistent infection. RSV persistence in macrophages leads to genotypic changes, at least
in the viral membrane fusion protein F and in the profile of cellular gene expression.
Arrows indicate increase or decrease in biological activities or molecule expression.
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5. Relevance of RSV Persistence in Macrophages and Epithelial Cells

Understanding the virus-cell interactions during acute and persistent RSV infections is fundamental
for the development of strategies to inhibit viral infection and to eliminate viral reservoirs. Models
in vitro and in vivo have been useful tools in advancing comprehension both of the mechanisms by
which RSV establishes persistence and of the pathology associated with chronic infection. Models
in vitro with macrophages and epithelial cell lines have been particularly useful in determining, at the
molecular level, alterations produced in the host cell by long-term RSV infection [32,42,53,56].
To date, in addition to M@P, the only other cell model of persistent infection by RSV, in which
changes in cellular gene expression have been studied, are persistently infected HEp-2 epithelial cells.
Martinez et al. [32] reported that, as determined by microarray analysis, several genes with diverse
functional categories were either up- or down-regulated in persistently RSV-infected HEp-2 cells. In
particular, it was observed that some of the genes that were up-regulated were those involved in cell
survival, such as those encoding for the anti-apoptotic molecules TRAF-1 and BIRC3, and that some
of the genes that were down-regulated were pro-apoptotic genes, such as tnf-a, bcl2111, and caspase 9.
In contrast to that in M@P, persistent RSV infection in HEp-2 cells regulates caspase 9 expression at
the translational level. The study also showed that, although the chemokines CCL3 and RANTES are
up-regulated during acute and persistent RSV infection, the levels of these chemokines in persistently
infected HEp-2 cells are up to two-fold greater than those in acutely infected HEp-2 cells. It has also
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been reported that, in a model of RSV persistence in human epithelial cells A549, the level of the
cytokine IL-8, evaluated by ELISA in supernatants, is up to 2.6-fold greater than that in mock-infected
cells [34]. Thus, when taken together, the findings (1) that RSV can establish persistent infection in
macrophages and epithelial cell in vitro; (2) that alterations in gene expression lead to survival of
persistently infected cells; and (3) that persistently infected cells produce excessive level of cytokines
and chemokines that are associated with chronic inflammation lend strong support to the hypothesis that
RSV persistence in patients may be a cause of chronic respiratory diseases. It is still to be determined
whether altered expression of membrane molecules related to antigen uptake by macrophages occurs
in models in vivo and, if so, whether such altered expression is relevant to pathogenesis.

6. Conclusion

RSV can productively infect macrophages in vivo and in vitro and can establish persistent infection
in macrophage-like cells in vitro. The consequence of persistent RSV infection in macrophages is the
altered expression of genes coding for pro-inflammatory cytokines, for trans-membrane proteins
related to antigen uptake, and for those proteins related to cell survival. The evidence suggests that
macrophages may be one of the cell populations that can serve as viral reservoirs for RSV in vivo.
Understanding how RSV manipulates host cells during persistent infection may provide important
insights into new approaches for rational drug design and vaccines.
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Abstract: Infection by respiratory syncytial virus (RSV) affects approximately 33 million
infants annually worldwide and is a major cause of hospitalizations. Helper T lymphocytes
(Th) play a central role in the immune response during such infections. However,
Th lymphocytes that produce interleukin 17 (IL-17), known as Thl7 lymphocytes, in
addition to been protective can also cause pathology that accompany this type of infection.
The protective effects of Thl7 is associated with better prognosis in most infected
individuals but heightened Th17 responses cause inflammation and pathology in others.
Studies employing animal models have shown that activated Th17 lymphocytes recruit
neutrophils and facilitate tertiary lymphoid structure development in infected lungs.
However, IL-17 also inhibits the ability of CD8" lymphocytes to clear viral particles and
acts synergistically with the innate immune system to exacerbate inflammation.
Furthermore, IL-17 enhances IL-13 production which, in turn, promotes the activation of
Th2 lymphocytes and excessive mucus production. Studies of animal models have also
shown that a lack of, or inadequate, responses by the Thl subset of T lymphocytes
enhances Th17-mediated responses and that this is detrimental during RSV co-infection in
experimental asthma. The available evidence, therefore, indicates that Th17 can play
contradictory roles during RSV infections. The factors that determine the shift in the
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balance between beneficial and adverse Th17 mediated effects during RSV infection
remains to be determined.

Keywords: RSV; pneumovirus; mucus; interleukin 17; interleukin 23; interleukin 13; Th17

1. Th17 Lymphocytes and IL-17 and the Immune System—Basic biology

Th17 lymphocytes play a central role in host defences against a range of extracellular pathogens
including bacteria, viruses and fungi [1-3]. This subset of helper T lymphocytes differs from the other
subsets, Thl, Th2 and regulatory T lymphocytes (T-reg lymphocytes) both in their requirements for
differentiation and expansion factors and in their targets pathogens. In addition, excess Th17 lymphocyte
numbers have been associated with inflammatory autoimmune diseases [4—6]. In contrast to Thl and
Th2 lymphocytes which predominantly produce interferon gamma (IFNy) and IL-4/IL-5/IL13, Th17
lymphocytes produce IL-17A, IL-17F, IL-21 and IL-22. IL-17A and IL-17F are members of IL-17
family of cytokines which includes six members; IL-17A-F. All members of this family are involved
in inflammatory responses; however, only IL-17A, F and E (IL-25) are produced by haematopoietic
cells. IL-17A and IL-17F show 50% homology and both bind IL-17 receptor (IL-17R) which is a
complex of IL-17RA and IL-17RC. IL-17A binds with higher affinity to the IL-17RA/C and induces
stronger intracellular signalling than IL-17F. Both IL-17A and F are active as dimers; homodimers and
heterodimers [7]. The studies reviewed in this article are mainly about IL-17A and this cytokine will
thereafter be referred to as IL-17.

IL-17 acts on stromal cells to promote the production chemokines such as CXCLI, IL-8, CCL20
(MIP-3a) and IL-6 which then promote neutrophil recruitment to sites of infection (see Table 1) [8].
IL-17 itself is a weak inducer of these cytokines/chemokines but acts by stabilizing mRNA transcripts
induced by other cytokines [9]. IL-17 also down-regulates micro-RNA 23b (miR-23b), which
negatively regulates inflammatory responses [ 10]. Furthermore, IL-17 induces mucus production in the
respiratory tract and increases the expression of polymeric Ig receptors that facilitate the release of IgA
and IgM antibodies into the respiratory tract [11]. Of the other cytokines produced by Th17 lymphocytes,
IL-21 promotes Th17 proliferation and antibody production by B lymphocytes [12]. Paradoxically,
however, 11-21 also antagonizes some IL-17-mediated responses during RSV infection [13]. IL-22, in
contrast, promotes mucosal homeostasis and induces the production of antibacterial peptides [14].

The production of low-levels of IL-17 by resident Th17 lymphocytes is necessary for maintaining
immunological homeostasis in the gut. This occurs under the influence of IL-1f and transforming
growth factor beta (TGFp) that are produced by gut epithelial cells [15]. During inflammation, IL-6
and prostaglandin E, (PGE;) are produced and these induce IL-23 receptor expression which is
necessary for the differentiation of naive CD4" T lymphocytes to Th17 lymphocytes [16,17].
The differentiation of Th17 cells involves an intricate network of cytokines and transcription factors
predominant among which is the retinoic orphan receptor gamma t (RORyt) and retinoic acid receptor



180

alpha (RARa) [18]. Interestingly, recent studies have revealed that low level CD3/TCR engagement, as
compared with high level receptor engagement, preferentially promotes human Th17 differentiations
and the effect is mediated through activating the NFAT-1 transcription factor [19,20]. Hypoxia also
promotes Th17 differentiation through the hypoxia-inducible factor alpha (HIF-1a) transcription factor
which binds to the promoter of RORyt in naive T lymphocytes [21,22]. The production of IL-23, in
contrast, is associated with the expansion of Th17 lymphocytes in pathogenic settings such as in
autoimmune disease [23]. In this respect, IL-23 production by DCs during RSV infection has been
suggested to be responsible for Th17 propagation and exacerbated inflammation associated with the
infection [24,25].

2. Th17 Lymphocytes in the Respiratory Tract

Th17 lymphocytes are present in the respiratory tract and there is evidence that they play a key role
in responses to fungal infections. These cells, however, also contribute to inflammatory disorders that
afflict the respiratory tract, such as asthma and chronic obstructive pulmonary disease (COPD).
Increased production of the Thl7-related cytokines, such as IL-17A, IL-22 and IL-23 in COPD
patients reflects the involvement of Thl17 lymphocytes in initiating and driving the disease
process [26,27]. In addition, excess IL-17 production has been reported in animal models and human
patients has been associated with neutrophil dominated asthma and with cortisone-resistant severe
airway and hyper-reactivity (AHR) [28,29]. Although both IL-17A and IL-17F have been shown to
play a role in asthma, studies of gene knockout mice have suggested that IL-17F may in fact
ameliorate the disease process [30]. Th17 lymphocytes have also been implicated in effector
mechanisms triggered in response to RSV and other types of respiratory viral infections [31,32].

3.1L-17 and Th17 Lymphocytes in Human RSV Infection
3.1. The Immune Response at the Onset of RSV Infection

Worldwide, infants are affected by lower respiratory tract infections caused by RSV. Although
many such infections have a mild course, in certain infants the infection leads to bronchiolitis needing
hospitalization and respiratory support in an intensive care unit [31,34,35]. Inhaled RSV particles bind
glucose amino glycans on respiratory epithelial cells through their glycoproteins, major attachment
protein G and fusion protein F. The particles then fuse with the cells and initiate their propagation and
spreading [36,37]. There is evidence that cells other than epithelial cells, including macrophages and
dendritic cells (DCs), are also infected by the virus [38,39]. Infected epithelial cells initially respond
either by releasing acute phase proteins or promoting their production, such as causing complement
component C3 activation and the release of its pro-anaphylactic factor C3a [40]. The subsequent
response to the infection is of innate immune-type resulting in the influx of neutrophils which become
the dominant cells during the first four days of infection [41,42].
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Figure 1. IL-17 mediated responses in the respiratory tract during RSV infections. RSV
virus particles infect ciliated epithelial cells in the lower respiratory tract. C3a and other
mediators of inflammation are then released from epithelial cells in response to the
infection and this, in turn, induces IL-17 production (dark blue colour). During the early
phase of the response to RSV infection, IL-17 is produced by CD11b" innate immune cells.
Subsequently, the production of IL-17 is predominantly by CD4" Th17 lymphocytes. The
production of IL-17 initiates a number of effects in the respiratory tract. Thus, IL-17
induces mild inflammation and exacerbates inflammatory responses triggered by other
signals and cytokines. In this scenario, single stranded RNA in RSV particles bind to TLR3
and synergize with IL-17 to induce IL-6 (orange colour) and IL-8 (blue colour) by
fibroblasts (Fc). The binding of double stranded RNA to TLR7, however, is inhibitory to
IL-17-mediated responses and, instead, promotes Thl-mediated responses. IL-17
co-operates with IL-1B and TNFa to induce the release of chemokines that mediate
neutrophil recruitment. Furthermore, IL-17 induces mucus production from epithelial cells.
IL-17 also binds receptors on CD8" T lymphocytes and inhibits their ability to reduce viral
load. Cytokines produced by Thl and Th2 lymphocytes, IFNy and IL-13, in contrast,
inhibit IL-17 production [25,33].
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Figure: IL-17 responses in the respiratorytract during RSV infections.

3.2. The Adaptive Immune Response to RSV Infection

RSV infection activates T lymphocytes in lung draining lymph nodes with the help of DCs that
migrate from sites of infection. This results in the induction and differentiation of T lymphocytes
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into viral-specific Thl and Th2 lymphocytes in detectable numbers in the lung 6-8 days post RSV
infection [43,46]. CD8" T lymphocytes emerge after the initial inflammatory response that follows
RSV infection to clear viral particles [42]. Thl lymphocytes are also induced and these produce
pro-inflammatory cytokines, such as IFNy and TNFo and the combination of the two cellular
responses efficiently clears RSV infections in most individuals [44]. However, humans and mice
deficient in the transcription factor STAT1, which is activated following IFNy binding to its receptor,
are prone to severe RSV infections [45,46]. In addition to cytotoxic and Th1 lymphocytes, the immune
response also includes Th2 lymphocytes which cause key symptomatic features of RSV infections,
such as excessive mucus production and wheezing that normally accompany asthma [47]. Measurement
of cytokines in the bronchoalveolar lavage (BAL) of infected infants (1.5-6 months of age) has
identified similar levels of Thl- and Th2-type cytokines [48,49]. In animal models of RSV infection,
the lack of Thl effects resulting from IFNy receptor deletion leads to a dominant Th2 response and
worse pathology suggesting that Th1 responses ameliorate Th2-mediated effects during RSV infection
in humans [50]. A recent study analysing the cytokine profile in the plasma of RSV infected infants
(6 months or younger), however, revealed that infants with a moderate response to the virus had higher
plasma levels of IL-17 than infants with a severe response to RSV. In this study IFNy and TNFa. levels
were shown to be lower in RSV infected infants than in control infants [51]. Furthermore, IL-17 levels
were higher in BAL from paediatric patients (13 months and below) with non-ventilated RSV disease
at admission and at discharge compared with BAL from more severe, ventilated cases. IFNy was
undetectable in this study but IL-6 levels were 30 times higher in the ventilated cases [31]. A further
study which examined tracheal aspirates reported increased IL-6 and IL-17 levels in severely ill
ventilated infants compared with healthy infants (age not specified in this study) [32]. It is currently
unknown what the function of IL-17 is in the respiratory tract and why higher levels are associated
with better outcome in some but not all infected infants. One clue could be that the immune system of
the newly born is immature with an impaired Th1 response [52]. DCs derived from infants’ umbilical
cord blood have, for example, been shown to produce low levels of IL-12 [53]. Furthermore, DCs
from cord blood of newly born, but not DCs from the blood of adults, when infected with RSV
induced IL-17 production when co-cultured with T lymphocytes [39]. DCs from infected infants
were shown to produce TGFp, a cytokine known to promote Th17 lymphocyte differentiation [39].
Furthermore, co-culturing adult T lymphocytes with supernatants from human bronchial epithelial
cells chronically-infected with the RSV A2 long strain promoted the differentiation of naive T
lymphocytes to Th2 and Th17 lymphocytes but not to Thl lymphocytes [54]. These studies of T
lymphocyte responses during RSV infection indicate that besides Thl and Th2 responses, Th17
responses also occur. These studies, therefore, suggest that the Th17 response is beneficial in some
cases of RSV infection. Th17 responses have, however, also been linked with pathology in the
respiratory tract during severe neutrophil dominated asthma. More research is, therefore, needed to
unravel the complex consequences of IL-17 production and when this is beneficial, when not and why.
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4. The Role of Th17 Lymphocytes in the Patho-Physiology of RSV Infection: Some Insights from
in Vitro and Animal Model Studies

To better understand the role that Th17 lymphocytes play in the patho-physiology of RSV infection
animal models and in vitro systems have been studied. Different strains of RSV were used to
immunize mice and assess the immune response to RSV infection. In addition, cell lines were used to
assess the direct effect viral particles have on immune cells. RSV strains “A2” and “A2 long” were
used to immunize mice to define the nature of the response including immune cell infiltration during
RSV infection. The RSV strain “line 19”, by contrast, was used to study cellular and molecular
mechanisms involved in excessive mucus secretion and IL-13 production. Studies using the three
strains of RSV revealed that infection induces IL-17 production in mice. However, no studies have been
carried out to compare and contrast the responses initiated by the three strains in the same experiment.

4.1. Infection with RSV Induces IL-17 Production which Promotes Neutrophil Influx during the
Early Response

Immunization of wild-type mice with RSV strain A2 resulted in complement activation by infected
epithelial cells leading to the production of C3a which induced tachykinin and Substance P release.
These mediators bound to their receptors on T lymphocytes, neutrophils and monocytes and lead to
IL-17A production by CD11b" myeloid cells during the early phase of the response [55]. In addition,
RSV RNA particles trigger innate immune system-mediated inflammatory responses by binding to
TLRs. Studies on the interaction between viral particles and cell lines in vitro revealed that IL-17 acted
synergistically with RSV RNA particles to induce IL-6 and IL-8 production by fibroblasts. Thus, RSV
strain A2 RNA induced an innate immune-like response by binding to TLR3 and this response was
enhanced by IL-17 [56]. Furthermore, IL-17 produced during the infection increased the influx of
neutrophils. The influx of neutrophils was also observed following infection with the RSV strain A
line 19. In this setting neutrophils were recruited by IL-8 which was induced by IL-17 [32] (Figure 1).

The impact of RSV infection on the cooperation between the innate system and IL-17/IL-17
producing cells is, however, complex. Thus, in addition to binding TLR3, single stranded RSV RNA
particles bind TLR7 on DCs, plasmacytoid DCs, B lymphocytes and macrophages and induce 1L-12
production, which promotes Thl-mediated responses (Figure 1). This can impact the balance between
Th1 and Th17 responses and the patho-physiological response in vivo. For example, infection of TLR7
deficient mice with RSV Strain A line 19 resulted in increased numbers of Th17 lymphocytes due to
an increase in IL-23 production by DCs. This response caused more pathology through the consequent
increase in IL-13 and mucus production in TLR7 deficient mice compared with wild-type mice [24].
Furthermore, the inflammatory response to the mouse homologue of RSV, pneumo virus of mice
(PVM), was diminished when TLR7 was missing [57]. This is somewhat analogous to the situation in
newly born infants in whom effector Th17 lymphocytes are recruited when the activation of Thl
responses is inadequate.
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4.2. Activation of Th17 and Th2 Cells in Response to RSV Infection

An efficient immune response to RSV infection is dependent on antigen recognition and
presentation by DCs in local lymph nodes. Viral antigen presentation by DCs results in the activation
and migration of CD4" and CD8" lymphocytes to the lung. The process of DC migration is dependent
on the chemokine CCR7. Kallal and colleagues noted that CCR7 deficient mice had impaired lymph
node formation and, instead, responded by activating T lymphocytes in local ectopic lymphoid structures
in response to infection with RSV Strain A, line 19. The T lymphocyte response to RSV infection in
these structures was dominated by Th17 lymphocytes. These Th17 lymphocytes promoted pathology
by inducing the production of IL-13 and IL-21 which induced excessive mucus production [58]. A
similar response was observed in the absence of IFNy signaling in STATI-deficient mice. Thus,
infection of STAT1-deficient mice with RSV strain A2 resulted in elevated IL-13 and IL-17 levels,
production of excess mucus and airway inflammation. Just as was the case in TLR7 "~ mice, elevated
IL-17 levels in STAT1-deficient mice were due to increased production of IL-23 [25]. In addition, to
the inflammatory effects mediated by excess IL-17, it suppressed the ability of CD8" to kill cells
infected with RSV [59]. This latter study revealed that Th17-derived IL-17 bound to IL-17RA on
CD8" T lymphocytes and impaired their ability to reduce viral load and reduce the number of infected
cells in the lung. The role of excess IL-17 in promoting pathology is further supported by the ability
of neutralizing anti-IL-17 antibodies to reduce mucus and IL-13 production and increase viral
clearance [36] (Table 1 and Figure 1). In vitro studies revealed that IL-17 enhanced mucus production
by directly upregulating transcription of the mucus gene MUCS5B in human tracheal and bronchial
epithelial cell lines [60,61]. This upregulation of the MUCS5B gene was shown to be dependent on
ERK signalling and the activation NF-xB [60,61]

A number of studies in which mice were infected with RSV particles have shown that the mice
simultaneously produced IL-17 and IL-13 suggesting that the Th17 response is concomitant with the
Th2 response [25,32,54,58]. The molecular mechanisms that underpin the co-production of IL-13 and
IL-17 were further explored in STAT1-deficient mice. Newcomb et al. observed that IL-13 produced
during infection of mice with RSV Strain A2 was capable, perhaps paradoxically, of suppressing IL-17
production [73]. Using double STATI1- and IL-13-deficient mice for immunization experiments, these
investigators observed higher levels of IL-17 production than in mice deficient in STAT1 alone.
Increased IL-17 production in STATI1/IL-13-deficient mice was explained by the fact that IL-10
production, which is induced by IL-13, reduces IL-17 production by Th17 lymphocytes. In addition,
Th17 lymphocytes have been reported to express IL-13 receptor alpha (IL-13Ra, also known as
IL-13RA) suggesting that these cells could be directly modulated by IL-13 [62]. As IL-17 has been
shown to increase mucus production through enhancing IL-13 production, these findings may suggest
that IL-13 can also negatively regulate Th17 lymphocytes through a negative feedback mechanism [33].
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4.3. IL-17 Causes RSV-Mediated Exacerbation of Asthma

IL-13 and mucus production are not only associated with IL-17 production but a feature of
virally-exacerbated asthma. In addition, a number of studies have indicated that IL-17 is involved in
severe asthma [28,29]. Therefore, the involvement of IL-17 has been explored in animal models of
RSV infection concomitant with experimental asthma. For example, infection of mice with RSV Strain
A2 subsequent to immunization with ovalbumin (OVA) induced experimental asthma and increased
the production of mucus-associated proteins, MucSac and Gob-5 [63]. Mice injected with OVA, or
with RSV alone, also upregulated the expression of genes encoding the mucus-associated proteins but
gene expression persisted for longer periods in the OVA and RSV-immunized mice compared with
those immunized with either OVA or RSV alone. Importantly, the increase in mucus production was
associated with increased levels of IL-17 in the lungs [63]. Another study in which investigators used
cockroach allergen (CRA) with RSV Strain A line 19 to induce asthma in mice provided further
evidence for Th17 lymphocytes involvement in experimental asthma. Thus, stimulated T lymphocytes
from lymph nodes of RSV/CRA-immunized mice produced IL-17 while mice immunized with CRA
alone did not. Furthermore, administration of anti-IL17 antibody intraperitoneally suppressed the
expression of Muc5ac and Gob5 in the lung, and IL-13 production in lymph nodes but increased the
number of CD8" lymphocytes [32]. These observations are further evidence for a role for IL-17 in
viral exacerbation of asthma.

Table 1. Responses and products released by the cells present in the respiratory tract when
stimulated with IL-17.

Cell type Response Invitro/in vivo  Reference
CD8+ lymphocyte Reduced RSV clearance in vivo [32]
IL-6, IL-8, PGE, in vitro [64]
MUCSB, MUCSAC in vitro [60,61]
Epithelial cells CCL20 in vitro [65]
beta defensin 2 in vitro [66]
IL-19 ** in vitro [67]
Endothelial cells IL-6, IL-8, PGE,
Lung microvascular CXCLI (GROw), CXCLS, and IL-8 *  in vitro [68]
endothelial cells
Fibroblasts IL-6, IL-8, PGE, in vitro [64] [69] *
AHR (OVA induced asthma) in vivo
Smooth muscle ; — [70]
Contraction in vitro

* IL-17 potentiates the response by IL-1 beta and TNFa. ** IL-17 potentiates the response by IL-13.
5. Summary

Thl7 lymphocytes are important contributors to both protective immune responses and the
pathology associated with RSV infection. The involvement of Th17 cells in the patho-physiology that
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accompanies RSV infections is of great topical interest. Measurements of IL-17 levels in plasma and
BAL fluids from RSV-infected infants have indicated that the cytokine can be beneficial. These
studies have also suggested that Th17 responses during RSV infections are independent of Thl and
Th2 responses and that they are, in some infants, supersede an immature/inadequate Thl immune
response in the newly born [39]. Studies of IL-17 in animal models and in vitro culture systems have
revealed that the lack of INFy-mediated response enhances Th17 response. Such a response is driven
by IL-23 which is produced in preference to IL-12 [24,25]. In vitro systems and animal models have
showed that IL-17 per se, or together with RSV RNA particles, can induce inflammatory cytokine and
chemokine responses that promote the influx of neutrophils to sites of infection [32]. As have been
shown in other models of inflammation, IL-17 can also orchestrate the development of tertiary
lymphoid tissues in the lung [58,71,72]. These structures are termed inducible bronchus-associated
lymphoid tissues and are similar to structures found in RA patients with pulmonary complications
(an autoimmune disease associated with IL-17) [73]. In addition to enhancing the inflammatory
response that accompanies RSV infections, IL-17 has also been shown to suppress the ability of CD8+
lymphocytes to kill virally-infected cells and reduce the viral load [32]. Furthermore, both in vitro and
animal model studies have confirmed that IL-17 enhances mucus production by acting directly on
epithelial cells. This mucus production was also shown to be accompanied by IL-13 production which
acts synergistically with IL-17 to enhance mucus production. However, high levels of IL-13 were also
reported to inhibit IL-17 production. The induction of IL-17 production by RSV infection exacerbates
asthma through enhancing mucus production. It is intriguing that IL-17F was not upregulated
concomitant with IL-17A in one model of RSV infection [32]. Further studies to determine if IL-17F
has a distinct role in RSV infection are warranted. The involvement of other Th17 cytokines, such as
IL-21 and IL-22 in RSV patho-physiology also remains to be determined.

Taken together, studies of infected individuals and animal models have revealed that IL-17 can
have both beneficial and pathogenic effects during RSV infection. In animal models, just as in cases of
patients with asthma, IL-17 induces pathology by enhancing neutrophil influx, mucus and IL-13
production. However, the beneficial effects of IL-17 continue to be debated. It is intriguing to note that
although Th17 Iymphocytes have evolved together with the rest of the adaptive immune system, the
emergence of the IL-17 family of cytokines predates chordates [74]. Th17 lymphocytes differentiate in
response to inflammatory cytokines, preferably with low level of TCR engagement and their
expansion is favoured by low oxygen levels [21,22]. The cells might, therefore, emerge as a weak
alternative to the more efficient antiviral response mediated by a missing, or immature/inadequate Th1
lymphocyte response. Under such circumstances, Th17 lymphocytes may provide a response that
straddles adaptive and innate immune responses resulting in mucus release, neutrophil influx and
augmentation of local tertiary lymphoid structures.
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Abstract: Human metapneumovirus (hMPV) is a recently identified RNA virus belonging
to the Paramyxoviridae family, which includes several major human and animal pathogens.
Epidemiological studies indicate that hMPV is a significant human respiratory pathogen
with worldwide distribution. It is associated with respiratory illnesses in children, adults,
and immunocompromised patients, ranging from upper respiratory tract infections to
severe bronchiolitis and pneumonia. Interferon (IFN) represents a major line of defense
against virus infection, and in response, viruses have evolved countermeasures to inhibit
IFN production as well as IFN signaling. Although the strategies of IFN evasion are
similar, the specific mechanisms by which paramyxoviruses inhibit IFN responses are
quite diverse. In this review, we will present an overview of the strategies that hMPV uses
to subvert cellular signaling in airway epithelial cells, the major target of infection, as well
as in primary immune cells.
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1. Human Metapneumovirus (hMPV): A Recently Discovered Human Viral Pathogen

The Paramyxoviridae family includes enveloped, negative-sense, single-stranded RNA viruses,
which are major and ubiquitous disease causing pathogens of humans and animals [1]. Among them
are important viruses that cause acute respiratory morbidity, particularly in infancy, elderly and in
immunocompromised subjects of any age. The family is taxonomically divided into two subfamilies,
the Paramyxovirinae, with five genera, and the Prneumovirinae, which includes two genera (Table 1).
The classification of these viruses is based on their genome organization, morphological and biological
characteristics, and sequence relationship of the encoded proteins. The pneumoviruses can be
distinguished from the Paramyxovirinae members morphologically because they contain narrower
nucleocapsids [1]. In addition, pneumoviruses have differences in genome organization, the number of
encoded proteins and an attachment protein that is different from that of members of the subfamily
Paramyxovirinae. There are two genera in the Pneumovirinae family, the Pneumovirus genus that
includes human and bovine respiratory syncytial virus (RSV) and the Metapneumovirus genus that
includes human metapneumovirus (hMPV) and avian metapneumovirus (APV) (Table 1). Human
RSV encodes 11 separate proteins, while hMPV encodes nine proteins that generally correspond to
those of RSV, except that hMPV lacks the non-structural proteins NS1 and NS2 and the gene order is
different from that of pneumoviruses (Figure 1).

Table 1. Representative members of the Paramyxoviridae family.

Subfamily Genus Virus
Paramyxovirinae
Henipavirus Hendravirus
Nipah virus
Morbillivirus Measles virus (MeV)
Respirovirus Sendai virus (SeV)

Human parainfluenza virus type 1 (hPIV1)

Human parainfluenza virus type 3 (hPIV3)

Bovine parainfluenza virus type 3 (BPIV3)
Rubulavirus Parainfluenza virus type 5 (PIV5)

Mumps virus (MuV)

Human parainfluenza virus type 2 (hPIV2)

Pneumovirinae
Pneumovirus Human respiratory syncytial virus (hRSV)
Bovine respiratory syncytial virus (BRSV)
Metapneumovirus Avian pneumovirus (APV)
Human metapneumovirus (hMPV)
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Figure 1. Genomic organization of Pneumovirinae.
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Since its first identification in 2001, hMPV has been isolated from individuals of all ages with acute
respiratory tract infection worldwide [2]. Virtually, all children older than five years show 100%
serologic evidence of infection [3]. Around 12% of all respiratory tract infections in children are
caused by hMPV, second only to RSV [2,4-6]. HMPV also accounts for 10% of all hospitalizations of
elderly patients with respiratory tract infections and it has been isolated from respiratory samples of a
single winter season as often as parainfluenza [7]. Phylogenetic analysis of strains from many
countries demonstrates two distinct hMPV genotypes, A and B, which can be divided in two
subgroups: Al, A2, Bl and B2 [2,4]. The clinical features associated with hMPV in children are
similar to those of RSV. hMPV is associated with both upper and lower respiratory tract infections.
Fever, cough, tachypnea, wheezing and hypoxia are frequently observed in infected children. Chest
radiographs demonstrate focal infiltrates and peribronchial cuffing. Many children have a clinical
syndrome consistent with bronchiolitis. A significant proportion of symptomatic children who tested
positive for hMPV had co-morbidities such as a history of prematurity, chronic lung disease or
complex congenital heart diseases [8]. These findings suggest that the populations of children prone to
severe RSV disease may be also prone to hMPV disease. Although RSV and hMPV share similar
clinic features, hMPV induces a different spectrum of immune mediators compared to RSV [9-11],
suggesting that the host cell responses and likely the pathogenesis of lung disease are viral specific.

2. Pattern Recognition Receptors (PRRs) in hMPV-Induced Signaling

The innate immune response represents a critical component of the host defense against viruses and
is coordinated at the cellular level by activation of transcription factors that regulate the expression of
inducible gene products with antiviral and/or inflammatory activity. Viruses contain conserved
structural moieties, known as pathogen associated molecular pattern (PAMPs), that are recognized by
several families of PRRs, in particular Toll-Like Receptors (TLR) and RNA helicases. Their relative
contribution in virus-triggered cellular signaling is stimulus- and cell-type-dependent (Reviewed
in [12]). So far, 10 members of TLRs have been identified in humans, and 13 in mice. Among those,
TLR3, 4, 7, 8 and 9 have been shown to be more commonly involved in the innate response to viral
infections [13,14]. TLR3 recognizes double-stranded RNA (ds-RNA) that is produced during viral
replication [12]. Recently, RSV has been shown to relocate TLR3 from endosomes to cytoplasmic
membrane in infected airway epithelial cells, resulting in increased chemokine production after an
initial phase that is dependent on RSV replication [15,16]. However, we did not find a similar role of
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TLR3 in hMPV-induced cellular signaling either in airway epithelial cells [17] or in primary immune
cells, such as dendritic cells (DCs) [18].

Several viral envelop proteins, including RSV F protein and proteins of mammary tumor virus,
murine leukemia virus, vesicular stomatitis virus [19-21], and more recently Ebola virus [22], have
been shown to activate TLR4 in primary immune cells. Similar to LPS, the primary ligand of TLR4,
RSV F protein requires the presence of CD14 and MD-2 for signaling [23,24]. TLR4 signaling has
been shown to play an important role in controlling paramyxovirus infection. TLR4-deficient mice
challenged with RSV exhibited impaired natural killer (NK) cell and CD14+ cell pulmonary
trafficking, diminished NK cell function, and impaired IL-12 induction, in addition to impaired RSV
clearance [20]. In a model of alveolar macrophage depletion of TLR4-defective C3H/HeJ mice, we
have shown that the early NF-kB response that occurs in the lung after RSV infection, is dependent
upon alveolar macrophages and TLR4 [25]. Furthermore, both TLR4 and the adaptor molecule
MyD88 have been shown to be required for optimal protection against viral challenge in a mouse
model of RSV infection [26]. Our recent investigations have shown that down regulation of TLR4
expression in human DCs or lack of functional TLR4 in mouse bone marrow-derived DCs result in
significantly reduced expression of hMPV-induced cytokine, chemokine, and type I IFN secretion,
indicating an important role of this TLR in the activation of cellular signaling following hMPV
infection [18]. In addition, mice lacking TLR4 showed less clinical disease, significantly lower levels
of cytokines and chemokines, compared to the wild type. Accordingly, inflammatory cell recruitment
in the BAL, lungs, as well as in lymph nodes, was also significantly reduced [27]. These results
indicate that TLR4 is important for activation of the innate immune response to hMPV infection,
however, it also contributes to disease pathogenesis.

TLR7 and 8 share highest homology to each other among the TLR family and both of them
recognize single-stranded RNA (ss-RNA) [28,29], while TLR9 recognize viral CpG DNA
motif [30,31]. In case of hMPV, it has been shown that induction of cytokines and type I Interferon
(IFN) is TLR7-dependent [32], using TLR7-deficient mice and TLR7 specific oligonucleotide-based
inhibitor ISS661. While a similar requirement in RSV infection of pDCs has not been demonstrated
yet, recently a critical role for TLR7 and MyD88 in the recognition and development of innate
inflammatory responses necessary to limit pneumovirus infection has been reported [33]. No direct
involvement of TLRO in innate immune cellular signaling in response to either RSV or hMPV has
been reported yet.

After recognition of their own PAMPs, following viral infection, TLRs trigger intracellular
signaling pathways that are necessary to the induction of inflammatory cytokines, chemokines, as well
as type I IFN. Three structural domains, i.e., a Leucine Rich Region (LRR) in the N-terminal
ectodomain, a transmembrane region, and a Toll/IL-1R resistance (TIR) domain in the intracellular
region, are structural hallmarks of all known Toll/TLRs. Differential utilization of four TIR-containing
adapter molecules (i.e., MyD88, TIRAP, TRIF, and TRAM) by distinct TLRs leads to activation of
downstream signaling pathways, findings based largely on studies in adapter knockout mice.
Two major TLR signaling pathways have been identified, i.e., one that is MyD88-dependent, and
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gives rise to strong and early activation of the transcription factor NF-xB, and a TRIF-dependent,
MyD88-independent pathway that primarily drives strong activation of IRF-3, with later activation of
NF-«xB. The MyD88-dependent pathway results in induction of highly NF-kB-dependent, proinflammatory
genes (TNF-a, IL-1B, IL-6), while the MyD88-independent pathway leads to gene induction that is
highly IRF-3-dependent (IFN-B, RANTES). TLR4 activates both pathways for gene expression, as it is
the only TLR that uses both adapter proteins (Figure 2) [13,34,35].

Figure 2. Toll-Like Receptors (TLR) signaling pathway involved in hMPV-induced
gene expression in primary immune cells. Upon binding of their specific viral PAMP,
TLR4 and 7 lead to activation of NF-xB- and IRF-dependent gene expression by engaging
the adaptor MyD88 alone (TLR7) or in combination with TRIF (TLR4). Ub indicates
ubiquitination; P indicates phosphorylation.
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Aside from the recognition of viral RNA through the TLRs, two DExD/H box RNA helicases,
retinoic acid inducible gene (RIG)-I and melanoma differentiation-associated gene (MDA)-5, have
been identified to be essential for IFN induction by several viruses including Newcastle, Sendai,
hepatitis C, influenza and RSV [16,36-39]. Both RIG-I and MDA-5 share two homologous CARD
domains and a helicase domain that is required for its interaction with viral RNA [36,40]. The CARD
domains of the RNA helicases mediate its interaction with the CARD domain of the mitochondrial
protein MAVS (also known as IPS-1/VISA/Cardif), leading to subsequent activation of downstream
signaling molecules, such as IRFs, NF-kxB and AP-1 [41,42-44]. Viral RNA signaling mediated
by RIG-I is independent from TLRs, as dominant negative RIG-I does not block TLR-mediated
signaling [41,43]. Generation of RIG-I and MDA-5 knock-out mice has identified a major antiviral
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role for RNA helicases in several cell types, including macrophages and conventional DCs, but not in
plasmacytoid DCs (pDCs), which instead require TLR7 and/or TLR9 to mount an effective antiviral
response (Reviewed in [44]). We have recently shown that hMPV infection of airway epithelial cells
induces the expression RIG-I and MDA-5 and that RIG-I, but not MDA-5, plays a fundamental role in
hMPV-induced cellular signaling, as inhibition of RIG-I expression significantly decreases activation
of IRF and NF-xB transcription factors and production of type I IFN and proinflammatory cytokines
and chemokines [17]. MAVS was also necessary for hMPV-induced cellular signaling, as expression
of a dominant negative mutant MAVS significantly reduced IFN-f and chemokine gene transcription,
in response to hMPV infection. RIG-I-dependent signaling was necessary to induce a cellular antiviral
state, as reduction of RIG-I expression resulted in enhanced hMPV replication (Figure 3) [17].

Figure 3. RIG-I/MAVS signaling pathway regulating hMPV-induced NF-kB and IRF
activation in airway epithelial cells. Production of specific RNA moieties during viral
replication leads to activation of the RIG-I-MAVs pathway, which subsequent activation of
the IKK complex, which is upstream NF-«xB activation, and of the TBK1/IKKf complex,
which regulates IRF-3 activation, leading to proinflammatory/immune gene expression. P
indicates phosphorylation; ? indicates the unknown kinase that phosphorylates NF-kB in
response to hMPV infection.
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3. Inhibition of TLR Signaling

Dendritic cells are professional antigen-presenting cells that can be generally divided into myeloid
CDI11c" “conventional” DCs (¢cDCs) or pDCs [45]. Both subsets specialize in detecting viruses and
initiating innate and adaptive immune responses that lead to viral elimination or control [46]. Under
baseline conditions, these cells reside in the peripheral tissue in an immature, resting state scattered
throughout the respiratory mucosal wall [47] and express several receptors for recognizing viruses [48]
such as TLRs. These DCs are often the first immune cells to come in contact with infecting viruses
after infection, particularly after mucosal exposure, and can became primary targets of infection. After
detection, uptake, and degradation of viruses, DCs initiate immune responses via the secretion of
interferon, chemokines, and proinflammatory cytokines, and the upregulation of a wvariety of
costimulatory molecules and receptors, a process globally known as cell maturation. The central role
of DC in initiating and shaping the immune response, together with their presence at and recruitment
to the site of infection and concomitant exposure to infectious virus, makes them obvious candidates
for viral manipulation of the host immune response.

We and others have reported that hMPV can infect monocyte-derived DCs (moDCs), resulting in
viral antigen expression [10,49,50] and maturation (increased expression of MHC II, CD86) [10,50].
HMPV can also infect pDCs, although less efficiently than moDCs [10]. In recent investigations we
have shown that hMPV infection inhibits TLR-dependent signaling both in vitro and in vivo. Type I
IFN production in isolated moDCs, following stimulation with TLR3 and 4 agonists, and in pDCs, in
response to a TLR9 agonist, was significantly reduced by hMPV infection in a replication-dependent
manner [10,18]. Furthermore, prior infection of BALB/c mice with hMPV completely suppressed
IFN-o production induced by intranasal application of poly-ICLC (TLR3 ligand) or a synthetic
CpG-ODN (TLR9 ligand) in mice lung [51], indicating that hMPV interferes with one or multiple
signal transduction pathways activated in response to TLR stimulation in a variety of cell types.

4. Interferon Signaling Antagonism

IFNs are a group of cytokines that activate an array of cellular genes that are critical in restricting
viral replication and modulating adaptive immunity. Production of IFNs is an important feature of the
host response to viral infections. Type I IFNs (IFN-a and -p) are the key mediators produced by airway
epithelial cells infected with paramyxoviruses [36,52,53] including hMPV [54]. Secreted IFN-o/p bind
to IFN-o/p receptors (IFNaR) leading to dimerization of the two subunits, IFNaR1 and IFNaR2.
IFNoR1 and IFNaR2 then undergo conformational changes resulting in the activation of the Janus
tyrosine kinase (Jak)/signal transducer and activator of transcription protein (STAT) pathway [55].
Tyrosine kinase 2 (Tyk2), a kinase belonging to the Jak family, is constitutively bound to IFNARI.
Tyk2 phosphorylates IFNARI1 at tyrosine residue 466 (Y466) and creates a docking site for
STAT2 [56]. Subsequently, Tyk2 phosphorylates STAT2 at tyrosine 690 (Y690). Phosphorylation of
STAT?2 Y690 creates a new docking site for the SH2 domain of STAT1 [57,58], which is subsequently
phosphorylated at Y701 by IFNAR2 bound-Jakl [59]. Phosphorylated STAT1 and STAT2 then
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dimerize and bind to IRF-9 [60]. This newly formed heterotrimer, known as IFN-stimulated gene
factor 3 (ISGF3), translocates into the nucleus to bind ISG gene promoter and activate transcription.
ISGs induced by type I IFN signaling typically contain either interferon stimulated response elements
(ISRE) or a gamma activated sequence (GAS) elements within their promoters, although there is a
clear preference for genes containing an ISRE. Examples of ISRE-containing ISGs are ISG1S5,
Myxovirus (influenza virus) resistance (Mx)1, 2'-5'-oligoadenylate synthetase (OAS)l, IRF-7 and
protein kinase R (PKR) [61], while GAS-containing genes are IRF-1, IRF-2, IRF-8 and IRF-9 [62,63].
In addition to activating this canonical Jak/STAT pathway described above, stimulation of the IFNaR
also activates several non canonical signaling events such as recruitment and phosphorylation of other
STATSs [61-63] and tyrosine phosphorylation of and activation of insulin receptor substrates 1 (IRS1)
and 2 (IRS2) [63].

As IFN response is critical for a robust innate immune response, almost all mammalian viruses have
developed strategies to interfere with IFN production and signaling and to disrupt innate host antiviral
factors. These include directly targeting the pathways required for the induction of IFN production,
targeting of signaling molecules belonging to the Jak/STAT signaling pathway, and increasing the
expression or activity of endogenous cellular key regulators, such as suppressor of cytokine signaling
(SOCS) proteins, protein tyrosine phosphatases (PTPs) and protein inhibitor of activated STATSs
(PIAS) [64,65]. Several members of the Paramyxovirus family have been shown to directly target
STAT signaling through distinct mechanisms which include proteasomal degradation [66-68],
sequestration in high-molecular-weight complexes [69,70] and inhibition of nuclear localization of
STAT proteins [71]. The first description of hMPV capacity to interfere with IFN signaling came from
Harrod et al. who tested the ability of hMPV to subvert IFN-a-dependent responses in airway epithelial
cells using reporter gene assays. They showed that IFN-a-mediated induction of ISRE-driven
luciferase activity was completely abolished in hMPV-infected A549 cells, as well as induction of
ISGs, such OAS1, Mx1, RIG-I and MDA-5 [72]. This observation was paralleled by the inhibition of
IFN-a-dependent tyrosine phosphorylation and subsequent nuclear translocation of STATI in
hMPV-infected airway epithelial cells [72]. However, a mechanism responsible for the observed
inhibition was not identified. Later, we have shown that hMPV infection affects several steps of the IFN
signaling pathway, from inducing degradation of Jakl and Tyk2 via a ubiquitin-proteasome-dependent
pathway, to reducing IFNARI surface expression in infected cells, possibly due to increased
internalization of the receptor as a result of viral-induced degradation of Tyk2 (Figure 4) [73]. Both
phenomena were independent of type I IFN expression, since inhibition was also observed in Vero
cells which do not produce type I IFN, and required de novo viral gene expression and/or viral RNA
replication [73].

5. hMPYV Proteins Identified as Antagonist of Host Innate Signaling Pathways

Among hMPV encoded proteins, phosphoprotein P, glycoprotein G, small hydrophobic protein
(SH) and M2-2 have been shown to modulate hMPV-induced innate immune response, the first line of
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host defense against invading pathogens [18,32,74-76]. A discussion of the inhibitory function for
each of these proteins is presented below.
Small hydrophobic (SH) glycoprotein. hMPV SH protein is a type II transmembrane

glycoprotein [77]. It is the largest among the pneumoviruses (179 aa for the hMPV isolate CAN97-83
versus 175 aa for APV, 81 aa for BRSV, and 64 aa for HRSV) [77,78]. Even though it is substantially
longer than RSV, it has similar characteristics to the one of RSV, including a high percentage of
threonine and serine residues and a similar hydrophilicity profile [77,78]. HMPV SH protein is more
prone to frequent frameshift and point mutations in culture presumably to give a selective advantage of
the clinical isolates in culture [79] and does not appear to be required for virus growth in vitro. In fact,
a recombinant hMPV virus lacking the SH protein (rhMPV-ASH) is viable, grows as well as the
wild-type virus in MK2 cells and A549 cells [74,80] and is not significantly attenuated in animal
models of infection [74,80,81]. Similar to the SH protein of several members of the Paramyxoviridae
family such PIVS and RSV [82,83], and more recently J paramyxovirus (JPV) [84] and mumps virus
(MuV) [85], all of which have been shown to inhibit TNF-a-mediated NF-kB signaling, we have also
reported an inhibitory role of hMPV SH protein in NF-kB activation [74]. Infection of airway
epithelial cells with rhMPV-ASH led to increased interleukin 6 (IL-6), IL-8, and MCP-1 secretion,
compared to thMPV-WT [74]. Similarly, BALB/c mice infected with trhMPV-ASH showed enhanced
production of TNF-a, IL-6, KC and MCP-1, compared to rhMPV-WT [74]. We observed significantly
higher induction of IL-8 gene transcription in 293 cells infected with thMPV-ASH compared to
rhMPV-WT, and SH protein expression lead to inhibition of TNF-a induced IL-8 promoter activation,
confirming a role of SH in inhibition of NF-kB-dependent gene transcription [74]. SH protein of
hMPYV affected NF-kB-dependent gene transcription by modulating NF-«kB transcriptional activity and
not by inhibiting nuclear translocation, and therefore the canonical pathway leading to NF-«xB
activation (Figure 4) [86]. Similar to Rep78 protein of adeno-associated virus type II, which targets
PKA activation [87], hMPV SH might inhibit one of the kinases that phosphorylate NF-xB [74]. Our
results indicate a possible novel mechanism by which paramyxovirus SH proteins can affect NF-xB
activation, in addition to inhibiting TNF-induced NF-kB nuclear translocation, as it has been shown
for RSV and PIV5 SH proteins [82,83]. Whether RSV, PIV5 and JPV SH proteins can also affect
viral-induced NF-«B post-translational modifications will require further investigation.

Glycoprotein G. hMPV G protein is a type II mucin-like glycosylated protein [77]. The membrane
anchor of G protein is proximal to the N terminus and their C terminus is oriented externally.
Although the postulated function of G protein is for attachment, it has been shown that hMPV F
protein alone is sufficient to mediate attachment and fusion in the absence of other surface proteins
including G [80,81,88]. In addition, the interaction of F with cellular integrin receptors is independent
of G protein [89], suggesting that G protein plays a minimal role in hMPV attachment. Although lack
of G protein does not decrease significantly the ability of hMPV to replicate in vitro, a recombinant
virus in which the G protein is deleted (thMPV-AG) exhibits reduced replication in the upper and
lower respiratory tract of Syrian hamsters and African green monkeys [80,81].
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In the past few years, our laboratory has been focusing on the molecular mechanism(s) underlying
the attenuation of thMPV-AG. We discovered that hMPV G is an important virulence factor which
inhibits cellular signaling both in airway epithelial cells and in primary immune cells [75,90]. The
respiratory epithelium represents the principal and primary target site of respiratory viruses, including
hMPV. We found that rhMPV-AG induces significantly higher amounts of the cytokines, chemokines
and type I IFN than hMPV-WT in airway epithelial cells, due to enhanced activation of transcription
factors belonging to the NF-xB (e.g., p65 and p50) and IRF families (e.g., IRF-3), demonstrated by
increased nuclear translocation and/or phosphorylation [75]. As RIG-I and MAVS are central
regulators of hMPV-induced cellular signaling in airway epithelial cells, we investigated whether G
targeted the RIG-I/MAVS pathway and, indeed, we found that G protein physically interacts with
RIG-I and inhibits RIG-I-, but not MAVS-dependent IFN-f gene transcription (Figure 4) [75].

Figure 4. Schematic diagram of sites of antagonism of cellular signaling and IFN
production/responses by hMPV proteins. Major cellular targets of hMPV proteins in the
TLR4, RIG-I/MAVS and type I IFN signaling pathways. P indicates phosphorylation.
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We have recently investigated the molecular mechanism by which G protein expression inhibits
RIG-I activation. We found that the interaction of hMPV G with RIG-I occurs primarily through the
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CARD domains of its N-terminus, preventing RIG-I association with the adaptor protein MAVS and
RIG-I recruitment to mitochondria. HMPV G expression also prevented the interaction between
mitochondria and mitochondria-associated membrane (MAM) component of the endoplasmic
reticulum (ER), which contains Stimulator of IFN genes (STINGS), an important part of the
viral-induced RIG-I/MAVS signaling pathway, leading in the end to the inhibition of cytokine,
chemokine and type I interferon (IFN) expression. Mutagenesis analysis showed that hMPV G protein
cytoplasmic domain played a major role in the observed inhibitory activity, and recombinant viruses
expressing a G protein with amino acid substitution in position 2 and 3 recapitulated most of the
phenotype observed with thMPV-AG mutant upon infection of airway epithelial cells [91].

DCs play a pivotal role in shaping antiviral immune responses in the respiratory tract. They can
efficiently sense invading pathogens by TLRs and, because of their strategic localization at mucosal
sites, are involved in the response to viral infections [92,93]. We have recently demonstrated that
moDCs infected with hMPV-AG also produce higher levels of type I IFNs, cytokines and chemokines
compared with cells infected with thMPV-WT, suggesting that G protein plays an inhibitory role in
viral-induced cellular responses of immune cells as well (Figure 4) [90]. As discussed above, TLR4
plays a major role in hMPV-induced activation of moDCs [90]. In our study, we found that G protein
impaired TLR4-dependent signaling, as moDCs infection with thMPV-AG inhibited LPS-induced
production of cytokine and chemokines significantly less than rhMPV-WT, and treatment of moDCs
with purified G protein resulted in significant inhibition of LPS-dependent signaling. Taken together,
our results demonstrate that h(MPV G protein plays an important role in inhibiting host innate immune
responses in dendritic cells, possibly affecting adaptive immune responses as well. This is an
important finding, as inadequate TLR stimulation, with subsequent lack of antibody affinity
maturation has been recently identified as an important cause of vaccine failure and enhanced disease
following administration of the formaline-inactivated RSV vaccine [94].

Inhibition of cellular signaling by surface glycoproteins has been demonstrated for other viruses
as well. RSV G protein inhibits cytokine and chemokine secretion, as infection with a recombinant
RSV lacking the full-length G protein (rRSV-AG) or the soluble part of G protein (rRSV-AsG)
enhances production of IL-6 and IL-8 in monocytes [95], and IL-8 and RANTES secretion, and
ICAM expression in airway epithelial cells [96]. RSV-AG also induces more immune mediator
production, compared to WT virus, in a mouse model of infection [95]. Similarly, the surface
glycoproteins of hantaviruses, in particular, those associated with hemorrhagic pulmonary syndrome
(HPS), have been shown to affect IRF-3 activation and IFN production via interaction with RIG-I and
TBK-1, a kinase responsible for viral-induced IRF-3 phosphorylation, and to inhibit IFN-mediated
cellular responses [97,98]. Taken together, it could be a common feature of surface glycoproteins of
enveloped single strand, negative strand RNA viruses to be inhibitory to antiviral signaling,
consequently, leading to host immune evasion.

M2-2 protein. HMPV M2 encodes two overlapping proteins: M2-1 and M2-2. The M2-1 open
reading frame (ORF) of strain CAN 97-83 is assumed to start with the first AUG at nucleotide position
14, and encodes a protein of 187 amino acids. The M2-2 ORF possibly initiates with the AUGs at
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positions 525 and 537, overlapping the M2-1 ORF by 53 or 41 nucleotides, respectively [77,99]. M2-1
protein is not essential for h(MPV recovery using the reverse genetic system in vitro, in contrast to RSV
M2-1 protein, which is essential for full viral replication [99-101]. The role of h(MPV M2-2 protein in
regulating viral RNA synthesis has been confirmed by our group and several others [81,99,102,103].

Similar to thMPV-AG, recombinant thMPV lacking M2-2 (thMPV-AM2-2) is also listed as a live
vaccine candidate, as it is attenuated, immunogenic and protective against hMPV challenge in both
African green monkeys and hamsters [81,99,102]. Although the attenuation of thMPV-AM2-2 could
be explained by decreased viral genome accumulation by M2-2 deletion [99,102,103], we found that
other mechanism(s) could be also associated with hMPV-AM2-2 attenuation, as discussed below. We
recently discovered that hMPV M2-2 is an important antagonist of host antiviral signaling, therefore,
favoring hMPV replication. In fact, AM2-2-infected airway epithelial cells produced higher levels of
IFN-B and other immune mediators, compared to thMPV-WT-infected cells [76]. Although the
expression of hMPV G protein was impaired due to a reduced ability of rhMPV-AM2-2 to replicate,
which might contribute indirectly to the enhanced cellular responses observed following infection with
the M2-2 deleted mutant, ectopic expression of G protein at levels comparable or higher than the one
observed in WT-infected cells only partially reversed the enhancement in cellular responses observed
with thMPV-AM2-2, suggesting that M2-2 contributes to hMPV immune evasion as well. Indeed, in
reporter gene assays, M2-2 protein, but not other soluble hMPV proteins, inhibited MAVS-induced
IFN-B gene transcription, but not the induction mediated by downstream signaling molecules of the
RIG-I/MAVS pathway, suggesting that MAVS is the target of M2-2 (Figure 4). Coimmunoprecipitation
studies, both in an overexpression system or in the context of viral infection, showed a clear association
of M2-2 with MAVS, supporting this concept [76].

We have also identified the domains of M2-2 responsible for the regulation of viral gene
transcription, viral replication, and RIG-I-mediated signaling. We found that the first 25 amino acids
of M2-2 are critical to promote viral gene transcription, but not involved in the regulation of viral
replication and hMPV-induced signaling. In contrast, the domains spanning from amino acid 26 to 69
are dispensable for the regulation of viral gene transcription, but responsible for RIG-I signaling
inhibition and viral replication facilitation [76].

In summary, hMPV uses both G and M2-2 protein to target the RIG-I/MAVS pathway. The
mechanism by which viruses use two distinct viral proteins to target molecules belonging to the same
cellular signaling pathway is becoming recognized as a common strategy to evade host immune
defenses. For example, influenza virus uses its NS1 protein to target RIG-I [104,105], and its PB1-F2
and PB2 proteins to inhibit MAVS [106,107]. In case of RSV, NS2 protein of RSV antagonizes the
activation of IFN-B transcription by interaction with RIG-I [108], and we recently found that NSI
protein inhibits IFN- synthesis by associating with RIG-I downstream transcription factor IRF-3 and
its transcriptional co-activator CBP [109].

Phosphoprotein (P). The P protein gene of the pneumoviruses, different from the one of

paramyxovirinae, is monocistronic, encoding a single polypeptide with a predicted mass of
32.5kDa [110], although production of multiple forms of phosphoprotein in infected cells has been
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reported [111]. Similar to other pneumoviruses, hMPV P protein is present within the helical
ribonucleoprotein (RNP) complex. It has been shown that h(MPV N and P proteins interact together
and form cytoplasmic inclusion bodies [112].

Elegant studies conducted by Goutagny et al. [32], focusing on comparing the innate responses to
hMPV A and B strains, showed that hMPV-B failed to elicit a type I IFN response in airway epithelial
cells and in human monocytes, despite its ability to infect and replicate as efficiently as hMPV-A.
Similar to our reports in epithelial cells [17], Goutagny and coworkers showed that h(MPV Al triggers
RIG-I activation to induce type I IFN production while hMPV B1 did not [32]. They showed that in
the context of the virus infection, the hMPV B viral RNA is prevented from being sensed by RIG-I and
that the P protein is responsible for this inhibition (Figure 4). Since viral RNA is protected from free
cellular RNases by RNP complex, proteins within the RNP, especially P protein in hMPV B1 probably
could prevent the recognition of the viral RNA by the RIG-I pathway. This strain specific inhibition of
RIG-I sensing by P protein has been ascribed to higher levels of expression of the P protein, as well as
higher affinity for the RNA or other components of the RNP complex, during hMPV-B infection,
compared to hMPV-A [32]. Moreover, the inhibitory effect of the hMPV-B P protein was restricted to
the RIG-I pathway, because it did not prevent the induction of IFN-a/p in pDCs, which uses TLR7
pathway. In conclusion, this study suggests that in addition to other structural proteins such as G,
SH and M2-2 proteins, RNP complex proteins might also play an important role in inhibition of
viral- induced type I IFN expression.

In summary, hMPV antagonizes cellular responses and type I IFN secretion/signaling through a
variety of mechanisms which involve the regulation of PRRs (both TLRs and RLR), as well as the key
signaling molecules involved in the downstream signaling of IFN pathway such as STAT1, STAT2,
Jakl and Tyk2. The role of this inhibition of type I IFN signaling by hMPV in pathogenesis and
severity of infection also needs to be investigated, as inhibition of IFN signaling may affect
development of host adaptive immunity, leaving the host susceptible to reinfection. A better
understanding of how hMPV inhibits cellular signaling and type I IFN pathway, and its consequences
in regard to the innate and adaptive immune responses, is crucial for improving therapeutic approaches
and the development of better vaccines against h(MPV infection.
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Abstract: Human metapneumovirus (HMPV) is a leading cause of respiratory infection
that causes upper airway and severe lower respiratory tract infections. HMPV infection is
initiated by viral surface glycoproteins that attach to cellular receptors and mediate virus
membrane fusion with cellular membranes. Most paramyxoviruses use two viral
glycoproteins to facilitate virus entry—an attachment protein and a fusion (F) protein.
However, membrane fusion for the human paramyxoviruses in the Prneumovirus subfamily,
HMPYV and respiratory syncytial virus (hRSV), is unique in that the F protein drives fusion
in the absence of a separate viral attachment protein. Thus, pneumovirus F proteins can
perform the necessary functions for virus entry, i.e., attachment and fusion. In this review,
we discuss recent advances in the understanding of how HMPV F mediates both
attachment and fusion. We review the requirements for HMPV viral surface glycoproteins
during entry and infection, and review the identification of cellular receptors for HMPV F.
We also review our current understanding of how HMPV F mediates fusion, concentrating
on structural regions of the protein that appear to be critical for membrane fusion activity.
Finally, we illuminate key unanswered questions and suggest how further studies can
elucidate how this clinically important paramyxovirus fusion protein may have evolved to
initiate infection by a unique mechanism.

Keywords: metapneumovirus; fusion protein; paramyxovirus; integrin
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1. Introduction

Human metapneumovirus (HMPV) was first isolated in 2001 in the Netherlands [1]. Dutch
investigators discovered an unknown virus in respiratory secretions collected from young children
with lower respiratory illness. Virus-infected cell supernatants were examined by electron microscopy
and found to contain pleomorphic virus particles measuring 150 to 600 nm, with spike-like envelope
projections of 13 to 17 nm [2]. PCR and sequence analysis revealed a single-stranded, negative-sense
RNA genome with close resemblance to avian metapneumovirus (AMPV), an avian virus that causes
serious respiratory disease in chickens and turkeys [3]. Based upon virion morphology and genome
organization, HMPV was classified as the first human member of the Metapneumovirus genus, in the
subfamily Prneumovirinae of the paramyxovirus family [1,4].

HMPV is a ubiquitous respiratory pathogen that has been circulating in human populations
undetected for decades. The original report detected HMPV-specific antibodies in archived human sera
from the 1950s [1] and HMPV has been detected by RT-PCR in specimens from 1976 [5]. Phylogenetic
analysis of multiple HMPV gene sequences suggests that HMPV diverged from AMPV between
200-300 years ago [6,7]. HMPV is a leading cause of lower respiratory infection in infants and children
worldwide [5,8-18]. HMPV is also associated with severe disease in immunocompromized hosts or
persons with underlying conditions [19-25]. HMPV causes a clinical spectrum of illness from upper
airway infection to severe lower respiratory tract infections (e.g., bronchiolitis and pneumonia) [5,26].
HMPV pathogenesis is similar to hRSV and causes inflammation, sloughing and necrosis of the
bronchiolar epithelium [27]. Experimental studies in nonhuman primates and small animal models
(hamsters, cotton rats, and mice) indicate that HMPV replicates in the upper and lower respiratory tract
epithelium and demonstrate no evidence of viral dissemination, indicating a distinct tissue tropism for
HMPV which is consistent with clinical illness observed during human infection [28-30].

2. HMPYV F: A Dual Function Fusion Protein

The HMPV virion is similar to other paramyxoviruses. The viral lipid bilayer is likely derived from
the plasma membrane of infected cells during virus egress, as virions are thought to bud from the
infected cell surface. The closely related pneumovirus, hRSV forms filaments at and buds from the
apical surface of polarized epithelial cells [31,32]. Similar to hRSV [32], the HMPV matrix (M)
protein has been shown to assemble into filaments on the surface of HMPV-infected cells [33]. The
HMPV M protein lines the inner leaflet of the viral lipid bilayer, and virions contain three integral
membrane surface glycoproteins, the fusion (F), glycoprotein (G) and short hydrophobic (SH) proteins
(Figure 1). The envelope contains a helical ribonucleoprotein (RNAP) complex consisting of
nucleoprotein (N), phosphoprotein (P), matrix 2 protein (M2), large polymerase protein (L), and the
single-stranded, negative-sense RNA genome.
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Figure 1. Schematic representation of a human metapneumovirus (HMPV) virion.
The fusion (orange), attachment (red), and short hydrophobic (black) glycoproteins are
depicted at the virion surface. The matrix protein (gray ovals) lines the inner leaflet of the
virus membrane. Encapsidated within the viral envelope is the ribonucleoprotein (RNAP)
complex consisting of the helical, genomic RNA wrapped by the nucleoprotein (N), the
viral RNA-dependent, RNA polymerase (L), phosphoprotein (P), and matrix 2 protein (M2).
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HMPYV infection is initiated by viral surface glycoproteins that attach to cellular receptors and
mediate virus membrane fusion with cellular membranes. Most paramyxoviruses use two viral
glycoproteins to facilitate virus entry—an attachment protein, called HN, H or G (depending on
the virus), and a fusion (F) protein. Indeed, elegant studies on paramyxoviruses in the subfamily
Paramyxovirinae have demonstrated that viral attachment and fusion are mediated by two individual
viral proteins that act in concert during virus entry (reviewed in [34]). For the Paramyxovirinae, F is
capable of catalyzing membrane fusion only in the presence of the attachment protein. The proposed
model for paramyxovirus entry is a stepwise process where: (1) the attachment protein binds to cellular
receptors; (2) the bound attachment protein directly interacts with and transmits a signal to the F
protein; (3) the F protein becomes activated to undergo structural changes; (4) F refolds from a
prefusion to postfusion structural conformation, resulting in the merging of the viral membrane with
the plasma membrane; and (5) the genome is delivered into the cytoplasm from a fusion pore created
at the cell surface.

However, membrane fusion for paramyxoviruses in the Prneumovirus subfamily is unique in that F
drives fusion in the absence of a separate viral attachment protein. The pneumoviruses incorporate
three surface glycoproteins that could potentially facilitate entry: F, SH, and G (termed the attachment
protein based upon homology to other paramyxoviruses). The first indication that pneumovirus
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entry may not absolutely depend upon all surface glycoproteins was the identification of a live,
cold-passaged hRSV strain (cp-52) that had a large deletion spanning most of the SH and G coding
sequences but replicated efficiently in Vero cells [35]. Thus, in the absence of SH and G, hRSV was
infectious and capable of replicating to high titer in vitro, although cp-52 replication was severely
attenuated in vivo in both animals and humans [35]. Subsequent studies with hRSV engineered without
the SH and G genes have confirmed that hRSV F is sufficient for virus entry in cell culture, but
replication is attenuated in animal models of infection [36—42]. The invention of reverse genetics for
HMPYV has enabled researchers to rescue viruses engineered to express the F protein in the absence of
G and/or SH, and define the individual contributions of each protein for virus entry. Deletion of the SH
gene from HMPV did not alter viral growth in cell culture or animal models of infection [43,44],
confirming that the SH protein does not serve a role in virus entry. HMPV lacking both G and SH
replicated efficiently in cell culture [44] and in both the upper and lower respiratory tracts of hamsters
after intranasal inoculation [44]. HMPV lacking G (HMPVAG) infected and was shed from both the
upper and lower respiratory tracts of African green monkeys, a permissive nonhuman primate host.
However, HMPVAG replication was attenuated compared to wild type infection (viral titers were
reduced six-fold in the upper respiratory tract and 3200-fold in the lower respiratory tract) [43].

The fact that both hRSV and HMPV viruses lacking the G and SH genes are infectious indicates
that the F proteins from these pneumoviruses can perform the necessary functions for virus entry, i.e.,
attachment and fusion. However, the G protein is clearly important for virus fitness in vivo. Despite the
fact that hRSV and HMPV G proteins share no homology and are very different in size [4], the G
proteins are thought to serve similar functions in the pneumovirus lifecycle. Current evidence suggests
that pneumovirus G proteins help tether virus particles to the cell surface, and are likely important for
strengthening particle adhesion and concentrating virions on the cell surface. Techaarpornkul et al.
demonstrated that hRSV G is required for optimal virus attachment to the cell surface, but not for virus
fusion and entry as the F protein alone is sufficient for efficient virus fusion with cultured cells [39].
HRSV and HMPV G have been shown to bind adhesion molecules on the cell surface such as heparan
sulfate or glycosaminoglycans (GAGs) [45-47]. Pretreatment of HMPV with soluble heparin inhibits
infection, and recombinant G protein binds to heparin-agarose columns and cells in a GAG-dependent
manner [47]. Thus, HMPV G is capable of binding cell surface GAGs and may contribute to virus
attachment; however, because G is dispensable for viral entry, it is not absolutely required for the
membrane fusion activity of F during the virus entry process.

Thus, HMPV F is necessary and sufficient for membrane fusion and capable of mediating entry
without an additional attachment protein, in contrast to the firmly established model for most
paramyxoviruses that absolutely require two viral proteins. To be sufficient for virus entry, HMPV F
must be able to attach to cellular receptors and this attachment should activate F-mediated membrane
fusion. How HMPV F mediates both attachment to cellular receptors and membrane fusion has been
the focus of several recent studies and will be the topic of this review.



219

3. HMPV F: The Key to Intrusion

All paramyxovirus F proteins are class I fusion proteins that due to the conservation of structural
domains are thought to mediate fusion via the same global mechanism (reviewed in [48]). HMPV F is
a trimeric, type | membrane glycoprotein. A schematic of the HMPV F protein structure is shown in
Figure 2. Each F monomer is translated as an inactive precursor, FO, which is proteolytically cleaved at
a monobasic consensus site by host cell proteases into two disulfide-linked subunits, F1 and F2. This
cleavage reveals a hydrophobic fusion peptide (FP) at the N-terminus of the larger F1 subunit, which
inserts into target cell membranes to initiate membrane fusion. Two heptad repeat (HR) regions are
located in the F1 subunit; HRA is adjacent to the FP and HRB is adjacent to the transmembrane (TM)
domain. During fusion a metastable, prefusion conformation of F refolds into a highly stable
postfusion conformation. During the prefusion-to-postfusion transition, the HRA and HRB form
trimeric coiled-coils that rearrange to fold into a highly stable six-helix bundle that drives the
formation of a fusion pore between the virus and cell membranes. Formation of the six-helix bundle is
essentially irreversible and is directly linked to membrane merging, as peptides mimicking the heptad
repeats are capable of blocking membrane fusion [49-51].

Figure 2. Schematic representation of the cleaved HMPYV fusion protein. The mature,
proteolytically cleaved HMPV F protein contains 522 amino acids (without signal
sequence), with 82 residues in the F2 subunit and 440 residues in the F1 subunit, which
includes a large extracellular domain, an ~23-amino acid transmembrane domain and a
cytoplasmic tail of 25 residues. FP = fusion peptide; HRA = heptad repeat A;
HRB = heptad repeat B; TM = transmembrane domain; CT = cytoplasmic tail.
The approximate location of a conserved RGD motif (residues 329-331) is indicated as a
magenta box. Arrows indicate the three N-linked glycosylation sites. The location of two
disulfide bonds that connect the F1 and F2 protein subunits are shown. (Scale bar,

amino acids.)
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Figure 3. Structures of paramyxovirus F proteins. (A) The prefusion conformation of
the PIVS5 F trimer and the postfusion conformation of the hRSV F trimer. A schematic of
the F protein color-coded to identify structural domains is shown below the structures. The
DI domain is shown in orange, the DII domain is shown in red, and the DIII domain is
shown in blue. HRA is shown in light blue, HRB is shown in cyan and the HRB linker
domain is shown in gray. The fusion peptide is shown in green for prefusion PIV5 F, but
was not solved in the hRSV F structure. The GCNt domain (shown in yellow) was added
to the PIVS F trimer for crystallization. (B) HMPV F in complex with a neutralizing
antibody (DS7 Fab, shown as gray surface). DI, DII, and DIII coloring is as for the F
trimers shown in (A). The conserved RGD motif is shown as magenta spheres. Residue
294 (Glu) is shown as green spheres. Conserved charged residues in DIII that impact
fusion activity are indicated as spheres (yellow, acidic residues; brown, basic residues).
(C) Side and top views of the prefusion PIVS F trimer are shown with the homologous
residues to HMPV F-RGD shown as magenta spheres. Each monomer is shown in blue,
yellow, or green. (D) Side and top views of the postfusion hRSV F trimer are shown with
the homologous residues to HMPV F-RGD shown as magenta spheres. Coloring is as
for PIVS F in (C). Structural coordinates were obtained from the Protein Data Bank [52]
and figure constructed with PyMOL. PIVS F, PDB ID: 2B9B [53]; hRSV F, PDB ID:
3RKI [54]; HMPV F complex, PDB ID: 4DAG [55].
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Crystal structures for the PIV5 prefusion F [53] and the hRSV postfusion F [54] have been
determined and are shown in Figure 3A. Three discrete domains, DI (orange), DII (red) and DIII
(blue), have been colored to indicate how the linear sequence of amino acids is arranged in the tertiary
structure of the prefusion and postfusion F proteins. The HRA domain (light blue) changes
significantly in both secondary structure and location, and the F head domain becomes more compact,
during the prefusion-to-postfusion F transition (reviewed in [48]). A crystal structure of HMPV F in
complex with a neutralizing antibody (DS7 Fab) has recently been described [55]. The HMPV F
structure was solved as a monomer, and is depicted in Figure 3B. The HMPV F DIII domain is similar
to the prefusion PIVS5 F protein but overall the HMPV F structure resembled the hRSV postfusion F [55].

HMPV F amino acid sequences are highly conserved, falling into two major lineages (A and B),
each with two subgroups (1 and 2), which exhibit a mean of ~96% identity [7,56]. A study in 2004
comparing 64 partial F gene sequences from the United States, Canada, Peru, France, Israel, Republic
of South Africa, Australia and the Netherlands confirmed that HMPV isolates circulating around the
world encode F proteins from the A1, A2, B1 and B2 genetic lineages [57]. Distinct canonical amino
acid differences are present between major subgroups, and polymorphic variations tend to cluster in
discrete regions [7,57]. Amino acid identity within and between subgroups is higher than nucleotide
identity, suggesting structural or functional constraints on F protein diversity. A study comparing
85 full-length F gene sequences collected over a 20-year period from the United States (all isolated
in Tennessee), Canada, Japan and the Netherlands suggested that there was no progressive genetic drift
over time, and the genetic lineages were stable over time in circulating viruses in a population of
children with respiratory illnesses [7].

The HMPV F protein is glycosylated at three Asn residues (residues 57, 172 and 353) [58,59].
Mutating the F2 subunit glycosylation site at Ns7 results in an F protein that is expressed and processed
at near wild type levels, and efficiently mediates both cell-cell fusion [58] and virus growth in a mouse
model of infection [59]. Glycosylation of Nj7, appears to be critical for proper F protein folding,
fusion activity, and virus growth in mice [58,59]. Glycosylation of Nss3 appears to be critical for
proper F folding and cleavage [58], which results in the inability to recover viruses with an N353Q
mutation [59].

An arginine-glycine-aspartate (RGD) motif at residues 329-331 in the HMPV F1 subunit, along
with 5 N- and 16 C-terminal flanking residues, is strictly conserved in all gene sequences that have
been studied to date, regardless of genetic lineage and despite diversity in other regions of the F
gene [60]. This motif is unique to HMPV F among human paramyxovirus fusion proteins and absent in
all published HRSV F sequences. The RGD motif is located in DI of the HMPV F protein and is
shown in Figure 3B as magenta spheres. Based upon homology, the predicted location of the RGD
motif is also shown on the PIV5 prefusion (Figure 3C, magenta spheres) and the hRSV postfusion
(Figure 3D, magenta spheres) F structures. The presence of the invariant RGD motif led to the
speculation that integrins function as receptors for HMPV, discussed in more detail in the next section.
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4. HMPYV Binding: Identifying the Door

As noted, HMPV diverged from an avian pneumovirus (AMPV-C) between 200-300 years
ago [6,7]. HMPV does not replicate in birds and evidence of AMPV infection has not been detected in
humans [1]. The switch in virus tropism appears to be due to the attachment function of the F protein.
In cell culture, HMPV expressing only F (HMPVAGASH) binds to the cell surface with the same
efficiency as wild type virus [61]. Moreover, HMPV F confers species specificity of infection, as F
was found to be primarily responsible for the difference in the ability of AMPV-C and HMPV to infect
quail fibroblast (QT6) cells [62]. Further, the F2 subunit (and not the G protein) of both hRSV [38§]
and HMPV [62] has been shown to confer species-specific infection of cells. This evidence strongly
indicated that HMPV F interacts with cell surface receptors, and both protein and carbohydrate
receptors for HMPV F have been discovered.

We identified a conserved RGD motif in the HMPV F1 subunit, and speculated that integrins might
serve as receptors for HMPV. Integrins are heterodimeric integral membrane proteins composed of
one o and one B subunit. A subset of integrins (aVB1, aVB3, aVP5, aVP6, aVBS, a5p1, a8pl and
allbB3) bind proteins with RGD motifs, such as fibronectin and vitronectin. Integrins are adhesion
receptors that bind extracellular proteins to modulate cell behavior and survival. Integrins associate with
cytoskeletal proteins, adaptors, and kinases via the cytoplasmic tails of the o and B subunits, allowing
them to transduce bidirectional signals between the intra- and extra-cellular environments [63]. The
intimate link between integrins and cell signaling cascades, as well as endosomal sorting pathways,
makes them a desirable receptor for mammalian viruses. Several viruses, including adenovirus,
hantavirus, herpesvirus, picornavirus, and reovirus, utilize integrins during entry, either as attachment
or internalization receptors (reviewed in [64]).

Initial experiments in our laboratory found that the RGD-binding integrin aVp1 promoted HMPV
infection [60,65]. EDTA, which chelates divalent cations required for integrin function, exhibited a
dose-dependent inhibition of HMPV infection. Synthetic RGD peptides blocked HMPV infection,
while RGE peptides did not. Function-blocking monoclonal antibodies (mAbs) directed against
RGD-binding integrins inhibited HMPV infection, with mAbs against oV and Bl exhibiting the most
potent effect. Similarly, reduction of aV and Bl expression by siRNA reduced HMPV infection.
Importantly, none of these loss-of-function experiments inhibited hRSV, which has a very similar F
protein but lacks an RGD motif. Transfection of poorly permissive cells with aV or 1 cDNAs
conferred HMPV infectivity. These data suggested that aVB1 integrin is a receptor for HMPV.

Subsequent studies using both virus and virus-like particles showed that HMPV F is capable of
binding multiple RGD-binding integrins in addition to aVP1, specifically a5p1 and other aV-integrin
heterodimers that may differ depending upon target cells [65]. Furthermore, recent data suggest
that HMPV F utilizes RGD-binding integrins as attachment and entry receptors. HMPV F binds
RGD-binding integrins during attachment, and this interaction is necessary for virus attachment and
subsequent productive infection [65]. Blockade of integrin function with mAbs inhibits approximately
half of virus binding, but >90% of virus infectivity. Thus, while HMPV can bind to other cell surface
molecules, integrin binding is required for efficient entry. Furthermore, mutating the conserved RGD



223

motif significantly attenuated HMPV growth in vitro and altered the extent of virus-infected cell-cell
fusion, suggesting a key role for the integrin-binding motif during F-mediated entry and fusion [65].
In addition to being necessary for efficient HMPV F-mediated attachment, our experiments suggest
that integrin engagement is also required for postbinding events during HMPYV entry, because blocking
RGD-binding integrin attachment results in significantly lower levels of viral transcripts at eight hours
post infection [65]. Thus, in the absence of integrin-mediated entry, virus transcription is impaired.
These data suggest that RGD-binding integrin engagement is necessary but not sufficient for HMPV
attachment (40%-50% of HMPV F-specific binding is mediated by integrins), and that integrin
engagement is important for post-binding events that occur during HMPV entry [65].

Chang et al. recently identified heparan sulfate as a receptor for HMPV F, and suggested that the
carbohydrate moiety was the first binding partner for HMPV F during virus attachment [61].
Experiments with Chinese hamster ovary (CHO-K1) cells and mutant CHO-K1-derived cell lines
unable to synthesize GAGs demonstrated that heparan sulfate proteoglycans were required for HMPV
binding and infection [61]. These authors concluded that B1 integrin was not a direct cellular receptor
for HMPV because virus still bound P1 integrin-deficient murine embryonic fibroblasts [61].
However, when B1-null fibroblasts were complemented with human B1 integrin, HMPV infection was
significantly enhanced, supporting a role for f1 integrin in promoting HMPV infection [61]. In light of
our recent findings that HMPV F binds multiple integrins during attachment, HMPV F would be
expected to bind to other RGD-binding integrins such as aVB5, aVB6 and/or aVB8 on the B1-null cell
surface. The B1-null fibroblasts express several oV heterodimers, including aVB3 and aVB5 [66,67].
These data show that an HMPV F interaction with heparan sulfate moieties on the cell surface
contributes to HMPV attachment and infection, and heparan sulfate may be the first cell surface
receptor that HMPV engages during virus attachment.

Interestingly, recent findings by Chang ez al. suggest that efficient HMPV infection depends
upon the expression of a proteinaceous receptor that is trypsin- and proteinase K-sensitive (integrins
are reported to be resistant to both types of protease treatment) [61]. Thus, HMPV entry appears to
involve more than one cell surface receptor: heparan sulfate, RGD-binding integrins, and other
protease-sensitive surface proteins. However, further studies are needed to identify other putative
proteinaceous receptors for HMPV.

Together, recent studies on the receptors involved in HMPV entry suggest that HMPV F interacts
with multiple binding partners during attachment. We propose a multi-step model of HMPV
attachment where F first binds heparan sulfate before engaging specific proteinaceous receptors
including RGD-binding integrins, which mediate post-binding events that lead to productive
HMPYV infection.

5. HMPYV Fusion: Entering the Premises

The mature HMPV F protein must be proteolytically cleaved to convert the FO precursor into the
fusion-competent, disulfide-linked F1/F2 heterodimer. The monobasic, consensus cleavage site
(PRQSR) is a trypsin-like cleavage motif, which is cleaved after the final Arg residue. For most cell
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types, cell surface HMPV F is expressed in the FO precursor form. In cell culture, F protein cleavage
occurs when trypsin is added to the cell medium. Indeed, HMPV grows poorly (or not at all) unless
trypsin is added to virus growth medium during virus propagation in cell culture [1,44,68]. Trypsin
treatment of HMPV F-expressing cells is also required for cell-cell fusion activity [58]. In vivo,
cleavage is likely mediated by extracellular proteases such as TMPRSS2 [69] or mini-plasmin [70]
expressed in the respiratory tract of infected humans. HMPV F cleavage activates the protein by
creating a new F1 N-terminus, the fusion peptide, which is inserted into target cell membranes during
the fusion process.

Most paramyxovirus F proteins require an attachment protein to drive membrane fusion, both
during entry (virus-cell fusion) and to induce syncytia (cell-cell fusion). Transient transfection of
HMPV F is sufficient to induce cell-cell fusion, and co-expression of the G protein does not
significantly enhance fusion [58]. Moreover, using virus-like particles containing only F or F+G, we
have demonstrated that the G protein does not alter particle-cell hemifusion kinetics or the extent of
fusion [65]. This evidence coupled with the observation that HMPYV lacking the G protein is infectious
suggests that the G protein is not a critical component of the HMPV fusion machinery.

To better understand how the HMPV F protein functions alone to mediate fusion, recent studies
have explored the requirements for fusion and investigated the importance of specific residues within
the extracellular domain of the protein for fusion activity. Paramyxovirus fusion proteins mediate
fusion in a pH-independent manner [71], and commonly induce fusion of cultured cells at neutral pH
resulting in syncytium formation during virus infection. Surprisingly, the first report of HMPV
F-mediated cell-cell fusion activity suggested that HMPV F required low pH for activation [58].
Schowalter ef al. determined that HMPV F required both trypsin treatment, to mediate proteolytic
processing, and low pH pulses for fusion activity of the A2 genotype strain CAN97-83 [58].
A follow-up study suggested that the low-pH-induced fusion phenotype of HMPV CAN97-83 may be
strain-specific [72]. Herfst et al. used prototype F proteins from the four HMPV genetic lineages to
demonstrate that fusion for lineage B strains was pH-independent, but fusion for some linecage A
strains (one Al and one of two A2 strains tested) was enhanced by pH 5 pulses [72]. Mutagenesis
studies determined that a Gly residue at position 294 was a key determinant of the low-pH-induced
fusion phenotype for HMPV A strains, but inserting the Gly,q4 residue into HMPV B F proteins did
not confer pH sensitivity [72]. We compared the sequences of more than 1000 published full-length
and partial HMPV F sequences from around the world to determine the frequency of the residue
present at position 294 (see Figure 3B, green spheres). Most HMPV strains encode a Glu residue at
position 294, 6% encode a Gly (59 of 1005), and rarely a Lys residue is found at this position in the
sequence (15 of 1005). The lack of HMPV F proteins with the low-pH sensitive Gly,o4 suggests that
exposure to low pH is not a general requirement for fusion activity. Thus, the general trigger that
activates HMPV F to drive the membrane fusion process is still not known.

The finding that some HMPV F strains may require low pH for fusogenicity has led to follow-up
studies that have elucidated the importance of other residues in the HMPV F protein that serve a role
in protein stability and fusion triggering. Mutagenesis studies of CAN97-83 suggest that protonation of
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a conserved His residue at position 435 in the HRB linker domain serves a critical role in the low pH
activation of the F protein [73,74]. A predicted cluster of basic residues Lyszgs, Argsos, and Argasg are
also important for the low pH fusion phenotype [73]. Interestingly, a predicted cluster of positively
charged residues in this same region of the AMPV-A F protein (a distantly related pneumovirus) are
important for fusion activity at neutral pH [75]. These studies suggest that the His residue at position
435 may serve as a low-pH sensor, and one model proposed that protonation of the His residue at
low pH induces localized electrostatic repulsion that leads to the destabilization of F and fusion
triggering [73,76]. Alternatively, electrostatic repulsion among the basic residues induced by receptor
binding could destabilize the HRB linker domain and trigger fusion [75]. In any case, mutational
analyses suggest that specific residues in domain II of HMPV F (Figure 3B, red residues) impact the
initiation of membrane fusion. It is interesting that the cluster of basic residues is located in close
proximity to a recently identified epitope that is recognized by a potently neutralizing mAb [55,77].
Thus, structural and functional studies support a significant role for domain II in the fusion activity
of HMPV F.

Another charged region in the HMPV F extracellular head domain has recently been implicated in
the low-pH sensitive fusion phenotype. Acidic residues Glus;, Aspss, and Gluse (Figure 3B, yellow
spheres) are important for low-pH triggered F-mediated cell-cell fusion, but also appear to be critical
for protein stability [76]. These residues are clustered in a charged region present in the F2 subunit of
F in close proximity to two basic residues (Figure 3B, brown spheres) [76]. The specific acidic
residues in the F2 subunit and basic residues in the HRA domain are highly conserved in all HMPV
strains; therefore, others have predicted that salt bridges and/or electrostatic interactions in this region
may contribute to F triggering during HMPV fusion [76]. This hypothesis is supported by another
study that indicated that the F2 subunit from AMPV-C could confer a hyperfusogenic phenotype to
HMPV F1 [62].

Taking these studies together, it is clear that multiple regions in the HMPV F head domain are
critical for fusion activity. Interestingly, two distal regions with predicted charged residue clusters
have been implicated in fusion triggering (located in domains II and III). The idea that electrostatic
repulsions can trigger the HMPV F prefusion protein to spring into the postfusion conformation during
the fusion process is logical. The HRA region of F must undergo a significant structural rearrangement
during fusion, extending to form a long coiled-coil and moving a long distance to refold into a
six-helix bundle with HRB coils near the TM domain [48]. This structural change must also occur at
the right time and place, as refolding of class I fusion proteins is irreversible under physiological
conditions. Thus, sensor residues could act as molecular switches that modulate electrostatic
interactions, leading to repulsive forces that drive movement of structural elements within the F
protein. While histidine protonation at residue 435 appears to serve as one sensor in HMPV strains that
exhibit enhanced fusogenicity at low pH, it remains unclear how pH-independent HMPV F fusion is
triggered. Perhaps receptor interactions serve to augment local protein structure, driving the same
electrostatic repulsion that can be triggered by exposure to low pH in some HMPYV strains.
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It is tempting to speculate that a direct interaction between HMPV F and RGD-binding integrins
serves to initiate F-mediated fusion. However, current evidence does not support this hypothesis. We
recently found that blocking HMPV F interaction with RGD-binding integrins did not alter virus-cell
hemifusion kinetics, and virus-like particles bearing an F-RAE mutation fused with the same
hemifusion kinetics as wild type F particles [65]. Moreover, Chang et al. showed that an HMPV
F-RGA mutant promoted cell-cell fusion at levels approximately 80% of the wild type F protein [61],
indicating that the RGD motif was not absolutely required for fusion activity. However, our results
support a post-binding role for RGD-binding integrins during HMPV entry, as integrin blockade
reduced HMPV transcription at 8 hours by 50%, in addition to a 40-50% block during virus
attachment [65]. Further, when we introduced the F-RAE mutation into a virus, the F-RAE virus was
severely attenuated and exhibited a small plaque phenotype that lacked the characteristic syncytia
(indicative of F-mediated cell-cell fusion) of wild type virus [65]. Thus, while it appears that an
F-integrin interaction is not required for efficient HMPV hemifusion, it remains possible that this
interaction promotes fusion pore opening during virus-cell fusion.

6. HMPYV Entry: Unlocking the Mystery

The solved crystal structures of postfusion PIV3, NDV, and hRSV F proteins are similar [54,78,79],
supporting the model that all paramyxovirus F proteins mediate fusion via a highly conserved
mechanism. Only one paramyxovirus F protein, PIV5, has been crystallized in the prefusion structural
conformation (shown in Figure 3A, [53]). Comparison of this structure to the postfusion conformation
has facilitated our understanding of the paramyxovirus fusion process (reviewed in [48]). The unique
activity of pneumovirus fusion proteins to mediate fusion in the absence of an attachment protein
suggests that hRSV and HMPV F may have unique prefusion structures compared to the
Paramyxovirinae subfamily F proteins. Unfortunately, crystal structures of hRSV and HMPV
prefusion trimers have not been published. The recently described structure of HMPV F in complex
with a neutralizing antibody [55] provides insight into the structure of the protein, but HMPV F may
trimerize slightly differently than PIV5 F [53]. Furthermore, while the HMPV F DIII domain had a
similar fold to the PIV5 prefusion protein, the overall structural fold more closely resembled the
postfusion hRSV F protein [55]. Thus, a crystal structure of a prefusion pneumovirus F trimer will be
required to understand how these proteins have evolved to mediate fusion in the absence of an
attachment protein. Further, because hRSV and HMPV F proteins utilize distinct proteinaceous
cellular receptors [65,80], these proteins may also have unique prefusion structures. Such structures
could provide insight into how pneumovirus F proteins couple receptor-binding and fusion activities.

The proverbial “black box” with respect to paramyxovirus entry is a lack of understanding of the
fusion protein triggering process. For all paramyxoviruses, the process by which receptor binding
triggers conformational changes in F remains unclear. HMPV F interacts with at least two different
cell surface receptors during entry, heparan sulfate and RGD-binding integrins. How binding to
receptor(s) results in structural changes in F that drive fusion is not clear. Furthermore, whether
HMPV binds receptors simultaneously or sequentially is not known. Simultaneously binding to
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multiple receptors may induce conformational changes in multiple sites of the HMPV F extracellular
domain, thereby promoting destabilization, protein refolding, and fusion. Alternatively, HMPV F
binding to one receptor may expose the receptor binding site for another co-receptor, similar to the
strategy utilized by HIV gp120/gp41 during fusion [81]. Our understanding of HMPV F triggering is
further complicated by observations that some F proteins are more fusogenic at low pH. Typically,
enveloped viruses either fuse at neutral pH or require exposure to low pH for fusion activity. We
speculate that low pH treatment could result in histidine protonation events that serve to destabilize
HMPV F in a similar manner to receptor engagement, although this hypothesis requires further
investigation. This could explain why not all strains require low-pH exposure, but highly conserved
charged regions of F are critical for function of all HMPYV strains.

The role of low pH in HMPV entry is still unclear. Inhibitors of endosomal acidification such as
bafilomycin Al and concanamycin A have been shown to partially reduce HMPV infection of the
low-pH sensitive CAN97-83 virus strain [73]. Intriguingly, bafilomycin Al and concanamycin A also
partially inhibit infection by the pH-independent NL199 (B1) strain of HMPV, but not the NL1-00
(A1) strain which has been shown to be triggered by low pH exposure in syncytium assays [74].
Because the low-pH-sensitive phenotype observed in cell-cell fusion assays does not necessarily
correlate with inhibition of HMPV infection by endosomal acidification inhibitors, it is not clear that
the ability to enhance fusogenicity with low pH pulses is correlated with a requirement for endosomal
acidification during entry. Furthermore, whether particle-cell fusion requires exposure to low pH
requires further investigation to determine whether low pH is an absolute requirement for triggering of
F proteins from some HMPV strains. The site of HMPV fusion also requires further investigation.
Schowalter et al. reported that infection by the low-pH sensitive HMPV strain CAN97-83 was
significantly impaired by chemical inhibitors of endocytosis pathways, e.g., chlorpromazine and
dynasore [73]. Thus, one study suggests that HMPV entry may involve virus internalization, although
this speculation requires further studies with other HMPV lineage strains and more specific inhibitors
of various endocytosis pathways.

7. Conclusions

HMPV is a leading cause of lower respiratory illness in adults and children. Although the virus was
only discovered in 2001, remarkable progress has been made in elucidating the biology of HMPV.
The F protein serves both to bind cellular receptors and to mediate fusion, although G protein is
required for full virulence. HMPV F binds to heparan sulfate, and uniquely among human
paramyxoviruses uses multiple RGD-binding integrins as attachment and entry receptors. Some
HMPV F molecules exhibit sensitivity to low pH, though the function of this low pH triggering during
the context of infection is not clear. While HMPV F shares many features of other paramyxovirus
fusion proteins, there are distinct aspects of the attachment, entry, and fusion mechanisms of this
recently discovered virus.
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Abstract: Respiratory syncytial virus (RSV) is the leading cause of infant bronchiolitis.
The closely related pneumonia virus of mice (PVM) causes a similar immune-mediated
disease in mice, which allows an analysis of host factors that lead to severe illness.
This project was designed to compare the immune responses to lethal and sublethal doses
of PVM strain 15 in Balb/c and C57BI/6 mice. Balb/c mice responded to PVM infection
with an earlier and stronger innate response that failed to control viral replication.
Production of inflammatory cyto- and chemokines, as well as infiltration of neutrophils and
IFN-y secreting natural killer cells into the lungs, was more predominant in Balb/c mice.
In contrast, C57B1/6 mice were capable of suppressing both viral replication and innate
inflammatory responses. After a sublethal infection, PVM-induced IFN-y production by
splenocytes was stronger early during infection and weaker at late time points in C57Bl/6
mice when compared to Balb/c mice. Furthermore, although the IgG levels were similar
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and the mucosal IgA titres lower, the virus neutralizing antibody titres were higher in
C57B1/6 mice than in Balb/c mice. Overall, the difference in susceptibility of these two
strains appeared to be related not to an inherent T helper bias, but to the capacity of the
C57BI/6 mice to control both viral replication and the immune response elicited by PVM.

Keywords: PVM; Balb/c and C57Bl/6 mice; innate and adaptive immunity;
immunopathogenesis

1. Introduction

Pneumonia virus of mice (PVM) is a natural pathogen in rodents that induces severe respiratory
illness which is in many ways similar to severe respiratory syncytial virus (RSV) infection in
infants [1,2]. RSV is one of the most important causes of infant mortality and hospitalization
worldwide and causes more cases of viral pneumonia in infants than any other virus [3-5]. It is highly
transmissible, spreading through communities rapidly and infecting most of the population by the age
of one [6]. RSV can infect and reinfect individuals throughout life and causes mild cold-like symptoms
in most healthy adults and children [6,7]. In infants, young children, and immune-compromised
individuals, however, the virus is more likely to progress to the lower respiratory tract, often causing
an infection severe enough to require lengthy hospitalization and sometimes causing death [8].
The factors involved in the development of severe RSV are largely unknown, for a number of reasons.
RSV pathogenesis involves the complex interplay of immune cells in the lungs, resulting in an
inadequate or misdirected response that damages lung tissue [9]. In addition, studies on very young
and severely ill infants are difficult, especially those involving the lower respiratory tract. The use of
animal models can overcome many of the hindrances associated with human studies by providing
access to the site of replication in the lower respiratory tract. However, the pneumoviruses are highly
species-specific, so natural host-pathogen pairs are preferred or, arguably, necessary to examine the
immune-mediated mechanisms of severe pneumovirus infection [10,11].

In the past three decades, PVM has been evaluated as a potential murine model of natural severe
RSV infection. PVM causes respiratory illness that varies in severity depending on the virus and
mouse strain used and can replicate to a high titre from a low inoculum [12,13]. To date two strains of
PVM have been characterized, PVM J3666 and PVM 15. These two strains differ significantly in
select regions of the G protein and throughout the sequence of the SH glycoprotein [13,14]. PVM 15
has a genome of 14.8 KB, containing 10 genes which encode 12 proteins. The genome sequence is
99.7% identical to that of PVM J366. With exception of a 137-amino acid protein encoded by a second
OREF in the P mRNA, all PVM proteins have a respective counterpart in RSV [14]. An earlier study
indicated that the PVM strain 15 is replication-competent, but non-pathogenic in mice [13,15].
However, more recently Krempl ef al. concluded that a PVM 15 strain available from ATCC is
pathogenic in Balb/c mice to a similar degree as the J3666 strain and lacks the same mutation seen in
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the PVM 15 strain variant used earlier [14,16], thus mimicking the original PVM strain 15 isolated by
Horsfall and Hahn [17]. They also clarify that the earlier reported attenuation of the PVM strain 15 in
mice was specific for that particular preparation and that the attenuation was not indigenous [14,16].
The susceptibility of different inbred mouse strains to infection with PVM J3666 has been studied
extensively [12]. However, this does not apply to PVM 15, so the present study is focused on the direct
comparison of the pathogenesis of PVM 15 in Balb/c and C57Bl/6 mice.

Balb/c mice show classic Th2-biased responses to several intracellular pathogens, making them
more susceptible to severe infections compared to C57B1/6 mice, which tend to show protective
Thl-biased responses [18-21]. Balb/c mice are also more susceptible to RSV-induced eosinophilia
following priming with the RSV G protein [22,23]. The basis of this susceptibility to eosinophilia is
dependent on genetic background, rather than the MHC haplotypes expressed in these strains, as
Balb/b mice, which express the same MHC haplotypes as C57B1/6 mice in the context of the Balb/c
genetic background, were as susceptible to eosinophilia as the Balb/c strain [22]. Thus, genetic
differences in Balb/c and C57Bl/6 mice could lead to very different responses following natural
pneumovirus infection in vivo.

The goal of this study was to understand the basis of the difference in susceptibility between Balb/c
and C57Bl/6 mice to PVM infection by comparing their immune response to PVM 15 in vivo.
To investigate the immune response and pathogenesis of PVM in Balb/c and C57Bl/6 mice, we
inoculated mice with increasing doses of PVM 15 and compared the level of weight loss and viral
replication, the expression of key inflammatory mediators in, and recruitment of cells to the lungs, and
the adaptive immune responses following infection. Clinical disease and viral replication was
enhanced in the Balb/c strain, which correlated to earlier production of inflammatory mediators and
influx of immune cells, particularly neutrophils and natural killer (NK) cells, when compared to the
C57BV/6 strain. PVM 15 induced virtually no Th2-biased cytokines or CCL11 (eotaxin) in either
strain, and eosinophils were not detected in the lungs of infected mice. The adaptive immune
responses, however, developed more rapidly and appeared to be more protective in C57B1/6 mice.

2. Results and Discussion

2.1. Balb/c Mice Show Earlier and More Weight Loss, and Enhanced Virus Replication in the Lungs
after PVM 15 Infection in Comparison with C57Bl/6 Mice

As the first sign and best measure of clinical illness, the animals’ weights were recorded daily from
day 0 to day 7 post infection (p.i.) (Figure 1A,B). Overall, Balb/c mice lost weight earlier than
C57Bl/6 mice and succumbed to the PVM infection at a lower dose than the latter strain. No weight
loss was observed in control mice, in Balb/c mice inoculated with 30 pfu of PVM, or in C57BI1/6 mice
given 300 pfu or 30 pfu (data not shown) during the 7-day period after PVM challenge. Balb/c mice,
however, lost weight as early as day 5 following inoculation with 300 pfu of PVM 15 and dropped to a
median of 93% and 85% of their starting weight on days 6 and 7 p.i., respectively. At a dose of
3000 pfu, Balb/c mice began losing weight one day earlier, dropping to a significantly lower weight of
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96% on day 5 and 89% on day 6 p.i.. On days 5 and 6 there was a significant difference in weight loss
between Balb/c mice infected with 3000 pfu and those given 30 pfu, while the difference between the
Balb/c mice given 300 and 30 pfu doses was significant on days 6 and 7. When given 3000 pfu, the
C57Bl/6 mice showed the same degree of weight loss as Balb/c mice one day later, dropping to a
median of 96% on day 6 and 89% on day 7 p.i. of their starting weight. The C57B1/6 mice infected
with 3000 pfu lost significantly more weight than those given 300 pfu on days 6 and 7 p.i.. Among the
Balb/c mice challenged with 3000 pfu of PVM 15 all survived through day 5 p.i., while by day 6, 25%

had died and by day 7 all had died. The C57Bl/6 mice challenged with 3000 pfu all survived through
day 6, but 25% had died by day 7. All other mice survived.

Figure 1. Weight loss and accumulation of virus in the lungs following infection with
PVM 15 in Balb/c and C57Bl/6 mice. Five to six week-old Balb/c and C57Bl/6 mice were
inoculated with medium, 30 pfu, 300 pfu, or 3000 pfu of PVM 15 and weighed daily for
7 days following infection, and 4 mice per group were sacrificed daily. (A-B) median
weight for each group, expressed as a percentage of the starting weight, with error bars
indicating the interquartile range. (C-D) median viral load for each group with error bars
indicating the interquartile range. a: p <0.05 compared to control group; b. p < 0.05
between 3000 and 300 pfu; c: p < 0.05 between 3000 and 30 pfu; d: p < 0.05 between
300 and 30 pfu. Differences in virus replication with the control groups are not shown.
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The susceptibility of Balb/c and C57Bl/6 mice was further evaluated based on the level of viral
replication in the lungs. At all three doses, Balb/c mice had a more rapid accumulation of virus in the
lungs that reached an earlier peak followed by a clear decline (Figure 1C), while the C57Bl/6 strain
displayed a slower increase in viral replication that reached a plateau on day 6 at both doses
(Figure 1D). Indeed, PVM replication was so rapid in Balb/c mice that by days 3 and 4 p.i., the 30 pfu
dose had replicated to similar titres as the 3000 pfu dose in C57Bl/6 mice, and by day 6 p.i. reached a
peak that was equal to that of the 300 pfu C57B1/6 mice. The amount of virus recovered from the lungs
of infected mice was dose-dependent in the Balb/c strain at all times with the 3000 pfu dose causing
more virus replication than the 300 and 30 pfu doses from days 2 through 7, and the 300 pfu dose more
than the 30 pfu dose from days 3 through 6 p.i.. The 3000 pfu group of C57BIl/6 mice reached a
significantly higher median viral titre than the 300 pfu group, except on days 4 and 7, when the
C57BV/6 mice infected with 300 or 3000 pfu had similar titres. A comparison of equivalent PVM 15
challenge doses in Balb/c and C47Bl/6 mice showed that 3000 pfu or 300 pfu produced a significantly
higher viral load in the Balb/c mice than in the C57Bl/6 mice from days 2 through 6 p.i. (p < 0.05).
Based on this direct comparison, PVM 15 causes more severe disease in Balb/c mice than in
C57B1/6 mice.

Interestingly, Anh et al. [12] have characterized different strains of mice with respect to resistance
to disease induced by ~1000 pfu of PVM J3666. Based on a combination of clinical, histological and
virological parameters, the SJIL mouse strain was most resistant followed by C57BL/6, BALB/c,
C3HeN, DBA/2 and129/Sv strains. This is in agreement with the observations we made for PVM 15 in
C57Bl1/6 and Balb/c mice.

2.2. Comparison of Lung Pathology in PVM-Infected Balb/c and C57Bl/6 Mice

To assess the level of lung pathology induced by different doses of PVM in Balb/c and C57BI1/6
mice, lungs were processed for histopathological analysis on day 6 p.i. (Figure 2). Mice in the control
groups had a score of zero, or normal lungs (Figure 2A, upper left panel), had few cells dispersed
throughout the alveolar space, and the airway epithelium was intact and free of fluid and infiltrating
immune cells. Although there was no significant difference in lung score between PVM-infected
groups, there was a trend towards a dose-dependent increase in lung score for both strains of mice
(Figure 2B). The C57BI1/6 mice given 300 pfu had a score close to 1, which indicates a localized, mild
inflammation of the peribronchiolar and perivascular space involving fluid accumulation with few
infiltrating immune cells (Figure 2A, upper right panel). The Balb/c mice inoculated with 30 or
300 pfu scored 1.5 to 2, which indicates multiple lesions or a single extensive lesion, the lesions being
more severe, with higher numbers of infiltrating cells in the inflamed tissue and the alveolar space
(Figure 2A, lower left panel). The 3000 pfu C57Bl/6 group had a median score of 2.5, while the
3000 pfu Balb/c group was scored as 3, indicating broadly dispersed lesions with cellular infiltrates in
the alveolar space and surrounding tissues. The severity of the lesion is evident by the presence of
inflammatory cells in the alveolar space and surrounding the blood vessel and bronchiole. There is
little air space left in the lung, as much cell debris has accumulated in the alveoli (Figure 2A, lower
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right panel). These data show that overall, the level of lung pathology tended to be lower in the
C57BI/6 mice than in the Balb/c mice when infected with the same dose of PVM.

Figure 2. Histopathological analysis of PVM-infected mice. Five to six week-old Balb/c
and C57Bl/6 mice were inoculated with medium, 30 pfu, 300 pfu, or 3000 pfu of PVM 15
and lungs were collected from four mice on day 6 p.i. for histopathological analysis.
In (A), representative lung sections for animals scoring 0, 1, 2, and 3 are shown, with the
upward arrows (1) indicating infiltrating inflammatory cells and the downward arrows (|)
indicating oedema in the tissue. The bronchiole is labeled with the letter B and the blood
vessel with V. Scores were given on the basis of the severity and dissemination of the
lesions visible in duplicate lung sections, and median values are shown for each group (B).
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2.3. PVM 15 Induces Earlier Transcription of Chemokines and Cytokines in Balb/c Mice When
Compared to C57BI/6 Mice

As there was a significant difference between PVM-infected Balb/c and C57Bl/6 mice in clinical
disease, virus replication and lung pathology, the innate responses, in particular the production of key
inflammatory cytokines and chemokines, were investigated. There was little to no upregulation of
IFN-B, TNF-a, IL-4, IL-10, CCLS5, or CCL11 upon infection with PVM (data not shown). In contrast,
expression of IFN-a and IFN-y (Figure 3), as well as CXCLS8, CXCL10, CCL3, and CCL2 (Figure 4)
changed significantly upon infection with PVM.

Figure 3. Cytokine expression by Balb/c and C57B1/6 mice following infection with
PVM 15. Five to six week-old Balb/c and C57Bl/6 mice were inoculated with medium,
30 pfu, 300 pfu, or 3000 pfu of PVM 15 and lungs were collected from four mice per
group on days 3 (A and C) and 5 p.i. (B and D). Expression levels of IFN-a (A and B) and
IFN-y (C and D) transcripts were calculated using the Bio-Rad analysis software (Bio-Rad
CFX Manager Version 2.0), normalized against the expression of both -actin and GAPDH
housekeeping genes, and expressed as the normalized fold-change over mock-infected
control animals euthanized on the same day p.i.. Each data point represents a single animal
and the line represents the group median. *, p <0.05.
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Figure 4. Chemokine expression by Balb/c and C57Bl/6 mice following infection with
PVM 15. Five to six week-old Balb/c and C57Bl/6 mice were inoculated with medium, 30
pfu, 300 pfu, or 3000 pfu of PVM 15 and lungs were collected from four mice per group
on days 3 (A-D) and 5 p.i. (E-H). The expression levels of CXCL8 (A and E), CXCL10
(B and F), CCL3 (C and G), and CCL2 (D and H) were calculated using the Bio-Rad
analysis software (Bio-Rad CFX Manager Version 2.0), normalized against the expression
of both B-actin and GAPDH housekeeping genes, and expressed as the normalized
fold-change over mock-infected control animals euthanized on the same day p.i.. Each data
point represents a single animal and the line represents the group median. *, p <0.05.
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There were three distinct patterns of mRNA expression following infection with PVM. IFN-a and
CXCLS8 showed unique profiles, while IFN-y and the remaining chemokines had virtually identical
patterns of upregulation. Strikingly, the C57B1/6 mice showed virtually no upregulation of any
chemokine or cytokine other than CXCLS8 following infection with 300 pfu, in contrast to Balb/c mice
which showed higher levels of all transcripts following inoculation with 300 pfu and even as little as
30 pfu of PVM 15.

On day 3 p.i., IFN-a mRNA expression was not increased in any group, and, indeed, the C57Bl/6
mice appeared to have downregulated this cytokine. By day 5, however, the 3000 pfu dose of PVM 15
induced similar levels of IFN-o in the two mouse strains, while 30 and 300 pfu induced IFN-a
upregulation only in Balb/c mice. Direct analysis of the role of type I IFN in PVM infection has only
been carried out in C57B1/6 mice with a deletion in the IFN-a/p receptor gene. Abrogation of type I
IFN signalling during PVM J3666 infection led to decreased expression of IFN response genes, lower
levels of IFN-a and IFN-f, and, intriguingly, a slightly enhanced survival time in C57Bl/6 mice given
a lethal dose of 60 pfu [24]. This would agree with the lower degree of IFN-a expression and better
survival we observed in PVM 15 infected C57B1/6 mice in comparison to Balb/c mice.

The CXC chemokine, CXCLS8, was upregulated in a dose-dependent manner on both days 3 and
5 p.i., such that a 10-fold higher dose of PVM induced between 3 and 5-fold higher levels of mRNA
upregulation in the Balb/c strain, and ~7-fold higher upregulation in the C57Bl/6 strain. IFN-y and the
remaining chemokines were upregulated in the 3000 pfu Balb/c group on day 3 p.i., and by day 5 they
were expressed by all groups other than the 300 pfu C57B1/6 group. The lethal doses of PVM induced
similar mRNA upregulation of these proinflammatory mediators in Balb/c and C57Bl/6 mice by day 5,
which was significantly higher than that in the 30 pfu Balb/c or the 300 pfu C57Bl/6 groups.
Expression of CXCL10 was induced upon infection with PVM in a similar pattern to IFN-y, which
would be expected based on its role as an interferon response gene. Its mRNA upregulation was also
similar to that of the CC chemokines, CCL2 and CCL3, with the three lethal doses showing a similar
level of gene upregulation on day 5 p.i..

PVM J3666 pathogenesis is strongly governed by CCL3 production in vivo. Transgenic mice in the
C57Bl/6 background that lack functional CCL3 or CCR1 were more susceptible to infection with
PVM J3666, and had drastically reduced levels of neutrophil infiltration, with no eosinophils and very
low levels of lymphocytes in the lungs upon infection [25,26]. The virus also replicated to a higher
titre in these mice and they succumbed to infection earlier than non-transgenic littermates. However,
blockade of CCL3 signalling by the CCR1/CCRS5 receptor antagonist, Met-RANTES, resulted in
decreased lung inflammation without affecting PVM replication in the lungs [25]. This is in agreement
with our observation that C57B1/6 mice, which responded to PVM 15 infection with delayed and
reduced CCL3 expression as well as less neutrophil infiltration, also showed less disease and lung
pathology when compared to Balb/c mice.

Despite reports that CCL2 is one of the predominant chemokines upregulated during PVM
infection, its exact role in PVM pathogenesis has not been defined yet [1]. CCL2 was significantly
decreased by use of the antiviral ribavirin, suggesting that PVM replication stimulates its production
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in vivo [27]. Interestingly, in another study on age-related changes in susceptibility older mice showed
decreased CCL2 production in response to PVM, which was associated with reduced disease
presentation, despite similar viral replication [28]. This would support a role for the increased CCL2
expression in the enhanced pathogenesis in PVM 15-infected Balb/c mice.

2.4. Balb/c Mice Experience Earlier and Enhanced Infiltration of Immune Cells Compared to C57Bl/6
Mice in Response to PVM Infection

In order to determine the biological effects of the proinflammatory mediators reported above, we
examined cell populations infiltrating the lungs of the infected mice (Figure 5). As expected from the
earlier upregulation of proinflammatory mediators seen in Balb/c mice, this strain showed an earlier
and stronger influx of cells into the lungs that was dominated by neutrophils. The degree of
neutrophilia appeared to be dose-dependent in the Balb/c strain on day 5 p.i., while the lethal doses
showed similar levels of lymphocyte infiltration. The C57B1/6 mice, on the other hand, had little influx
of cells by day 5 p.i., even at the highest dose of 3000 pfu. Comparing the two sublethal doses, the
30 pfu Balb/c group showed a low level of inflammation by day 5 p.i., while the 300 pfu C57Bl/6
group had essentially normal lung washes. There were few to no eosinophils in response to PVM 15 in
either strain at any dose. In contrast, Domachowski ef al. demonstrated that in response to PVM J3666,
Balb/c mice showed a prominent eosinophilia, as early as 3 days after inoculation, while at later time
points cell infiltration was dominated by neutrophils. In their study they did not find any up regulation
of eosinophilic chemoattractant IL-5, CCL2, CCL11 or CCLS5, but CCL3 was up regulated. Thus,
pulmonary eosinophilia and production of CCL3 are prominent responses to infection with PVM
J3666 [29].

Macrophages were the predominant population in the lungs at homeostasis. The number of
macrophages tended to increase in the Balb/c mice on days 3 respectively 5 for the 3000 and 300 pfu
doses of PVM, but remained stable in the C57Bl/6 mice. Rigaux et al. determined that depletion of
alveolar macrophages in PVM J366-infected Balb/c mice resulted in prolonged survival, despite a
slight but significant increase in viral replication [30]. This suggests that macrophages may also play a
role in the enhanced pathology observed in PVM 15-infected Balb/c mice, although this would need to
be further investigated.

CXCLS is produced in response to RSV infection of infants and is associated with disease severity
and neutrophil degranulation products [31-34]. Although CXCLS also is an important mediator of
neutrophil recruitment following PVM infection, recent work on the contribution of CCL3 and IFN-y
to PVM pathogenesis suggests that these latter proinflammatory mediators may be as important, if not
more so, than CXCLS8 in recruiting neutrophils to the lungs of PVM-infected mice. Abrogation of
IFN-y or CCL3 signalling drastically reduced the number of neutrophils recruited to the lungs of
PVM-infected C57B1/6 mice [35]. In an IFN-y "~ Balb/c background, overexpression of CCL3 in the
lungs was not sufficient to induce neutrophil recruitment to the lungs, despite the expression of its
receptor on neutrophils in these mice [35]. When IFN-y was administered to mice that overexpress
CCL3 in the lungs, however, they rapidly developed neutrophilic inflammation and showed signs of
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clinical illness and weight loss similar to that experienced by PVM-infected mice. In our study, CCL3
and IFN-y were (highly) upregulated by Balb/c mice upon infection with 30 or 300 pfu, while these
chemokines were not expressed in C57B1/6 mice given 300 pfu; furthermore, C57BL/6 mice had lower
numbers of inflammatory cells, in particular neutrophils, in the lungs than Balb/c mice. These data
agree with a role of CCL3 and IFN-y in neutrophil recruitment, as well as the enhanced disease
symptoms in PVM15-infected Balb/c mice.

Figure 5. Infiltration of immune cells in Balb/c and C57Bl/6 mice in response to PVM
infection. Five to six week-old Balb/c and C57Bl/6 mice were inoculated with medium,
30 pfu, or 300 pfu of PVM 15 and sacrificed on days 3 and 5 p.i.. Cells collected from
the pooled lung washes of 4-6 animals were stained and analyzed for the presence of
macrophages, neutrophils, lymphocytes , and eosinophils. The average number of these
cells is shown, calculated based on the number of total cells collected from the group and
the proportion of these cell populations in the lungs.
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2.5. Balb/c Mice Show an Increase in IFN-y Producing NK Cells in the Lung Compared to C57BIl/6
Mice in Response to PVM Infection

As by day 5 p.i. IFN-y and CXCL10 were significantly upregulated in the lungs, the population
responsible for IFN-y production was further characterized by dual staining and flow cytometry on
day 6 p.i. While no IFN-y secreting CD4" or CD8" T cells were found, a significant increase in IFN-y
secreting NK cells was observed in Balb/c mice, and a moderate increase in C57Bl/6 mice (Figure 6).
The difference in IFN-y producing NK cell in Balb/c and C57Bl/6 mice was significant, suggesting
that NK cells contribute to lung pathology observed in Balb/c mice. Our results with respect to the
absence of IFN-y secreting T cell populations in lungs of PVM 15 infected mice agrees with previous
reports by Claassen ef al. using PVM J3666, in which authors demonstrated that during primary and
secondary infection CDS8 T cells are functionally restricted in I[FN-y production. They speculated that
PVM infection results in effector T cell inactivation as reported in case of RSV infection [36].
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Figure 6. Percentage of IFN-y secreting NK cells in lungs of Balb/c and C57Bl/6 mice in

response to PVM infection. Five to six week old-mice were inoculated with medium
(control), or 30 pfu (Balb/c), or 300 pfu (C57Bl/6) of PVM 15 and sacrificed on day 6 p.i..
Cells collected from pooled lungs of five animals were stained with anti-CD8a-FITC,
anti-CD3-PE, anti-CD4-FITC, anti-CD335(NKp46)PerCP-Cy™ 5.5 for surface markers,
followed by permeabilization and fixation with BD Cytofix/Cytoperm'™ Plus and

staining with anti-IFN-y-APC. Flow cytometry was performed using a FACS Calibur (BD

Biosciences), and data analysis was performed using Kaluza software. Median values with

interquartile range are shown. **, p <0.01; *** p <0.001.
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Several chemokines are reported to act as chemoattractants to NK cells, including CCL3, CCL2,
CXCL8, CCL5, and CXCL10 [37-39]. NK cells have been found to accumulate both after
RSV [40] and PVM [41] infection of Balb/c mice, and to contribute to lung immune injury after RSV
infection [40]. In our study, CCL3, CCL2, CXCL8 and CXCLI10 were all upregulated after PVM
infection specifically in Balb/c mice, CXCLS8 as early as three days after infection, which agrees with
the greater number of NK cells in Balb/c mice. The increased numbers of IFN-y secreting NK cells in
Balb/c mice when compared to C57Bl/6 mice further support a role for NK cells and IFN-y in the
enhanced disease observed in PVM-infected Balb/c mice.

2.6. Balb/c and C57BI/6 Mice Develop Similar, Thil-Biased Adaptive Immune Responses to a
Sublethal Dose of PVM

To determine the magnitude and quality of the adaptive immune responses Balb/c and C57Bl/6
mice were inoculated intranasally with 50 pL of medium or a sub-lethal dose of PVM (30 pfu in
Balb/c and 300 pfu in C57Bl/6), and followed for a longer period p.i.. To examine the PVM-specific
humoral response, production of IgA, IgE, and IgG in the lungs and sera of Balb/c and C57Bl/6 mice
was measured by ELISA. Neither strain produced IgE in the sera or lungs. IgA was detected in the
lungs and IgG was present in the lungs and sera of both strains by day 14 p.i.. Balb/c mice showed
increasing levels of IgG and IgA in the lungs, as well increasing IgG in the serum between days 14 and
28 p.i. (Figure 7A—C). Although they generally had the same or slightly lower levels of antibodies than
Balb/c mice, the C57Bl/6 mice had already developed maximal antibody titres by day 14 p.i., which
were maintained until day 28. To determine the biological relevance of the antibodies produced in
these two strains of mice, a virus neutralization (VN) assay was performed (Figure 7D,E) showing that
all PVM-infected mice contained VN antibodies in the serum and lungs on day 28 p.i.. Despite having
similar levels of PVM-specific IgG in the serum and lower IgA levels in the lung, the C57Bl/6 mice
had significantly higher VN antibody titres compared to the Balb/c mice.

To determine the T-helper bias of the immune response elicited by PVM in Balb/c and C57Bl/6
mice, we performed IFN-y and IL-5 ELISPOT assays. All infected mice generated significantly higher
numbers of PVM-specific IFN-y-secreting cells compared to mock-infected animals of the same strain
(Figure 8), while IL-5-secreting cells numbers remained low at all time points, suggesting a
Th1-biased response to PVM in both strains of mice. However, the two strains showed a difference in
the kinetics of the T-cell response. The C57Bl/6 mice showed a strong PVM-induced IFN-y response
as early as day 14, significantly higher than that of Balb/c mice; however, these responses were
reduced between days 14 to 28 p.i., at which time they became lower than those in Balb/c mice.

These data show that the adaptive immune response in both strains was Thl-biased. However,
while the IgG and IgA titres in the lungs were overall similar between Balb/c and C57Bl/6 mice, the
C57Bl/6 mice appeared to develop a more rapid systemic response based on higher serum IgG levels
and IFN-y secreting splenocytes on day 14 after infection. In addition, the C57Bl/6 mice had higher
VN antibody levels in the lung and serum four weeks after infection.
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Figure 7. PVM-specific antibody response in the serum and lungs. Five to six week-old
Balb/c and C57Bl/6 mice were inoculated with medium, 30 pfu (Balb/c) or 300 pfu
(C57Bl/6) of PVM 15 and sacrificed on days 14, 28, and 42 p.i.. Time course of (A) lung
IgA, (B) lung IgG, and (C) serum IgG, represented as the group median with vertical lines
indicating the interquartile range. VN titres on day 28 in lung (D) and serum (E). Each data
point represents a single animal and the line represents the group median. *, p < 0.05;
** p<0.01.
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Figure 8. PVM-specific IFN-y-secreting (A) and IL-5-secreting (B) splenocytes following
in vitro restimulation with PVM-infected cell lysates. Five to six week-old Balb/c and
C57Bl/6 mice were inoculated with medium, 30 pfu (Balb/c) or 300 pfu (C57Bl/6) and
sacrificed on days 14, 28, and 42 p.i.. The PVM-specific response is calculated by
subtracting the number of cytokine-secreting cells restimulated with mock-infected cell
lysates from those restimulated with PVM-infected lysates. The data points represent
individual animals, with the median indicated by a line. **, p <0.01.
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3. Experimental Section
3.1. Cell Lines and Virus

PVM 15 (American Type Culture Collection (ATCC)) was propagated in Baby Hamster
Kidney (BHK)-21 cells (ATCC) in growth medium consisting of Dulbecco’s Modified Eagle
Medium (DMEM; Sigma) supplemented with 2% fetal bovine serum (FBS, PAA Laboratories Inc),
0.1 mM non-essential amino acids (Invitrogen), 10 mM HEPES (Invitrogen), and 50 pg/mL

gentamicin (Invitrogen).
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3.2. Challenge of Mice with PVM

Five to six week-old female Balb/c and C57B1/6 mice (Charles River Laboratories) were housed in
groups of four to six animals and acclimatized for one week. Mice were placed under light anaesthesia
and inoculated intranasally with 50 pL of medium or with 30, 300, or 3000 pfu of PVM 15 in 50 pL.
Mice were weighed daily and scored for clinical illness according to a modified version of Morton
and Griffiths [42]. Sera were collected at regular intervals for detection of IgG. Mice were
euthanized by an overdose of isoflurane and bled out by cardiac puncture. Spleens were collected for
cytokine enzyme-linked immunospot (ELISPOT) assays. Lungs were collected for detection of
cytokines/chemokines, virus, infiltrating cell populations, production of IgG and IgA, or histology. All
experiments were performed within the guidelines of the Canadian Council for Animal Care.

3.3. Lung Samples

To evaluate virus replication and innate responses, lungs were collected daily from PVM-infected
or mock-infected mice. The single-lobed, left lung was clamped off and removed into a 2 mL
screwcap tube (VWR International) containing a ~1 mL volume of 2.4 mm zirconia beads (Biospec
Products, Inc.) and 1.5 mL of DMEM supplemented as above, but with 1 x antibiotic/antimycotic
(Invitrogen) and without FBS. The multi-lobed, right lung was removed into a tube containing 1 mL of
Trizol® reagent (Invitrogen) and 2.4 mm zirconia beads. The lungs were homogenized for 10 s at
4800 rpm using a Mini-beadbeater (Biospec Products, Inc.) and centrifuged at 4 °C for 1 min at
10,000 x g to remove the gross debris. All samples were flash-frozen in liquid nitrogen immediately
following centrifugation, and stored at —80 °C. Prior to removal, the right lung was washed with
500 pL of phosphate buffered saline (PBS), pH 7.2 (Invitrogen) supplemented with 2% FBS and
50 uM EDTA, and the fluids from groups of four to six mice were pooled. Cytospin slides were
prepared with 5 x 10* and 1 x 10° brochoalveolar lavage (BAL) cells per slide using a Cytospin 4
(Thermo Shandon). The slides were stained with a Giemsa-Wright stain (Bayer HealthCare) using an
automated slide stainer, and differential analysis of the cell populations was performed by counting at
least 200 cells in a blinded manner.

3.4. Histology

For histology the multi-lobed right lung was collected on day 6 p.i. and perfused with 1 mL of 10%
neutral buffered formalin (VWR) and placed in a cassette, which was then immersed in formalin.
The perfused lungs were embedded in paraffin wax and sectioned. Duplicate 5 um sections were
stained with hematoxylin and eosin, and scored in a blinded manner by a veterinary pathologist.
Scores were given based on the presence and severity, as well as the dissemination of lesions
characterized by cellular infiltrates and edema in the tissue surrounding the bronchioles and blood
vessels visible in lung sections. A score of 0 denotes a normal lung, 1 indicates signs of perivascular
edema and mild perivasculitis, limited to small foci that were not widespread, while a score of
2 denotes moderate levels of perivasculitis, vasculitis, and multifocal perivascular edema. Finally, a
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score of 3 represents animals with extensive, severe, multifocal perivasculitis, vasculitis, and vascular
edema, and/or necrotic and fibrinous areas.

3.5. Lung Fragment Cultures

To measure local adaptive responses the multilobed lungs were collected and placed into a tube
containing 5 mL of RPMI 1640 medium (Invitrogen) supplemented with 0.1 mM non-essential amino
acids, 10 mM HEPES buffer, 1 mM sodium pyruvate (Invitrogen), 2 mM L-glutamine (Invitrogen),
1 x antibiotic/antimycotic (Invitrogen), 50 pg/mL gentamicin (Invitrogen), and 10% FBS (lung
fragment culture (LFC) medium). The lungs were cut into four roughly equal-sized pieces, placed into
four wells of a 48-well plate (Corning Inc.) containing LFC medium, and minced into pieces ~1 mm in
diameter. The lung fragments were cultured for 5 days at 37 °C, at which point the culture medium
was collected (BD Biosciences) and centrifuged at 4 °C and 311 x g, for 10 min. The supernatants
were stored at —80 °C.

3.6. Lung Cell Isolation and Flow Cytometry

The lungs were gently perfused via the right ventricle with 5 mL of Hanks balanced salt solution
(HBSS) (Gibco) containing 0.5 mM EDTA. Lungs were then mechanically disrupted using a gentle
MACS dissociator (Miltenyi Biotec) according to the manufacturer’s instructions and incubated with
collagenase type IA (0.5 mg/mL; Sigma-Aldrich) and type IV bovine pancreatic DNase (20 ug/mL;
Sigma-Aldrich) for 30 min at 37 °C in HBSS containing 5% FBS. After digestion, lung cells
were filtered through a 100 um nylon screen cell strainer. Single cell suspensions were washed,
contaminating erythrocytes were lysed using ACK lysis buffer (Invitrogen), and viable cells were
counted by trypan blue exclusion. To detect intracellular [FN-y production in lung cells, cells were
incubated for 6-8 h at 37 °C in complete RPMI containing 1 pL Golgi plug per mL. Subsequently,
the cells were stained with the following antibodies from BD Biosciences: anti-CD8a FITC (cat
n0.553031), anti-CD3 PE (cat n0.555275), anti-CD4 FITC (cat n0.553729), anti-CD335(NKp46)
PerCP-Cy™5.5 (cat n0.560800) at 4 °C for 30 min, followed by permeabilization and fixation with
Cytofix/Cytoperm™ Plus (BD Biosciences) at 4 °C for 2030 min. Finally, cells were stained with
anti—-IFN-y-APC (cat n0.554413) from BD Biosciences at 4 °C for 30 min. Flow cytometry was
performed using a FACS Calibur (BD Biosciences). Analysis of flow cytometry data was performed
using Kaluza software.

3.7. PVM Quantification

PVM was quantified using a standard immunofluorescent plaque assay. Ten-fold serial dilutions of
mouse lung homogenates were made in sterile 96-well dilution plates (Nalgen Nunc International) and
100 pL was transferred in duplicate onto 80% confluent BHK-21 cell monolayers. After 72 h
incubation at 37 °C and 5% CO, the cells were fixed with an ice-cold solution of 4 parts acetone to
1 part methanol, and dried at RT. The staining procedure was carried out at RT, and the plates were
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washed three times before blocking, and between each incubation in PBS. Plates were blocked for
30 min in PBS containing 5% goat serum (Invitrogen), followed by a 2-3 h incubation with a 1:500
dilution of a PVM nucleoprotein (N protein)-specific polyclonal rabbit antibody in PBS
(made in-house) containing 1% goat serum, and a 1 h incubation in darkness with an
Alexafluor488-congujated goat-anti-rabbit antibody (Invitrogen). The N-specific antibody was
raised by immunization of rabbits with alternately KLH- and BSA-conjugated peptide
(VVAKELKTGARLPDNQRHTAPDCGYV) as described previously [43], and the specificity was
confirmed by Western blotting (Supplementary Figure 1). Plaques were visualized ad counted using a
fluorescent microscope (Zeiss).

3.8. Analysis of Chemokine and Cytokine mRNA Expression

Following RNA isolation according to the manufacturer’s instructions (Invitrogen) and cDNA
synthesis using a QuantiTect Reverse Transcription Kit (Qiagen), semi-quantitative real-time PCR
(qPCR) was carried out using Platinum SYBR Green qPCR Supermix-UDG (Invitrogen) as per
manufacturer’s instructions. The primers and annealing temperatures used in the gPCR experiments
are listed in Table 1. Some primers were designed in house using NCBI PrimerBlast
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/) and primer design software (CloneManager
Version 9.0). The qPCR reaction was carried out according to the following parameters: 40 cycles of
denaturation at 95 °C for 30 s, followed by 30 s annealing and extension. Expression levels of cytokine
and chemokine transcripts were calculated using the Bio-Rad analysis software (Bio-Rad CFX
Manager Version 2.0), normalized against both B-actin and GAPDH, and expressed as the normalized
fold-change over mock-infected control animals euthanized on the same day.

3.9. PVM-Specific ELISA

Immulon II plates (Thermo Electron) were coated with PVM-infected and mock-infected cell
lysates. Plates were washed, and blocked with 5% gelatin in PBS (Sigma-Aldrich). Four-fold serial
dilutions of serum or LFC supernatant were prepared in 96-well non-sterile dilution plates (Nalgen
Nunc International), starting at a 1:40 dilution for serum and 1:10 for LFC supernatants. The diluted
sera and LFC supernatants were added to the coated ELISA plates and incubated overnight at 4 °C.
The plates were washed and either 1:5000 diluted AP-conjugated IgG (Kirkegaard & Perry
Laboratories) or 1:2000 diluted biotinylated-anti-mouse IgA (Invitrogen) was added to the plates and
allowed to react for 1-2 h. For the IgA ELISA, an additional 1 h incubation with a 1:10,000 dilution of
AP-conjugated streptavidin (Jackson ImmunoResearch Laboratories) was carried out at RT.
All washes were performed with PBS with 0.05% Tween 20 (Sigma-Aldrich) (PBST) and ddH,O.
The plates were developed with p-nitrophenyl phosphate (Sigma-Aldrich) and the absorbances read at
405 nm with a reference wavelength of 490 nm. Titres were calculated based on the dilution at which
the ELISA read-out for the PVM-positive antigen was equal to the highest reading from the same
animal’s serum tested with the PVM-negative antigen.
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Table 1. Cytokine and Chemokine Primers and their Optimal Annealing Temperatures.

Tga:f:t Direction Sequence Source ?:;;a(l?(l:g)
B-actin Forward ACTGGGACGACATGGAG [44] 575
Reverse GTAGATGGGCACAGTGTGGG
GAPDH Forward AACTTTGGCATTGTGGAAGG [45] 575
Reverse ACACATTGGGGGTAGGAACA
CCL3/ Forward CTTCTCTGTACCATGACACTC [44] 575
MIP-1a Reverse AGGTCTCTTTGGAGTCAGCG
CXCLS8/ Forward TGCGCCCAGACAGAAGTCATAGC designed 63.9
MIP-2 Reverse GCTCTAGAGTCAGTTAGCCTTGCCTTTG  in house ’
CCL2/ Forward CTTCTGGGCCTGCTGTTCA [46] 575
MCP-1 Reverse CCAGCCTACTCATTGGGATCA
Forward TCAAGTGGCATAGATGTGGAAGAA
IFN-y [46] 57.5
Reverse TGGCTCTGCAGGATTTTCATG
L4 Forward GGAGATGGATGTGCCAAACG designed 63.9
Reverse ACCTTGGAAGCCCTACAGAC in house
IFN-a Forward CCTGTGTGATGCAACAGGTC [47] 503
Reverse TCACTCCTCCTTGCTCAATC
Forward ATCATGAACAACAGGTGGATCCTCC
IFN-B [47] 63.9
Reverse TTCAAGTGGAGAGCAGTTGAG
TNF-o Forward GAACTGGCAGAAGAGGCACT [47] 68.9
Reverse AGGGTCTGGGCCATAGAACT
CXCL10/ Forward GAGATCATTGCCACGATGAA designed 63.9
IP-10 Reverse CACTGGGTAAAGGGGAGTGA in house
CCL5/ Forward CTCACTGCAGCCGCCCTCTG designed 575
RANTES Reverse CCTTGACGTGGGCACGAGGC in house )
CCL11/ Forward AGAGGCTGAGATCCAAGCAG designed 63.9
Eotaxin Reverse CAGATCTCTTTGCCCAACCT in house

3.10. Virus Neutralization Assay

Sera and LFC supernatants were serially diluted in in sterile flat-bottom 96-well tissue culture
plates (Nalgen Nunc International) starting at 1:10 and 1:2, respectively, and continuing in 2-fold
dilutions down the plate. An equal volume of PVM 15 at a concentration of 500 pfu/well was added to
the dilution plate, such that the resulting dilution of the serum or supernatant was 1:20 and
1:4, respectively. After 1 h incubation at 37 °C and 5% CO,, the virus mixture was transferred in
duplicate onto BHK-21 cell monolayers grown to 80% confluency in flat-bottom 96-well tissue culture
plates. Following a further 72 h incubation at 37 °C and 5% CO,, the cells were fixed and stained
according to the PVM plaque assay protocol.
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3.11. IFN-y and IL-5 ELISPOT Assays

Splenocytes were isolated as previously described [48]. Multiscreen-HA ELISPOT plates
(Millipore) were coated with murine IFN-y- or IL-5-specific monoclonal antibodies (BD PharMingen)
at 2 ug/mL in sterile coating buffer. After overnight incubation at 4 °C, the plates were washed four
times with sterile PBS, pH 7.2 (Invitrogen) and blocked for 1 h with 1% BSA (Sigma-Aldrich)
at 37 °C. Splenocytes were restimulated with medium alone, mock- or PVM-infected cell lysates at
25 ug/mL or Concanavalin A (Con A). Each treatment was assayed in triplicate for each animal.
After ~40 h of incubation at 37 °C in a 5% CO, incubator, the medium was removed and the cells were
lysed in ddH,O. Plates were washed three times in PBST and twice with ddH,O, and then biotinylated
anti-mouse IFN-y or IL-5 monoclonal antibodies (BD Biosciences) were added to the wells at a
concentration of 2 pg/mL in PBS with 1% BSA. After 1-2 h incubation at RT, the plates were washed,
and alkaline phosphatase (AP)-conjugated streptavidin was added at a dilution of 1:1000 in PBS with
1% BSA (Sigma-Aldrich) for 1-2 h at RT. After a final wash, cytokine-secreting cells were visualized
by the addition of 5-bromo-4-chloro-3-indolylphosphate and nitroblue substrate (Sigma-Aldrich).
Plates were washed in ddH,O and spots were counted under an inverted microscope (Olympus SZ71).
The results were expressed as the number of cytokine-secreting cells per million splenocytes
stimulated with mock-infected cell lysates subtracted from the number of cytokine-secreting cells
stimulated with PVM-infected cell lysates.

3.12. Statistical Analysis

Statistical software (GraphPad Prism Version 5.00) was used to analyze all data. Since there were
few animals and the variability in biological systems makes normal distribution unlikely, the data were
analyzed using non-parametric tests. The Kruskall-Wallis test was used to determine whether there
was a difference between all groups. If the test indicated significant differences between the groups,
Mann-Whitney U tests were used to compare the median of individual groups. Differences were
considered significant if p < 0.05.

4. Conclusions

The goal of this study was to compare the immune response of Balb/c and C57Bl/6 mice to PVM
15 in order to understand the relative susceptibility of these strains to infection. To our knowledge, this
is the first direct comparison of the pathogenesis of PVM 15 in Balb/c and C57Bl/6 mice. Based on
our results, it appears that a suppression or delay in the innate immune response, as well as decreased
neutrophil and NK cell infiltration, in the C57Bl/6 strain could be a major factor in protecting these
mice from severe illness. Furthermore, while both mouse strains developed a Thl-biased response to
PVM infection, the VN antibody levels were higher in C57Bl/6 mice than in Balb/c mice, which
correlated to an earlier increase in PVM-induced IFN-y secreting cells. Surprisingly, neither strain
developed eosinophilia following PVM 15 infection. During infection with PVM J3666, the
inflammatory cell recruitment is of typically eosinophilic nature with early and prominent recruitment
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of eosinophils. Amongst the mouse strains documented by Anh and colleagues in their study all,
except SJL, showed eosinophilic infiltration [12]. Furthermore, PVM J3666 infects murine eosinophils
and elicits cytokine production further supporting the involvement of eosinophils in PVM J3666
pathogenesis [49]. In this respect strain PVM strain 15 differs from the J366 strain at least in Balb/c
and C57B1/6 mice, although it is not known whether PVM 15 infects eosinophils.

These results suggest that in contrast to J3666, the PVM 15 strain has a distinct mode of
pathogenesis in these two mouse strains. Balb/c mice responded to PVM 15 infection with earlier and
higher expression of cytokines and chemokines, and earlier and enhanced lung inflammation
dominated by neutrophils. These mice also showed earlier and higher levels of viral replication
compared to C57Bl/6 mice given the same dose. Surprisingly, the IFN-o response was stronger in
Balb/c mice than in C47Bl/6 mice. Although IFN-a usually suppresses viral replication, this was not
the case in the PVM-infected Balb/c mice. This could be related to the fact that PVM, like RSV,
suppresses the type-I IFN response [50], which might have been more efficient during production of
high levels of de novo synthesized PVM proteins during viral replication. Alternatively, viral entry and
replication of PVM in epithelial cells may be more efficient in Balb/c mice. The lungs can be partially
protected by the immunomodulatory effects of surfactant proteins (SP) secreted by type II
pneumocytes in the lower airways. The basal levels of surfactant A and D proteins are different in the
lungs of naive Balb/c and C57Bl/6 mice, and are differentially upregulated upon sensitization with
antigens [51], and as such may play a role in the different susceptibility of these two strains to PVM.
Furthermore, naive Balb/c mice have higher TLR4 mRNA expression in the lungs than C57Bl/6 mice,
which may indicate a difference in TLR surface expression on resident macrophages or the respiratory
epithelium [52] facilitating PVM entry. If Balb/c macrophages have higher levels of surface TLR4,
this could trigger a stronger and earlier immune response to PVM infection than in C57Bl/6 mice. In a
recent study by Glineur ef al. on the potential mechanisms of the PVM resistance of SJL/J mice a role
for innate, but not adaptive, immune responses was proposed, which would agree with our
observations for PVM 15 in Balb/c and C57BI/6 mice. They also concluded that PVM resistance of
SJL/J mice is polygenic, that the resistance genes are recessive, and that radioresistant lung epithelial
cells and macrophages may control the severity of lung disease caused by PVM [53]. A study of the
contribution of epithelial cells and macrophages may provide further information on the pathogenesis
of PVM 15 in Balb/c and C57BI/6 strains.

The Balb/c strain had a slower but ultimately stronger cell-mediated response to PVM, along with
enhanced production of mucosal IgA by day 28; however, the antibody response was functionally less
effective than that in the C57B1/6 strain. Since RSV can cause a spectrum of disease depending on the
age and immune history of the child in question, both mouse strains may be useful in examining
specific aspects of pneumovirus pathogenesis. In terms of comparing their usefulness as a model of
RSV, the next critical step will be to determine the protective efficacy of these responses upon
reinfection. The C57BI/6 strain infected with 300 pfu showed a rapid decline in activated peripheral T
cells similar to that reported in infants monitored at the height of severe infection and four weeks later.
Since humoral responses in children are also known to decline following infection with RSV,
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an analysis of the memory response to PVM in these two strains of mice will provide further insight
into their use as a model of RSV.
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Abstract: Pneumovirus infections cause a wide spectrum of respiratory disease in humans
and animals. The airway epithelium is the major site of pneumovirus replication.
Apoptosis or regulated cell death, may contribute to the host anti-viral response by limiting
viral replication. However, apoptosis of lung epithelial cells may also exacerbate lung
injury, depending on the extent, the timing and specific location in the lungs. Differential
apoptotic responses of epithelial cells versus innate immune cells (e.g., neutrophils,
macrophages) during pneumovirus infection can further contribute to the complex and
delicate balance between host defense and disease pathogenesis. The purpose of this
manuscript is to give an overview of the role of apoptosis in pneumovirus infection. We
will examine clinical and experimental data concerning the various pro-apoptotic stimuli
and the roles of apoptotic epithelial and innate immune cells during pneumovirus disease.
Finally, we will discuss potential therapeutic interventions targeting apoptosis in the lungs.

Keywords: respiratory syncytial virus; cell death; host defense; acute lung injury

1. Introduction

Pneumoviruses are single-stranded, negative-sense, enveloped RNA viruses belonging to the family
Paramyxoviridae, subfamily Prneumovirinae, and include several closely related, but species-limited,
members (reviewed by Easton et al. [1]). The human pneumovirus respiratory syncytial virus (hRSV)
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is a leading respiratory pathogen in young children and the elderly worldwide and is associated with
considerable morbidity and mortality and high health care costs [2,3]. Likewise, bovine RSV (bRSV)
causes outbreaks of respiratory disease in young beef and dairy cattle. Both bRSV infection in cattle
and infection of mice by the rodent-specific pneumovirus pneumonia virus of mice (PVM) have been
studied extensively as a model for hRSV disease in humans [4]. Pneumovirus infections in humans
and animals cause a wide spectrum of respiratory disease symptoms, ranging from mild upper airway
illness, such as coryza and cough, to lower respiratory tract disease (e.g., bronchiolitis and
bronchopneumonia), which may eventually lead to impaired gas-exchange and life threatening
respiratory failure. Human infants with hRSV infection are prone to develop acute respiratory distress
syndrome (ARDS), an acute-onset life threatening inflammatory lung condition associated with
widespread lung injury [5,6]. Currently, as no specific treatment options for severe hRSV disease in
humans exist, there is an ongoing research effort focusing on pneumovirus biology and
host-interaction, ultimately to find novel therapies.

Apoptosis, a highly regulated energy-dependent type of cell death with distinct morphological and
biochemical characteristics [7], is a basic biological response of cells to virus entry and replication [8].
While apoptosis of virus-infected cells may be an important first line host defense mechanism to limit
pathogen replication and spread, many viruses have evolved strategies to evade and modulate
intracellular pro-apoptotic signaling in the early replication phase [9,10]. Conversely, it has become
clear that viruses may also exploit the cellular pro-apoptotic machinery in the formation and spread of
infectious progeny virions in the late phase or in the elimination of immune cells, thereby evading
host defense [10,11]. At the same time, from the host’s perspective, extensive pro-apoptotic signaling
may be beneficial in attacking a virus, but may become devastating upon the occurrence of an
overshoot in apoptosis, leading to widespread loss of infected and/or uninfected bystander structural
cells. Such an unbalanced extensive apoptotic response is implicated in the pathogenesis of a wide
variety of diseases, including the development of diffuse lung epithelial injury in ARDS [12]. Taken
together, the outcome of apoptosis during viral infection for the host may depend on its extent, timing
and cell-specificity.

The occurrence and potential role of apoptosis in pneumovirus infections have been investigated in
both in vivo (human and animal) and in vitro studies. The main goal of this manuscript is to provide an
overview of the existing literature on pro- and anti-apoptotic signaling in pneumovirus infections with
a focus on lung (airway and alveolar) epithelial cells, neutrophils and macrophages as first line cellular
responders to acute pneumovirus infection. Furthermore, we will speculate on future apoptosis-based
pharmacological therapies in hRSV disease.

2. Apoptotic Signaling Pathways

Cell death in multicellular organisms occurs either by necrosis or apoptosis, however their strict
distinction is somewhat artificial, because overlap of their characteristics and cellular pathways may
occur [13—-15]. Apoptosis is associated with membrane blebbing, cell breakdown into apoptotic bodies
and fragmentation of DNA. “Classical” apoptosis refers to the activation of the caspase cascade, a
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family of intracellular substrate specific proteases of which the final executioner, caspase-3, is a
commonly used marker for apoptosis. Non-classical apoptosis occurs independent of caspase
activation and involves release of the flavoprotein apoptosis-inducing factor (AIF) from mitochondria.
Galluzzi e/ al. have provided an extensive and detailed review on the use and interpretation of
caspase-(in)dependent apoptosis assays in laboratory research [16].

Figure 1. Schematic overview of three pathways of caspase-dependent apoptosis. First, the
death receptor (extrinsic) pathway is activated upon tumor necrosis factor (TNF) death
receptor family ligation by membrane-bound or soluble ligands, such as Fas ligand (FasL)
and TNF-related apoptosis-inducing ligand (TRAIL), presented or secreted by local
immune cells, including effector lymphocytes, neutrophils (PMN) and/or macrophages.
Intracellular adaptor protein interactions through death domain modules follow the death
receptor ligation and subsequently lead to activation of initiator caspase-8 and the
downstream caspase cascade resulting in apoptosis. The inhibitor of apoptosis proteins
(IAPs) can block several caspases, thereby inhibiting cell death. Second, granzymes
delivered into the cytosol by effector lymphocytes can interact with several caspases and
Bid to induce apoptosis. Third, members of the Bcl-2 family, including Bcl-2, Bax and
Bcel-XL and p53, regulate cytochrome c release from the mitochondria (intrinsic pathway)
in response to stimuli, such as DNA damage, infection and formation of reactive oxygen
species (ROS). Cytochrome c in the cytosol assembles with apoptotic peptidase activating
factor 1 (Apaf 1) to activate initiator caspase-9 with subsequent activation of the caspase-
cascade and apoptosis. The mitochondrial and death receptor pathway can interact through
BH3-interacting domain death agonist (Bid).
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Figure 1 shows the conceptual framework of the major (caspase-dependent) apoptotic pathways,
which are relevant to discuss in the context of pneumovirus infection. The intrinsic or mitochondrial
pathway involves the release of cytochrome ¢ from mitochondria into the cytoplasm and is regulated
by Bcl-2 protein family members. The extrinsic or death receptor pathway is triggered by ligation of
transmembrane death receptors that belong to the tumor necrosis factor (TNF) death receptor family,
which include TNF receptor (TNFR), Fas (CD95) and TNF-related apoptosis-inducing ligand
(TRAIL) death receptors (TRAIL-R1 and -R2). Expression and activation of proteins in both these
pathways can be modulated by p53, a major cell stress sensor protein. Finally, the granule-mediated
cytotoxic pathway is exploited by effector lymphocytes, which can release serine proteases, known as
granzymes, into the cytosol of target cells, which subsequently results in caspase-(in)dependent
apoptosis. Activation and modulation of these three apoptotic pathways is associated with
pneumovirus infection in humans and animals, as will be discussed below.

3. Lung (Airway and Alveolar) Epithelial Cell Apoptosis

In the lower airways, the bronchiolar epithelium is the primary site of human and animal
pneumovirus infection [17-20]. In addition, viral antigen can be detected in alveolar epithelial cells in
severe hRSV-, bRSV- and PVM-induced bronchopneumonia [18-21]. An interesting and consistently
reported feature of severe pneumovirus disease is the sloughing of dead airway epithelial cells,
which form dense plugs with mucus, fibrin and leukocytes, resulting in air trapping and ventilatory
failure [18,20-23]. The loss of these epithelial cells has always been thought to occur primarily
through necrosis, however Welliver et al. observed marked active caspase-3 immunostaining in
bronchiolar epithelium of children with fatal hRSV disease, suggesting that apoptosis is an important
mechanism of cell death as well (Figure 2A) [20,24]. Likewise, lung epithelial cells show enhanced
DNA fragmentation as detected by terminal dUTP nick-end labeling (TUNEL) in bRSV infected
calves and increased caspase-3 activation in PVM infected mice [19,25] (Figure 2B). The relative
importance of apoptosis in cell decay in pneumovirus infected lungs is further supported by the finding
of a strong correlation between caspase-3 and -7 activity and LDH concentration in the airways in
children with hRSV-induced bronchiolitis; however, from this study, the exact cellular source of these
markers is not clear [26].

The occurrence of apoptosis in the lung epithelium during the course of pneumovirus infection may
serve to limit viral replication. However, the widespread and extensive scale on which this takes place,
involving the whole pulmonary system, including the alveoli, may also suggests an overshoot and/or
inefficiency of pro-apoptotic signaling during the late and severe phase of pneumovirus infection.
This may lead to enhanced respiratory disease, e.g., diffuse alveolar epithelial injury, as seen in human
ARDS [12] and influenza virus animal models [27]. We believe three scenarios regarding lung
epithelial cell apoptosis during pneumovirus infection may co-exist as described below (Figure 3), and
the balance between them is likely to be critical for the development and outcome of host disease.
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Figure 2. (A) Positive immunohistochemical staining for the apoptosis marker caspase-3
(brown) in bronchiolar epithelial cells in lung tissue from a child with fatal human
pneumovirus respiratory syncytial virus (hRSV) disease. From Welliver et al. [24], by
permission of Oxford University Press. (B) Positive immunohistochemical staining for
caspase-3 (brown, arrows) in alveolar epithelial cells in lung tissue from a mouse (C57B1/6
background) with severe pneumonia virus of mice (PVM) disease. From Bem et al. [25],
Copyright 2010, The American Association of Immunologists, Inc.

3.1. Pneumovirus Infected Cells May Undergo Apoptosis as a Result of Direct Activation of
Intrinsic Pathways.

Based on the results of a number of in vitro studies in cultured primary airway epithelial cells and
A549 cells (an adenocarcinomic human alveolar basal epithelial cell line) it appears that, although in
the early phase of hRSV infection apoptosis does not occur, this type of cell death becomes an
important response in the later phase of viral replication [28-39]. It should be noted however that
several of these studies show some conflicting results with regard to the time point at which apoptosis
is detected, possibly related to the use of different cell lines/cultures, multiplicity of infection, hARSV
strains, early versus late apoptosis markers and assays used.

The relative paucity of apoptosis during the early phase of hRSV infection may be explained by
viral-induced anti-apoptotic intrinsic pathway signaling, which ensures more time for viral replication
and assembly of virions. Mechanisms of early hRSV-induced alteration of the intrinsic pathway
towards an anti-apoptotic balance in Bcl-2 family proteins include post-transcriptional regulation
of p53 [32], microRNA modulation [40] and three important basic cell survival/proliferation pathways
involving nerve growth factor/tyrosine kinase receptor (NGF/Trk) [36], epidermal growth factor
receptor (EGFR) [35] and phosphoinositide 3-kinase(PI3K)/Akt signaling [38]. Interestingly, by using
recombinant and RNA silencing techniques, it was shown that both the hRSV-encoded small
hydrophobic (SH) protein and nonstructural (NS) proteins are critical regulators of the early
anti-apoptotic effects [29,31]. The NS proteins have been found to interfere with interferon (IFN)
signaling [41], which may affect apoptotic pathways in hRSV infected cells. However, Bitko
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et al. [29] suggested that the early NS protein associated anti-apoptotic effect was mediated through
NF-«B and PI3K/Akt signaling, independent of the IFN pathway.

Figure 3. Three theoretical scenarios regarding lung epithelial cell apoptosis during
pneumovirus infection, which may co-exist. First (A), viral infection triggers the
mitochondrial (intrinsic) apoptotic pathway via interaction with Bcl-2 family proteins.
Second (B), death receptor ligands (either membrane-bound or soluble) presented or
secreted by local immune cells activate the death receptor (extrinsic) apoptotic pathway in
viral-infected cells. Similarly, granzymes released from effector lymphocytes into the
cytosol of target cells induce apoptosis. Viral infection may modulate the susceptibility to
death receptor ligands or granzymes by altering the expression of and interaction with
the protein machinery, such as surface death receptors, involved in these pathways.
Third (C), bystander (uninfected) epithelial cells undergo apoptosis as a result of extensive,
non-specific signaling via the death receptor (extrinsic) and/or granzyme apoptotic pathway.
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Pro-apoptotic signaling appears to predominate at a later phase of hRSV infection [29,30,34,39].
The hRSV-encoded fusion (F) protein, which is expressed at a later time point as compared to the NS
proteins [29], has been found to be critical in the activation of apoptosis by p53-mediated activation of
pro-apoptotic Bel-2 family proteins [30]. Apoptosis markers in hRSV-infected A549 and human
primary airway epithelial cells further include caspase activation, detection of phosphatidylserine
exposition by Annexin V and TUNEL staining. However, the susceptibility of epithelial cells to
pneumovirus-associated apoptosis may vary depending on the specific localization (proximal versus
distal) in the Iungs [34]. Importantly, in the recent study by Villenave ef al. well-differentiated primary
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bronchial epithelial cells of children cultured in air-liquid interface showed TUNEL-positive staining
in detached cells six days after hRSV infection [39]. This supports the hypothesis that apoptosis
contributes to the characteristic sloughing of epithelial cells in the airways of children during the late
phase of pneumovirus infection.

3.2. Pneumovirus Infected Cells May Undergo Apoptosis by Activation of Extrinsic and
Granule-Mediated Pathways

First, death receptor ligands may trigger apoptosis of virus infected epithelial cells. Several studies
have shown enhanced local production of TNFa, FasL and TRAIL by recruited immune cells or
neighbor epithelial cells upon pneumovirus infection [4,28,34,39,42,43]. Interestingly, in vitro studies
have shown that, whereas hRSV infection results in decreased susceptibility to TNFa-induced
apoptosis [44], it sensitizes lung epithelial cells to the pro-apoptotic effects of TRAIL [34], which
likely occurs as a result of increased expression of death receptors TRAIL-R1 and -R2 [34,42].
Similarly, enhanced epithelial surface expression of Fas in hRSV infection has been found in both
in vitro and human histopathology studies [20,28,45]. Interestingly, mice with a non-functional FasL
(gld strain) have been reported to have delayed hRSV clearance [46], but van den Berg e al. [47] did
not detect differences in lung viral loads in PVM-infected mice with a defective Fas (/pr strain) as
compared to wild type mice. This differential effect of a dysfunctional Fas/FasL system on viral
clearance in these different pneumovirus models may be explained by specific pneumovirus-host
interactions, although may potentially also be related to a leaky, incomplete Fas defect in Ipr mice.

Second, granzymes released from the granules of natural killer cells and cytotoxic T-lymphocytes
into virus infected target cells may induce apoptosis. In children with severe hRSV disease, we have
found strong release of granzymes in the lungs [48]. Similarly, PVM infected mice show enhanced
granzyme expression, however this appears not to affect local viral titers [25], suggesting that the
granule-mediated apoptotic pathway does not have an important role in clearance of pneumovirus
infected epithelial cells.

3.3. Uninfected Bystander Epithelial Cells May Undergo Apoptosis as a Result of Extensive and
Non-Specific Activation of Extrinsic and Granule-Mediated Pathways

Although pneumovirus antigen can be detected in alveolar epithelium in the late and severe phase
of human and animal pneumovirus disease, the primary site of replication are (small) airway epithelial
cells [17-21]. Interestingly, histopathology studies in humans with fatal hRSV disease and animal
models show epithelial cell apoptosis may occur in the entire pulmonary system, including the alveolar
compartment [4,19,24,25]. In fact, we have previously detected active caspase-3 immunostaining
primarily in alveolar epithelial cells in mice with severe PVM disease, while this apoptosis marker was
scarce in bronchial epithelium [25]. Such a potential disparity in the localization between pneumovirus
presence and apoptosis may suggest uninfected bystander cells in the lungs are victim of an overshoot
and/or inefficiency in pro-apoptotic signaling, and this may lead to enhanced pneumovirus disease.
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The bystander injury hypothesis is supported by two in vivo studies in mice: Rutigliano ef al. [46]
showed that while a dysfunctional FasL results in delayed hRSV clearance, at the same time it
significantly diminishes clinical illness; and, our own group showed that while a deficiency in
granzymes did not affect PVM clearance, it resulted in delayed clinical disease in association with a
marked decrease in lung caspase-3 activity [25]. In addition, we have previously shown that soluble
TRAIL is present in increased levels in bronchoalveolar lavage fluid of children with severe hRSV
disease, and this death receptor ligand induced cell death in uninfected primary pediatric airway
epithelial cells in vitro [42]. Interestingly, similar findings for soluble FasL were found in relation to
epithelial injury in human ARDS [49]. When considering the bystander epithelial injury hypothesis,
soluble death receptor ligands present in the lung microenvironment during pneumovirus disease are of
particular interest due to the potential increased likelihood of non-specific signaling. They may be
released into the extracellular space from recruited immune cells, such as macrophages [42] and
neutrophils [50] or from (infected) neighbor epithelial cells (paracrine pathway) [51], although in vitro
studies by Bitko et al. [28] suggested a minor role for the latter mechanism.

4. Neutrophil Apoptosis

Neutrophils, recruited by local production of chemoattractants, are the predominant inflammatory
cells in the pulmonary compartment during acute pneumovirus infection [4,52-54]. They possess a
wide arsenal of defensive strategies against invading microorganisms, including phagocytosis,
production of toxic reactive oxygen species and release of immune defense proteins. Although the role
of neutrophils in anti-viral immunity remains relatively unclarified, several studies have shown a
protective effect of neutrophils against influenza virus [55,56]. Both animal and human studies
demonstrated that during pneumovirus infection, recruited neutrophils contain virus, suggesting a
contributive role to viral clearance [19,57]. This is further supported by in vitro studies that showed
neutrophil-mediated injury and detachment of hRSV infected lung epithelial cells [58]. On the other
hand, it is well recognized that uncontrolled or prolonged neutrophil activity may cause collateral
tissue injury [59], such as diffuse alveolar damage in human ARDS [60-62]. Although direct evidence
of neutrophil-mediated respiratory disease in pneumovirus infection is lacking, the acute and strong
neutrophil influx in the lungs coincides with peak disease severity in animal models [19,25].

To prevent their potential inadvertent harmful effect, the life span of neutrophils is limited by
apoptosis. Interestingly, incubation of human neutrophils with hRSV in vitro results in activation of
anti-apoptotic signaling through the Bcl-2 family proteins [63]. Although this inhibition of neutrophil
cell death by hRSV does not require live virus, it does require cellular uptake. Lindemans et al. [63]
further suggested this effect depends on auto- or paracrine-signaling via the release of IL-6.
Others, however, have suggested that the anti-apoptotic effect of hRSV on human neutrophils is
primarily mediated by soluble factors via monocyte interaction and, thus, is a secondary response [64].
Regardless of the precise mechanism involved, these in vifro studies suggest prolonged neutrophil
survival in the setting of hRSV infection and, as such, this may be an important event in the
development of lung injury during pneumovirus disease. In contrast, Wang et al. [65] reported an
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increased number of Annexin V positive neutrophils in nasopharyngeal aspirates and the peripheral
blood of infants with hRSV disease, as compared to peripheral blood neutrophils of healthy children.
This would imply that despite the pro-survival effect of hRSV on neutrophils as observed in vitro,
pro-apoptotic signaling by mediators (e.g., cytokines) in the lung microenvironment during hRSV
disease prevails. Whether this truly would protect against harmful prolonged neutrophil survival
remains speculative. In particular, it is possible that different neutrophil apoptotic responses in
functionally heterogeneous neutrophil subsets co-exist and change over time [66,67]. As such, it is
clear that further research on the precise role of neutrophil apoptosis during pneumovirus infections is
highly needed.

5. Macrophage Apoptosis

Macrophages are observed in high numbers in the airways and lungs of humans and animals with
pneumovirus disease [4,18-20,22,23,52,54]. Macrophages are key innate immune cells acting in
pathogen surveillance and initiation and resolution of inflammation through mechanisms involving
antigen processing/presentation, phagocytosis and cytokine production. Macrophage depletion in
wild-type mice infected by hRSV or PVM results in increased lung viral titers and greatly affects the
local cytokine production [23,68,69]. However, paradoxically in PVM-infected mice, this results in
prolonged survival, whereas in hRSV challenged mice, this is associated with enhanced airway
occlusion on histopathological examination [23,69], suggesting that the role of macrophages may
depend on specific host-pneumovirus interactions. Nevertheless, these findings underline the
importance of macrophage biology in pneumovirus infection. As such, dysregulation of (apoptotic)
cell death pathways in resident and migrated macrophages in the lungs may have profound
consequences for the outcome of pneumovirus infection.

Unfortunately, very few studies have focused on macrophage apoptosis in pneumovirus disease.
In the histopathological studies from Welliver et al., fatal hRSV disease in children was associated
with relatively low numbers of caspase-3 immunoreactive inflammatory cells in the lungs, as compared
to children with fatal influenza virus disease [24]. In mice challenged with PVM, we observed cleaved
caspase-3 positive macrophages in the alveolar spaces (unpublished observations, [70]); however, the
exact magnitude and role of apoptosis of these cells in this model is not yet clear.

Ex vivo and autopsy studies have shown that virus antigen is detected in macrophages in the
airways and lungs of hRSV infected patients [18,71]. In addition, isolated peripheral and cord blood
monocytes, as well as alveolar macrophages, are susceptible to hRSV infection in vitro [72,73], and
PVM was recently shown to replicate in primary mouse macrophage culture [69]. Interestingly, hRSV
presence in human monocytes and mouse macrophages results in decreased (susceptibility of)
apoptosis, associated with decreased caspase-3 activity and enhanced expression of anti-apoptotic
members of the Bcl-2 protein family and inhibitor of apoptosis protein (IAP) family [74,75].
These observations suggest pneumoviruses exploit strategies to escape apoptosis in macrophages and
could explain the apparent paucity of evidence for macrophage apoptosis in the aforementioned
histopathology studies.
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6. Apoptosis-Based Pharmacological Intervention

During the last decades, much progress has been made in the development of apoptosis-based
therapeutic agents, including antisense oligodeoxynucleotides, small interfering (si)RNA,
peptides/proteins and antibodies (reviewed by Fischer et al. [76]). Much attention in this field has been
directed towards cancer treatment, however inflammatory and infectious diseases are of emerging
focus. The increasing knowledge in the regulation and molecular machinery of apoptotic cell death
pathways involving many different target genes and proteins has set the stage for highly promising
research in pharmacological intervention. Death receptors, caspases and IAP and Bcl-2 protein family
members all belong to prominent targets in current drug development [76]. However, despite the
ongoing success of pre-clinical and even clinical studies exploiting the use of apoptosis-based drugs in
a wide variety of diseases, many obstacles still have to be overcome, including cell-specificity and
permeability, timing of intervention and potential toxicity or interference with other biological
processes, such as inflammation.

To our knowledge, up to date, no published studies have directly examined the effects of
apoptosis-based pharmacological treatments in pneumovirus disease in vivo. Although originally
designed to study macrophage depletion rather than directly focusing on apoptosis intervention,
Rigaux et al. [69] found that intratracheal treatment with clodronate-liposomes, which induces
apoptosis upon specific uptake by macrophages [77], prolongs the survival of PVM-infected mice.
This suggests that enhancing macrophage apoptosis in pneumovirus disease is of clinical interest.
Currently, our own group is studying the use of the irreversible pan-caspase inhibitor, z-VAD-fmk,
administrated by a systemic route in mice challenged with PVM (study in progress). In addition, we
have shown that treatment with DR5-Fc fusion protein, which inhibits TRAIL death receptor
signaling, partly attenuates cell death of primary pediatric bronchial airway cells exposed to
bronchoalveolar lavage fluid from hRSV-infected children in vitro [42]. However the effects of this
compound in vivo are yet unclear. Given the strong evidence of activation of pro- and anti-apoptotic
pathways during pneumovirus infection as described in the above paragraphs, more attention towards
this field is highly needed.

Several critical points need to be considered in potential apoptosis-based interventions in
pneumovirus disease. First is the cell-specificity. From the present overview, it becomes clear that
different cell types in the lungs may show differential apoptotic responses during pneumovirus disease.
Interestingly, even within a lung cell population (e.g., epithelial cells), differential responses to a single
apoptotic mediator may exist [78,79], including in the setting of pneumovirus infection [34], which
further increases the complexity of intervention. This stresses the need for insight in cell-specific
pro- and anti-apoptotic targets and for development of small molecule compounds and vehicles for
specific local intervention. On the other hand, even without specific target cell delivery systems,
animal studies modeling ARDS have shown promising beneficial effects on survival and
histopathological changes by using a number of systemic or intratracheal apoptosis-based treatments,
including blockade of FasL by decoy receptor-3 [80], Fas:Ig fusion protein [81] or Fas-siRNA [82]
and pan-caspase inhibition by z-VAD-fmk [83]. These studies successfully aimed to inhibit lung
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epithelial cell apoptosis during the process of lung injury. However, it remains to be elucidated
whether such strategies also effectively reduce lung epithelial cell death in pneumovirus disease and,
subsequently, to what extent this affects viral replication and, most importantly, clinical outcome.
Second, given the dynamic course of anti- and pro-apoptotic signaling in lung epithelial cells, timing
of apoptotic interventions may be critical, as, for example, inhibitory strategies may be beneficial in
the late severe phase of disease, but detrimental in the early stages of viral replication. Third,
concurrent iatrogenic treatments with pro-apoptotic effects, such as mechanical ventilation and/or
oxygen therapy [70,84], may interact with apoptosis-based interventions in the lungs. Fourth and
finally, the effect of modulating apoptosis in the lungs needs to be considered with special focus on
age, as apoptosis is an important event in lung development and maturation [85].

7. Conclusion

Pneumovirus infection is associated with both pro- and anti-apoptotic signaling in the lungs,
depending on the cell-type, involvement of specific cell death pathway and timing during the course of
infection. The balance between these events is likely to be critical for the development and outcome of
pneumovirus disease. However, more research is needed to fully understand the dynamic character of
apoptosis during this important respiratory illness. In particular, we need to address which factors
favor the viral propagation versus host defense. Here, we have reviewed the existing literature on this
topic and have speculated on future apoptosis-based pharmacological treatments.
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Abstract: Lung dendritic cells (DC) play a fundamental role in sensing invading
pathogens, as well as in the control of tolerogenic responses in the respiratory tract.
Their strategic localization at the site of pathogen entry makes them particularly
susceptible to initial viral invasion. Human respiratory syncytial virus (hRSV) and human
metapneumovirus (hMPV) belong to the Paramyxoviridae family, within the Preumovirus
and Metapneumovirus genera, respectively. hRSV and hMPV are significant human
respiratory pathogens that cause similar clinical manifestations and affect many of the
same subpopulations. However, they differentially activate the host immune response,
including DC, which represents a fundamental link between the innate and adaptive
immune response. In this review, the role of DC in the immune response against hRSV and
hMPV infections, as well as the inhibitory effects of these paramyxoviruses on the DC
immunity will be discussed.

Keywords: dendritic cells; human metapneumovirus; respiratory syncytial virus;
lung; paramyxovirus

1. Introduction

Human respiratory syncytial virus (hRSV) and human metapneumovirus (hMPV) are classified
within the Paramyxoviridae family, Pneumovirinae subfamily, which is divided into the Prneumovirus
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and the Metapneumovirus genera. Both viruses belong to the order Mononegavirales and contain a
nonsegmented, negative-sense RNA with genomic organization, which is similar, but not identical [1-4].
Metapneumoviruses lack the nonstructural proteins NS1 and NS2, and the gene order is different from
that of pneumoviruses. hRSV is the type species of the Preumovirus genus, while (based on the
biological properties and genomic sequence) hMPV has been assigned to the Metapneumovirus genus.
hRSV encodes 11 proteins (nonstructural (NS) proteinl, NS2, nucleocapsid (N), phosphoprotein (P),
matrix (M)1, small hydrophobic (SH), attachment (G), fusion (F), M2-1, M2-2 and polymerase (L),
Figure 1), while hMPV encodes nine proteins (N, P, M1, F, M2-1, M2-2, SH, G and L, Figure 1).

Figure 1. Schematic representation of human Preumovirus and Metapneumovirus. Gene
maps and encoded proteins of members of the subfamily Pneumovirinae: human
respiratory syncytial virus (hRSV) and human metapneumovirus (hMPV), which belong to
the genera Pneumovirus and Metapneumovirus, respectively. Genes are represented as
boxes with the corresponding encoded protein.
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hRSV was first isolated in 1956 from an infected chimpanzee [5] and represents the most important
cause of bronchiolitis and pneumonia in infants and young children worldwide. More than 95% of
children are infected with hRSV by two years of age [1]. h(MPV was first identified in 2001 following
its isolation from infants and children with lower respiratory tract infections (LTRI) of unknown
etiology [2]. Serologic evidence indicated that hMPV seropositivity is almost universal by the age
of five years. The clinical manifestations of hMPV infection in young children are indistinguishable
from those of hRSV infection. LRTI associated with hMPV in infants and young children is a frequent
cause of hospitalization. Several studies indicate that hMPV likely accounts for 5% to 15% of LRTI
hospitalizations in infants and young children and is second only to hRSV as a cause of bronchiolitis in
early childhood [6-10]. Both viruses can be transmitted mainly by large droplets from infected
individuals [11,12], and the incubation period could last between three and seven days for hRSV and
four to six days for hMPV [13]. hRSV and hMPV are present year-round, but their incidence increases
in the fall, peaks in the winter and goes down in early spring [1,14,15]. Host risk factors for these
infections include premature birth, congenital heart disease, immunodeficiency, elderly individuals,
gender and Down’s syndrome, among others [16—-18]. Adults and older children are commonly
reinfected without complications by these paramyxoviruses, because the natural infection does not
induce lifelong immunological protection. However, it is in infants, elderly and immunosuppressed
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individuals that severe disease can result [19-21]. Currently, there are no vaccines available against
hRSV or h(MPV. However, infected individuals can be treated with ribavirin and immunoglobulins [22].

Knowledge of the critical aspects of the host immune response to these infections has been crucial
to understanding the pathology associated with hRSV and hMPV infections. In that regard, dendritic
cells (DC) play a pivotal role in shaping antiviral immune response in the respiratory tract, as they
represent the perfect link between innate and adaptive immune response [23-25]. Although the
mechanisms underlying the activation of these cells by paramyxovirus infections still is largely
unknown, substantial progress towards our understanding of the DC response to hRSV has been made,
and the role of these cells in hMPYV infection has also been explored.

2. Dendritic Cells in the Respiratory Tract

Dendritic cells are professional antigen-presenting cells within the immune system. They arise from
both myeloid and lymphoid progenitors within the bone marrow and are widely distributed (as
immature DC) into both lymphoid and nonlymphoid tissues [26-28]. Respiratory tract dendritic cells
are present within airway epithelium, submucosa and associated lung parenchymal tissue under resting
conditions [29]. In the absence of inflammation, lung DC are present at an average density of several
hundred cells per square millimeter in the large airways, decreasing to less than a hundred DC per
square millimeter within smaller intrapulmonary airways [30]. Pulmonary DC have a rapid turnover,
with a half-life of <2 days [30,31]. Their strategic localization at the site of pathogen entry makes them
particularly susceptible to initial viral invasion. After detection, uptake and degradation of viruses, DC
initiate immune responses via the secretion of interferon, chemokines and proinflammatory cytokines,
as well as the upregulation of a variety of costimulatory molecules and receptors, a process globally
known as cell maturation. After maturation, DC efficiently present antigens and initiate adaptive immune
response by migrating into lymph nodes (LN) to activate the virus-specific T-cell response [32].

3. Activation and Inhibition of DC Infected with hRSV and hMPYV in Vitro
3.1. DC Maturation and Cytokine Production

DC maturation is necessary for the transition from innate to adaptive immunity. In human
monocyte-derived DC (moDC), hRSV and hMPV are able to induce cell maturation, indicated by an
upregulation of MHC class I and class II molecules, as well as the overexpression of CD80, CD86,
CD38 and CD83 [33-37]. Cytokine production by these cells is differentially induced by hRSV and
hMPV, hRSV being a more potent inducer of IL-10, TNF-o, IL-1B and IL-12p70, while hMPV
induces a more robust response of type I IFN than hRSV. IFN induction is dependent of viral
replication, as UV-inactivated virus failed to induce IFN in hRSV- or h(MPV-infected cells [34-36,38].
The response of human primary blood myeloid DC to hRSV has also been characterized, and it
resembles that of moDC [39]. hRSV also induces maturation in mouse DC. Bone marrow-derived DC
(BMDC) exhibited an increased expression of CD40, CD80, CD86, MHC class I and class II and
higher production of IL-6, IL-10 and IL-12p70. Consistent with reports in human cells, hRSV
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replication was required also for DC maturation [40]. However, DC are not highly permissive to hRSV
or hMPV infections, regardless of their source (PBMCs, cord-blood or primary DC), as demonstrated
by the low percentage (4% to 25%) of antigen positive cells by flow cytometry analysis [33-37,39,41].
This suggests a critical role of the virus-induced cytokines, such as type I IFN, during the maturation
process, as reported in BMDC [42]. Infection of plasmacytoid dendritic cells (pDC) by hRSV and
hMPV induce differential expression of cytokines and chemokines. As in moDC, hRSV is a more
potent inducer of IL-6, IL-10, GM-CSF, TNF-a, IL-1p, IL-12p70 and G-CSF than hMPV. However,
both viruses induce a similar response of IFN-a release in infected pDC [33].

In understanding the mechanisms of activation and maturation by hRSV, Munir ez al. [43] have
reported that the NS proteins of hRSV suppress the expression of costimulatory molecules, as well as
the secretion of cytokines and chemokines in human moDC in a type I IFN-dependent process. The
inhibitory effect was mediated mostly by NS1 protein, but was enhanced by the combined deletion of
NS2 in the same recombinant hRSV virus. More recently, Johnson et al. [44] reported that the
interaction of hRSV G protein with the DC/L-SIGN (C-type lectins commonly found in DC) inhibits
maturation of primary human DC. They found that when this interaction was neutralized with specific
antibodies, RSV-infected myeloid DC and pDC increased both maturation and cytokine/chemokine
production [44]. The role of cellular mechanisms critical for DC function has also been explored.
Morris et al. [45] investigated the role of autophagy, a cellular mechanism that involves cell
degradation of unnecessary or dysfunctional cellular components [46]. They found that cytokine
production and the expression of surface markers (MHC class II, CD40, CD80 and CD86) was
inhibited when autophagy was blocked in hRSV-infected BMDC, indicating that autophagy is a
critical cellular process for DC maturation during hRSV infection [45].

3.2. Activation and Inhibition of IFN Responses

Interferons (IFNs) are a heterogeneous family of cytokines with demonstrated antiviral, antitumor
and immunomodulatory activities. The IFN family includes type I (IFN-a, -B, -¢, -k and -m), type II
(IFN-y) and type III (IFN-A1, -A2 and -A3) IFNs [47,48]. Local production of IFNs plays an important
defensive role in many respiratory virus infections by limiting viral replication until virus-specific host
defense mechanisms develop [49]. It is known that hRSV and hMPV are able to induce and inhibit the
IFN response in human and mouse DC. Moreover, they use different molecular mechanisms
depending of the DC subset infected (Table 1). The induction of IFN production by RNA viruses is
triggered by the activation by several pattern recognition receptors that recognize different viral
components. Among them, the cytosolic RNA helicases, retinoic acid-inducible gene (RIG-I) and
melanoma differentiation-associated gene 5 (MDAJS) play a role in recognizing short or long dsSRNA,
respectively [50]. Other receptors include Toll-like receptors (TLR3 and TLR7) found in the
endosomal compartment, which recognize dsRNA and ssRNA, respectively [51].

As previously reported, both hRSV and hMPV induce a robust response of IFN-o in human pDC,
and this production is dependent on viral replication [33,38,52—54]. Using splenic mouse pDC, it has
been further demonstrated that IFN production by hMPV is dependent on TLR7 expression [54].



282

Unlike in pDC, moDC produce IFN-o mostly after infection with hMPV, not with hRSV [33,38].
Using human moDC, previous results from my laboratory have demonstrated that the cytosolic
helicase, MDAS, contributes to the production of type I and type III IFNs after h(MPV infection. Those
observations were further confirmed in an in vivo model of infection using MDAS5 "~ mice [55].
Activation of TLR4 has also been reported to contribute to the production of IFN-f in moDC after
hMPYV infection [56].

Although the mechanisms underlying the differential activation of IFN response by hRSV and
hMPV in moDC have not been fully elucidated, some experimental evidence indicates the involvement
of several viral proteins. Munir e al. [43] demonstrated that the hRSV NS1 and, to a lesser extent,
NS2 protein suppress the expression of IFN-o/B by using recombinant RSVs bearing deletions of the
NSI1 and/or NS2 protein [43]. In the case of hMPV, it is the expression of the protein G that is
responsible for the reduced production of IFN-0/f in infected moDC [56].

hRSV and hMPV infections are also known to subvert the immune responses by interfering with
DC functions. The modulating mechanisms of DC immunity by these viruses have been investigated in
several in vitro systems, including human DC. It has been shown that hRSV and hMPV inhibit the
production of IFN-a in human pDC in response to TLR7 and TL9 agonists [33,52] and in moDC after
TLR3 activation [33]. In addition, the soluble form of the G protein of hRSV and hMPV has also been
reported to block the IFN response after TLR activation in moDC [56,57].

Overall, these data indicate that hRSV and hMPV activate and inhibit the IFN responses in DC,
most possibly through different mechanisms. This critical knowledge contributes to our understanding
of the molecular mechanisms of hRSV and hMPV immunopathogenesis and may help to explain the
lack of protective immunity after natural infection and the multiple reinfections by these viruses.

Table 1. Activation and inhibition of IFN responses by human respiratory syncytial virus
(hRSV) and human metapneumovirus (hMPV) in dendritic cells (DC). pDC, plasmacytoid
dendritic cells; moDC, monocyte-derived DC.

Virus Effect DC Subset References
hRSV Induce IFN-a pDC [33,38,52,53]
hRSV Blocks TLR7 and TLR9Y activation pDC [33,52]
hRSV Blocks TLR3 activation moDC [33]
hRSV NS1 and NS2 Suppress IFN-o/f production moDC [43]
hRSV soluble G Blocks TLR3 and TLR4 activation moDC [57]
hMPV Induce IFN-a pDC [33,54]
hMPV Induce IFN-a, 8, A moDC [33,55]
hMPV Activates MDAS moDC [55]
hMPV Activates TLR4 moDC [56]
hMPV Activates TLR7 pDC [54]
hMPV Blocks TLR7 activation pDC [33]
hMPV Blocks TLR3 activation moDC [33]
hMPV G Suppresses IFN-0/pB production moDC [56]
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3.3. Regulation of T-Cell Responses

Another aspect of the biology of hRSV and hMPV is that they reinfect throughout life, suggesting
incomplete or transient immunity [19,58—60]. Several pieces of evidence indicate that hRSV and
hMPV interact with dendritic cells and that the primary T-cell response to these viruses is altered
significantly by this interaction. Human DC infected with hRSV have shown a severely impaired
capacity to stimulate naive CD4" T-cell proliferation [33,36,61]. The possible mechanisms of this
inhibition has been attributed to soluble factors in the supernatant of hRSV-infected dendritic
cells [36], as well as to direct contact with RSV-infected cells to inhibit proliferation of T-cells [52,61].
In fact, Gonzalez et al. [40] demonstrated, in bone marrow-derived DC (BMDC), that immunological
synapse assembly between hRSV-infected DC and T-cells was impaired, supporting the notion that
contact is necessary for the inhibition of T-cell activation by hRSV infection [40]. Inhibition of T-cell
proliferation by hMPV-infected DC, however, has also been attributed to soluble factors secreted by
hMPV-infected DC, but not by interference with DC-T-cell immunological synapse formation [62].
Others have not observed this inhibitory effect using hRSV-infected cord blood-derived DC or moDC
cultured with naive T-cells and superantigens [37,63]. Whether this discrepancy in the activation of the
T-cells by hRSV-infected cells is related to the different experimental conditions remains to be
determined. Further characterization of the interaction between T-cells and hRSV- and hMPV-infected
DC is warranted.

4. Response of Human Dendritic Cells to hRSV Infection in Vivo

Current characterization of human lung DC populations includes three types of DC: two myeloid
DC (mDC) in the lung parenchyma (mDC1 (BDCA-1"/HLA-DR") and mDC2 (CD11c"/BDCA-3"))
and one pDC subset (CD11c /BDCA-2"/CD123"/CD14 /HLA-DR") [64-66]. Additional reports have
confirmed the presence of these lung DC subsets in human bronchoalveolar lavage samples [67,68].
However, further characterization of human lung DC populations, under the steady state and in
response to stimulus, is needed in order to define the composition of human DC in the lung.

There have been a limited number of studies focused on the DC response to hRSV or hMPV
infections in humans. In fact, the response of pulmonary DC in hMPV-infected individuals has not yet
been reported. However, despite the human sample limitations, analyses of nasal washes from young
children with acute hRSV infection have revealed that hRSV attracts both mDC and pDC to the site of
viral entry. The number of pDC, and, to a lesser extent, that of mDC, positively correlates with the
viral load in the infected individuals [69]. However, hRSV recruits DC to a lesser extent relative to
other relevant respiratory viruses, such as influenza virus [70]. On the other hand, the numbers of
mDC and pDC decreased in peripheral blood, suggesting that the increase of mDC and pDC in nasal
mucosa results from their migration from the blood [69,70]. In line with those data, Silver E. et al. [71]
has found that the lower levels of pDC in peripheral blood have been associated with asthma after
severe hRSV bronchiolitis [71]. Overall, these data indicate a relevant role of DC in hRSV infection in
humans. However, the better understanding of the response of DC to hRSV or hMPV has been
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revealed from in vitro experiments using human and mouse cells and from experimental animal
models, specifically, the mouse model.

5. Response of Pulmonary DC in Experimental Mouse Models after hARSV and hMPV Infection

Because the study of the human DC at multiple stages of respiratory viral infections is technically
and ethically difficult, the experimental mouse model has provided an excellent opportunity to
investigate the response of DC in vivo. To date, there have been at least three major subsets of murine
lung DC described. These include plasmacytoid DC (pDC), the myeloid DC (also known as
conventional DC (cDC)) and the interferon-producing killer dendritic cells (IKDC) (Figure 2). All
three DC populations have been reported to participate in the innate and adaptive immune response to
hRSV and hMPYV infections, indicating their critical role in the antiviral immunity to these viruses.

Figure 2. Mouse lung DC activated during hRSV and hMPV infection.
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pDC are identified by the expression of CD11¢™/B220"/Gr-1"/Siglec-H/mPDCA1". They are best
known for secreting large amounts of type I interferons (IFN) in response to viral infections [72]. Type
I IFN confer resistance to viral infections and promote apoptosis of virally infected cells [73]. Also,
type I IFN promote myeloid DC, B-cells, T-cells and natural killer (NK) cell functions [74,75].
Therefore, pDC regulate both innate and adaptive immune response in viral infections. pDC can also
present endogenous viral antigens in their activated state to CD4" T-cells, but they are less efficient
antigen-presenting cells, as compared to ¢cDC [76]. Additionally, pDC are able to produce a variety of
cytokines and chemokines that are important for the activation and trafficking of CD4" and CD8"
T-cells to the site of infection [77,78].

cDC are identified as major histocompatibility complex class II (MHC-II)"/CD11c". They are
considered the main antigen-presenting cells of the immune system [26,79]. In mice, lung ¢cDC
comprise two major cDC subpopulations based on the expression of the integrin marker, CD103, and
myeloid marker, CD11b, to give place to MHC-II"/CD11¢"/CD11b /CD103" in the intraepithelial
network and the parenchymal MHC-1I"/CD11¢"/CD11b"/CD103™ DC [79]. These two ¢DC subsets
differ in their relative abilities to prime CD4" and CD8" T-cells [80], produce proinflammatory
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cytokines and generate Foxp3-mediated regulatory function of naive T-cells [81,82]. CD103 (og) is
the o-chain of the agf; integrin that mediates human and mouse T lymphocyte adhesion to epithelial
cells through its binding to E-cadherin, which is selectively expressed on the basolateral side of
epithelial cells [83]. The MHC-II"/CD11¢"/CD11b /CD103" DC are also known as migratory DC.
CD103" DC can migrate to the draining lymph nodes (LN), produce IL-12 and are specialized in
cross-presentation [80,82]. MHC-II"/CD11¢"/CD11b"/CD103~ DC are more efficient at presenting
antigens on MHC II [84].

IKDC are characterized by the expression of CD1 1¢™/Gr-17/DX5" or NK1.17. They are present in
the lung and express cell surface markers of DC, as well as NK cell markers [85,86]. IKDC could be
considered as NK-like DC or DC-like NK cells, playing a major role as a distinct population of innate
effectors against viral pathogens [85,87,88]. However, their classification [85,86,88-90], origin [91]
and physiological roles [85,87,92,93] remain controversial.

More recently, the TNF-o/inducible nitric oxide synthase (iNOS)-producing DC (tipDC) have been
identified and found to control viral infections in the lung [94]. However, their role in hRSV or h(MPV
has not yet been described. TipDC, also known as inflammatory DC or activated macrophages,
contribute to the control of the antimicrobial defense and are responsible for severe tissue damage in
several models of infection [94-97]. However, based on the overlapping phenotypes of myeloid cells,
further characterization of lung tipDC is needed in order to eliminate the possibility that they represent
myeloid cells in a transient maturation stage, in response to infection.

5.1. Lung DC Trafficking

Several studies have reported the trafficking and function of respiratory DC in response to hRSV or
hMPV infection. Experimental evidence indicates that hRSV induces the recruitment of DC into the
lungs and LN of BALB/c [98—100] and C57BL/6 [101] mice. In previous studies, I have observed that
IKDC is the smallest DC subset recruited to the airways upon hRSV infection (two-fold) [98],
followed by pDC (four-fold) and is the cDC the predominant DC population recruited to the lung after
hRSV infection (20-fold) [98]. Some differences in the kinetics of pDC and IKDC into the lung of
Hmpv-infected mice have been observed when compared to hRSV, as the recruitment of pDC and
IKDC peaked by day eight after h(MPV infection versus day three in hRSV-infected mice [98]. On the
other hand, a similar trafficking pattern of ¢DC has been observed after hMPV infection when
compared to hRSV [98], including a sustained recruitment of this cell population for about 18-21 days
beyond the acute phase of infection [98,99]. It has also been found that CD103" ¢DC are substantially
decreased after hRSV infection [98,101], and the same effect has been observed in the lungs of
hMPV-infected mice in which CD103" ¢cDC decreased even after three weeks of infection and returned
to basal levels by week eight [98]. By contrast, after either hRSV or hMPV infection, CD1 16" cDC
increased about four-fold in the lung of infected mice [98,101]. Furthermore, hRSV infection
stimulates the mobilization of both populations of ¢cDC, as the numbers of CD103" and CD11b" are
increased in the lung-draining mediastinal LN [101].
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5.2. Lung DC Activation

Upon viral challenge, lung cDC are activated and acquire a mature phenotype [23,26,28,102].
In that regard, previous experimental observations indicate that hRSV or hMPV induce the
overexpression of surface molecules, including CD40, CD80, CD86, PD-L1, OX-40L and MHC-II, in
pulmonary cDC as early as day one after infection and remained activated until three weeks after
infection [98,101,103]. Moreover, the profile of cytokines produced by pulmonary pDC and cDC,
infected with hRSV or hMPV, differ substantially. ¢cDC produce IL-10, IL-1a, IL-6, CXCL1 and
CCL11, while pulmonary pDC do not. However, both lung ¢cDC and pDC produce IFN-a after A(MPV
infection ex vivo, while infection with hRSV did not stimulate the release of the antiviral cytokine [98].
hRSV also induces maturation of lung pDC, as indicated by the overexpression of CD80, CD86 and
MHC class II molecules [104].

5.3. Lung pDC Function in hRSV Infection

It has been demonstrated that the balance between the numbers of pDC and ¢DC in the lung is
important for the regulation of the immune response against hRSV. Smit ez al. [105] demonstrated that
when both pDC and c¢DC populations were expanded in hRSV-infected mice, that resulted in a
decreased Th2 cell response, but an increased Thl response and lower immunopathology. However,
by depleting pDC and expanding cDC, the T-cell response was skewed towards Th2, resulting in an
exacerbated inflammatory response.

The specific role of pulmonary pDC in hRSV infection has also been explored by several other
groups [100,104,106]. To this end, pDC have also been depleted with the monoclonal antibody (mAb),
120G8, that recognizes the murine surface antigen, CD317 (BST-2; mPDCALl), in several mouse
strains [107]. Some studies have reported that the inflammatory response and the airway resistance
was substantially exacerbated, and the lung viral titer was increased [100,104], suggesting that pDC
play a protective role during hRSV infection. However, it is important to consider that, despite BST-2
antigen being expressed predominantly on pDC in naive mice, it is known that after viral infection or
stimulation with type I or type II IFN, BST-2 is induced on most cell types [108]. Therefore, this fact
should be taken into consideration for the interpretation of these studies. On the hand, it seems that
pDC do not contribute significantly to the production of type I IFN in vivo in hRSV infection, as the
levels of IFN-a and IFN-B remained unchanged in hRSV-infected mice after successful depletion of
pDC [106]. In fact, it has been reported that alveolar macrophages are the primary IFN-a producer in
lung infections by RNA viruses [109]. In support to that, Pribul ef al. [110] has demonstrated that
alveolar macrophages significantly contribute to the production of IFN-a in hRSV infection. As for the
role of DC subsets in hMPV infection, there are no reports exploring the contribution of these cells in
the hMPV-induced immune response. Therefore, future experiments aimed to determine the role of
DC subpopulations in hMPV-infected mice are needed to understand the contribution of these cells in
hMPV-induced immune response.
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5.4. Impairment of Mouse Lung DC Response in hRSV and hMPV

Infection by hRSV and hMPV is characterized by short-lasting virus specific immunity and, often,
long-term airway morbidity. Previous studies have revealed that hRSV or hMPV impair the capacity
of human DC to present antigens to T-cells in vitro [33,101,111]. That detrimental effect has also been
observed in experiments in vivo using the mouse model [98]. In that system, I have previously
observed that, when compared with cDC from mock-infected mice, lung cDC from mice infected with
hRSV or hMPV have an impaired capacity to present antigens to CD4" T-cells that lasted beyond the
acute phase of infection, suggesting that acute pneumovirus and metapneumovirus infections can alter
the long-term immune function of pulmonary DC. Moreover, that inhibitory effect seems to be
selective for lung cells, since that inhibitory effect was not observed when spleen ¢cDC from the same
infected mice were used [98]. The mechanisms by which hRSV and hMPV impair cDC function are
largely unknown. However, one of the surface molecules that was upregulated after viral infection in
lung ¢cDC was programmed death-1 ligand (PD-L1) [98], which is known to inhibit some T-cell
functions, including T-cell proliferation [112—114], suggesting that this molecule may play a role in
the impaired capacity of cDC to present antigens to T-cells after hRSV and hMPV infection.

The production of type I IFN and other cytokines by lung DC is also altered by hRSV and hMPV
infection in vivo [98]. I have previously observed that lung pDC isolated from infected mice produced
significantly lower levels of IFN-a, IL-6, TNF-o, CCL3, CCL4 and CCLS5 in response to CpG
ODN [98], indicating that both viruses are able to interfere with the capacity of pulmonary pDC to
mount an antiviral response in response to a secondary stimulus. Age is also a factor that negatively
impacts DC response in the lung. The recruitment of DC after hRSV infection can be impaired by the
age of the infected individuals, as shown by Zhao et al. in aged mice (6—22 months-old) where the
ability of lung DC to migrate to LN was compromised in hRSV-infected aged mice, with a decline in
migration occurring as early as six months of age [115].

5.5. Contribution Lung DC in Vaccine Development

Data in vivo using the C57BL/6 mouse model of hRSV infection have indicated that after hRSV
intranasal challenge to formalin-inactivated RSV (FI-RSV)-immunized mice, the numbers of CD11b"
and CD103" ¢cDC recruited into the lung are increased [116]. Considering that differences between
these DC populations in priming the T-cell responses exist [80] and that the balance between the
numbers of DC subsets influences the CD4" Th1/Th2 responses in the lung [105], the development of
hRSV and hMPV vaccines should consider the characterization of the lung DC subsets response and
their contribution to prime an immune response against these viral infections, which will contribute
toward the better design of an effective vaccine against these respiratory viral infections.

6. Conclusions

Lung DC participate in the innate and adaptive immune response to hRSV and hMPV infections,
indicating their critical role in the antiviral immunity to these paramyxoviruses. hRSV and hMPV can
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induce similar DC responses, as DC can be activated by both hRSV and hMPV infections in vivo. In
addition, both viruses can induce the maturation and trafficking of the different DC populations from
lung to LN. Moreover, they interfere with the T-cell response, as the antigen-presenting capacity of
pulmonary DC to T-cells is impaired after hRSV or hMPV infection, which may contribute to the lack
of protection and multiple reinfections by these viruses. On the other hand, hRSV and hMPV
differentially induce the production of type I IFN in lung DC, as hMPV is a more potent inducer of the
antiviral cytokine.

Although many aspects of the immune mechanisms involving DC in hRSV infection have not been
elucidated, considerable progress has been made with respect to our understanding of the role of
pulmonary DC in hRSV infection. However, less is known regarding the interaction of hMPV with the
lung DC, and in general, the mechanisms that regulate the host immune response to hMPV infection
remain largely unknown. Additional studies are necessary to better understand the mechanisms that
regulate the DC response in hRSV and hMPYV infections.
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Abstract: Respiratory syncytial virus (RSV) is the etiological agent for a serious lower
respiratory tract disease responsible for close to 200,000 annual deaths worldwide. The
first infection is generally most severe, while re-infections usually associate with a milder
disease. This observation and the finding that re-infection risks are inversely associated
with neutralizing antibody titers suggest that immune responses generated toward a first
RSV exposure can significantly reduce morbidity and mortality throughout life. For more
than half a century, researchers have endeavored to design a vaccine for RSV that can
mimic or improve upon natural protective immunity without adverse events. The virus is
herein described together with the hurdles that must be overcome to develop a vaccine and
some current vaccine development approaches.
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1. RSV, the Virus

Respiratory syncytial virus is a negative strand RNA virus in the family Paramyxoviridae, the
subfamily Prneumovirinae and the genus Pneumovirus. RSV was first discovered in 1952 as the cause
of a serious lower respiratory tract disease, most pronounced among children in their first year of
life [1]. Other individuals who are susceptible to severe RSV disease include patients with cardiac and
pulmonary disorders, patients with immunodeficiencies, and the elderly [2-6]. RSV infection generally
presents as an upper respiratory tract (URT) infection which progresses for several days before virus
traffics to the lung [1,7]. Most infants are able to clear virus without extreme adverse events, but in the
United States approximately 2% require hospitalization [8,9]. Globally, RSV infections are estimated
to result in up to 199,000 deaths annually in children younger than 5 years of age [10] and treatment
options remain controversial. Re-infections can occur, but generally result in milder disease; risks of
infection are inversely associated with RSV-specific serum neutralizing antibody titers [11,12]. For
infants at risk for first infections, the passive transfer of monoclonal RSV F-specific antibodies is
recommended, but this type of prophylaxis is expensive and unavailable for most individuals who need
it [13]. A licensed vaccine, the single best health care solution to infectious disease, is unavailable in
the RSV field.

The RSV genome consists of 11 coding sequences including NS1, NS2, N, P, M, SH, G, F, M2-1,
M2-2 and L [1,14]. The predominant proteins on the outer membrane of the mature virus are G, F and
SH. Initiation of infection is usually mediated by the interaction between RSV G, the major attachment
glycoprotein, and the host cell membrane. The viral receptors for G (and F) proteins on mammalian
cells are not fully defined, but G can bind highly sulfated heparin-like glycosaminoglycans [15] as
well as the CX3CR1 fracktalkine chemokine receptor [16]. G attachment facilitates F-mediated
membrane fusion, although F protein can bind cell membranes independently (e.g., via binding to
cellular heparan sulfate and nucleolin [16,17]) and mediate virus infection in the absence of G [1,18].
Fusion occurs when the F1 subunit of F protein is inserted into the target membrane and the protein
refolds into a hairpin structure bringing virus and cell membranes into close proximity [19]. Upon
membrane fusion, virus material including a single negative strand RNA genome is released into the
cell cytoplasm [19]. Viral RNA is then transcribed and replicated yielding viral mRNA and new virus
genome. New virions are assembled at the cell membrane, bud using cell membranes as their outer
coat, and then target new cells for additional rounds of infection. Non-structural proteins support virus
production while down-regulating host cell growth and defense mechanisms [1].

2. Hurdles to Vaccine Development

A main hurdle for RSV vaccine development was encountered in the 1960s during the testing of
a formalin-inactivated RSV vaccine (FI-RSV). Unfortunately, the vaccinated infants were not
protected from RSV infection. Instead, an unusually large percentage of the vaccinated children,
when subsequently exposed to RSV by natural causes, developed disease severe enough to require
hospitalization and there were two vaccine-related deaths [20]. It is essential that such a scenario never
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be repeated, and because the reason for the vaccine-related adverse events has not been confirmed,
scientists are unsure precisely how to proceed. There remains no licensed vaccine product after
one-half century of additional research.

The cause of vaccine-related deaths remains a point of discussion. One potential explanation is
as follows: The formalin treatment of RSV altered membrane proteins on the virus and in so doing,
rendered a vaccine that induced antibody responses that were non-neutralizing [21,22]. The inactivated
vaccine also failed to elicit robust CD8+ T cells, because these classical killers of virus-infected targets
are best induced by endogenously expressed viral antigens. In the absence of robust neutralizing
antibodies and CD8+ T cells, RSV persisted and induced an aggressive CD4+ T cell and cytokine
response in the lower respiratory tract [23,24]. Uncontrolled RSV replication and persistent
inflammation led to blockage of the small airways in infants, leading to substantial morbidity and
mortality [1,4,14,25].

There is now debate as to which immune cell populations or effector molecules were responsible
for disease [21,26-33]. In a murine model designed to recapitulate the clinical outcome with FI-RSV,
it was demonstrated that a subset of RSV G-specific CD4+ Th2 cells and eosinophils associated
with disease. [23,24,31,32,34,35]. Additional mouse experiments showed that inhibition of IL-4 and
IL-10 Th2 cytokines abrogated pulmonary histopatholgy [24]. Some researchers argue that the
induction of Th2 cells, or perhaps the induction of any RSV-specific T cells should be avoided [36],
even though T cells may be key providers of help for B cells and cytotoxic T lymphocyte functions at
the time of RSV exposure. Others argue that the large majority of granulocytes described in original
clinical autopsy reports were neutrophils rather than eosinophils [37], questioning the absolute
comparison between mouse and human responses to FI-RSV. The potential benefits provided under
the appropriate conditions by Th2 cells, other CD4+ and CD8+ T cell subsets, and eosinophil
populations are contemplated [37-42]. For example, it is noted that individuals who lack T cells can
experience great difficulty in RSV clearance and suffer worse outcomes than their immunocompetent
counterparts [4,14,43,44]. It is further noted that eosinophils can be beneficial in that their transfer to
the lungs of RSV-infected mice can enhance RSV clearance and inhibit airway hyper-reactivity [45].
Until debates are resolved, researchers and regulatory boards struggle to define 'go' and 'no go' criteria
for the advancement of candidate vaccines, particularly when clinical studies target the pediatric arena.
It is possible that past RSV vaccine candidates may have proved safe and efficacious in children, but
were never tested in seronegative, pediatric populations. Perhaps a solution resides in comprehensive
data analyses, revealing the complexities of the immune system and that each lymphocyte subset need
not be categorically designated as beneficial or injurious [46]. Rather, as is the case in most
RSV-experienced adults, a variety of adaptive and innate immune effectors including B cells, CD4+ T
helper cells and CD8+ cytotoxic T lymphocytes function synergistically to mediate safe elimination of
virus and virus-infected cells.

Another issue pertinent to RSV vaccine development concerns the selection of an appropriate
human test population. Vaccine studies in young infants are performed with hesitancy due to the
devastating experience with the FI-RSV vaccine. One suggested possibility is that vaccines might be
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tested in seropositive adults including the elderly rather than in infants. A number of strategies are
considered including: (i) standard vaccination of placebo and control groups with subsequent
assessment of disease caused by natural RSV exposure; (ii) the use of an experimental RSV challenge
virus [47]; and (iii) the vaccination of pregnant females to measure protection afforded to the infant at
birth. One or more of these strategies may prove fruitful provided that attention is paid to a number of
confounding variables. First, due to varying degrees of seropositivity in older individuals, immune
responsiveness toward vaccination may be difficult to interpret. Individuals with high pre-existing
immunity might be expected to show a boost in antibody titers following vaccination, but may instead
clear vectors and antigens so rapidly that there is little opportunity for immune cells to re-activate.
Second, vaccine safety data may be difficult to interpret due to frequent, unrelated disease
complications in the oldest adults. One additional variable to be considered (upon design of either
pediatric or adult vaccine protocols) is that individuals with poor diets or poor metabolism
(e.g., vitamin deficiency) may exhibit general defects in immune responses toward respiratory virus
vaccines [48,49]. With these considerations in mind, it has been proposed that RSV vaccine studies in
the elderly are feasible, but would require the recruitment of thousands of participants to ensure fair
vaccine assessment [50]. Another recent proposal has been that RSV vaccine studies might best be
conducted not in the youngest infants or in adults, but in seronegative children who are at least
6 months of age [51]. Perhaps efficacy studies in older, seronegative children could assist vaccine
licensure for a restricted age group while prompting additional clinical studies in the youngest infants.

3. Current RSV Vaccine Strategies

The first formal vaccine development effort occurred two centuries ago when Edward Jenner
demonstrated that material from a cowpox lesion could serve as a vaccine for smallpox [52].
Successful vaccination, both then and now, relies on the safe introduction of a pathogen’s antigenic
determinants to the immune system. If the vaccine’s antigenic determinants are well matched to those
of the native pathogen (as was the case for cowpox and smallpox), the antigens will activate
pathogen-specific lymphocytes. In the case of virus-specific B cells, some effectors will mature to the
plasma cell stage and constitutively secrete antibodies into blood, lymph and mucosal secretions, while
others will maintain memory status, capable of immediate re-activation upon pathogen exposure.
Activated CD8+ T cells are classically known for their killing of virus infected cells, while CD4+ T
cells, (including Thl, Th2, Th17, TFh, Treg, and other subsets) are known for their support and
regulation of CD8+ and B cell activities [53-57]. The heightened or “primed” state of immune
surveillance may last months or years to inhibit pathogen entry and pathogen-mediated damage to the
host [58]. Generally, vaccines are developed by: (i) inactivating the virus; (ii) identifying a related
virus in another species that is safe in humans (the Jennerian approach); (iii) attenuating the virus; or
(iv) using recombinant technology to present viral antigens, often in the context of a replication
competent or replication-incompetent vector. In the RSV vaccine field, because of the outcome of the
FI-RSV vaccine study, the first approach is generally discouraged, even if candidate vaccines retain
RSV neutralizing determinants. The second strategy, the Jennerian approach, has not been advanced
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due to an insufficient antigenic match between bovine and human RSV [59]. The third and fourth
strategies are the topics of most current vaccine research, described in greater detail below.
Preclinical testing of vaccine candidates is generally accomplished first in small animals and then in
non-human primates. Most small animal studies use hamsters, BALB/c mice, or cotton rats [60—63]
while non-human primate studies generally use African green monkeys, rhesus macaques and
chimpanzees [64-66]. Each animal is at least semi-permissive for RSV infection and is therefore
advantageous in that immune responses and immunopathological events can be measured, but no
animal model fully predicts the course of immune responses and disease in humans. In one instance,
for example, an attenuated RSV vaccine appeared to be safe in non-human primates, but proved unsafe
when tested in seronegative children [67]. Again, the debates described above concerning: (i)
interpretation of data from animal experiments; and (ii) selection of clinical trial target populations,
must be considered to determine when and how to advance vaccine candidates from pre-clinical to
clinical trials.

3.1. Attenuated Virus Vaccines. Testing Variant Mutations

One strategy for RSV vaccine development has been to attenuate virus by cold adaption [68,69].
An early product of this research was cpts-248/404 [70,71]. However, in the youngest infants, the
vaccine caused URT congestion associated with peak virus recovery and was deemed unacceptable for
further development. More recently the cpts-248/404/1030/ASH vaccine was developed by introducing
further mutations and deleting the SH gene, resulting in a more satisfactory product [72]. In a recent
clinical study with this candidate, post-vaccination nasal washes revealed viruses with partial loss of
the temperature sensitive phenotype, often due to a tyrosine/asparagine substitution in the L gene at
position 1321 [73]. Researchers corrected the problem by creating a reversion-resistant virus with an
alternative attenuating codon at position 1321. However, they then discovered a compensatory
mutation at position 1313, forcing a deletion of that position (A1313) to yield a safer vaccine.
When the A1313 deletion was paired with an NS2 gene deletion and tested at incrementally increasing
temperatures, another compensatory mutation was discovered, [1314T. Finally, a vaccine with a new
combination of mutations (ANS2/A1313/1314L) is being developed for evaluation in phase I clinical
trials [74]. Reverse genetics, a powerful technology that allows the manipulation of viral genomes and
recovery of infectious, recombinant virus particles, has assisted the progress described above [75].

A number of attenuated RSV vaccines have now been tested clinically. Currently, a phase I clinical
study in adults, seropositive children and seronegative children is in progress to test safety and
immunogenicity of an intranasally (I.N.) delivered RSV M2-2 deletion mutant [73,76,77].

The development of live-attenuated vaccines presents significant challenges, particularly when
vaccines are delivered by the respiratory route to neonates. A concern is that viruses with
compensatory mutations in the live-attenuated vaccines may associate with reversion to pathogenic
phenotypes and lead to increased frequencies of adverse reactions in vivo. There is also a difficulty
related to manufacturing and distribution, as RSV is naturally sensitive to changes in temperature, and
attenuated strains by definition are difficult to propagate to high titers.
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3.2. Recombinant Protein Vaccines

Recombinant technology provides great flexibility both in terms of the RSV antigen(s) and the
vector(s) with which the antigen is expressed. The major target antigens of recombinant vaccine
technology are RSV G and F, as these are each capable of eliciting neutralizing antibodies as well as T
cell responses. F is particularly attractive due to its considerable conservation among RSV isolates.
Another antigen of recent interest is the small hydrophobic protein, SH [78].

As an example of progress in recombinant vaccine technology, Novartis is developing a postfusion
RSV F trimer that elicits neutralizing antibodies and protection against RSV challenge in cotton
rats [79]. Most researchers strive to match vaccine protein with pathogen protein to take advantage of
polyclonal B and T cell responses that can work in unison to recognize and combat pathogen.
Other researchers target particular epitopes such as a central conserved region of the G protein that
induces antibodies to block the CX3C-CX3CRI interaction. Mice vaccinated with fragments
containing the CX3C motif have been shown to generate immune responses that can reduce lung virus
titers and pulmonary inflammation following RSV challenge [80]. Still other researchers, as described
above, propose that all T cell epitopes (and many B cell epitopes) should be removed from RSV
vaccines [36,42]. Using computational design, epitope-scaffold vaccines have been developed to
mimic an individual epitope on the F protein known to correspond with a neutralizing monoclonal
antibody activity (motavizumab, [13]). In one case, several scaffolds were developed based on 13
discontinuous RSV F contact residues (xSxxLSXINDxxxxNDxKKLxSNx) for motavizumab.
An automated search of protein structures supported the selection of three proteins as scaffolds:
protein Z, a domain of protein A from Staphylococcus aureus, Cag-Z from Helicobacter pylori and the
p26 capsid protein from equine infectious anemia virus. Amino acids outside of the motavizumab
epitope were then modified or removed to optimize stability, solubility and motavizumab binding
affinity. Critical to decisions concerning scaffold design are demonstrations that B cell and T cell
determinants on viruses are often dependent on structural and spatial context, as regions outside the
epitope affect 3-dimensional folding, post-translational modifications, and antigen processing [81-84].
For this reason, immune cells that respond to a protein fragment in one context (e.g., vaccine) do not
necessarily recognize the same fragment when the context is changed (e.g., virus). When the
Stapylococcus aureus protein A scaffold was fused to a pan-HLA DR binding epitope and tested for
immunogenicity in mice, it induced RSV-binding antibodies, but these antibodies failed to neutralize
RSV [36]. A separate study of a motavizumab-based scaffold in non-human primates illustrated
neutralizing antibodies in a fraction of animals [85].

Most protein vaccines, whether designed to match unmanipulated viral proteins or targeted
determinants, are combined with adjuvants. A plethora of adjuvants now exist including Wg5SEC [86],
alum, 3-O-desacyl-4’-monophosphoryl lipid A (MPL), muramyl dipeptide (MDP), natural host
defense peptides, CpG oligodeoxynucleotides (ODN) and polyphosphazenes. Polyphosphazenes are
synthetic water-soluble polymers containing an inorganic backbone of alternating phosphorus and
nitrogen atoms. Adjuvants are in some cases known to trigger cell molecules (e.g., toll-like receptors,
TLR) to activate innate and adaptive immune responses. For example, MPL, CpG ODN, and MDP are
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ligands for TLR-4, TLR-9, and NOD?2, respectively. The WgSEC product can serve both as an
adjuvant and as a virus-inactivation method [86]. While adjuvant choices are many, U.S. Food and
Drug Administration (FDA)-approved and licensed adjuvants are limited (alum and MPL). There is
also a large variety of combinations for formulations of liposomes, nanoparticles or microparticles
(synthetic particles and/or particles encompassing bacterial or viral components [87]) for the delivery
of RSV proteins, peptides, and/or adjuvants. As an example, a truncated, secreted, trimeric F protein
has been formulated for I.N. delivery with combinations of a TLR agonist (CpG ODN), an innate
defense regulator peptide (IDR1002-VQRWLIVWRIRK), and polyphosphazene as nano- or
microparticles, to induce RSV protective immunity [88,89]. Yet another example is Novavax’s
near-full length F glycoprotein formulated as a nanoparticle vaccine. This vaccine has been tested in
healthy adults and has been shown to induce significant increases in the anti-F antibody response,
including micro-neutralizing activities and competitive activity against the neutralizing monoclonal
antibody Palivizumab [13,90-92]. An additional use of adjuvant has been with MPL combined not
with a recombinant protein or particle, but with virosomes comprising membranes from RSV [93].

3.3. Replication Competent, Recombinant Viral Vaccines

Reverse genetics has assisted the development of recombinant viral vaccines that can serve as
delivery systems for RSV antigens. One such vaccine, which has been well advanced in clinical trials,
is Medlmmune’s MEDI-534 [94,95]. This vaccine is a replication-competent vaccine that expresses
RSV F [75,96]. The backbone is based on a bovine parainfluenza virus type 3 with substituted human
PIV3 F and HN glycoproteins. MEDI-534 was tested in non-human primates and also in a phase I
study in young children between the ages of 6 months and <24 months. Doses of 10,000, 100,000 and
1,000,000 TCIDso were tested in the clinical trial and RSV specific antibody responses were noted in
50% of vaccinees administered three 1,000,000 TCIDso doses of vaccine with two month intervals.
Virus that was shed from study participants revealed genetic changes that were associated with
reduced RSV F protein expression. A close analysis of the MEDI-534 vaccine then demonstrated that
some of the same genetic variants were minor components of the administered vaccine [97].
The implication of these sequence variants is a current topic of discussion.

Another promising candidate is St. Jude’s recombinant, replication competent vaccine (SeVRSV),
also developed with reverse genetics technology [75]. Sendai virus (SeV), a mouse parainfluenza virus
type I with a high sequence and antigenic similarity to human parainfluenza virus type I (hPIV-1), was
used as the vaccine’s backbone [98-102]. SeV is an attractive vaccine candidate and vaccine
backbone, because there has never been a confirmed case of SeV-associated disease in humans.
The species specificity of Sendai virus is attributed in part to its unique sensitivity to human type I
interferon [103]. In small animals a single I.N. dose of SeV induced B and T cell responses within
days after immunization that lasted for the animal's lifetime without need for a booster [62]. The
SeVRSV recombinant carries the RSV F gene and thereby instructs its expression in infected
cells [104]. When tested in cotton rats, SeVRSV protected animals from challenge with both A and B
RSV isolates. SeVRSV could also be mixed with two additional SeV-based vaccines in a single I.N.
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inoculation to protect against four different challenge viruses: RSV, hPIV-1, hPIV-2 and hPIV-3 [62].
When SeVRSV was tested as a vaccine in African green monkeys with non-recombinant SeV as a
control, it safely and fully prevented infection of the lower airways following RSV challenge [66].
The non-recombinant SeV has already entered clinical trials as a hPIV-1 vaccine and has been well
tolerated in adults [105] and 3—6 year old children. SeVRSV is now being manufactured for testing in
an age de-escalation clinical trial. Previous pre-clinical and clinical data suggest that SeVRSV will
safely protect children from both RSV and hPIV-1 infections. When compared to the live-attenuated
RSV vaccines, SeV based vaccines benefit from their relative stability to temperature changes and
ease of growth to high titers in chicken eggs and cell cultures, a boon for manufacturing and
vaccine distribution.

3.4. A Variety of New Vectors and Concepts in the RSV Vaccine Field

A great number of additional recombinant vaccines are in stages of pre-clinical testing. Vectors
include Semliki Forest virus [106], Venezuelan equine encephalitis virus [107,108], adenovirus from
humans or non-human primates [109,110], influenza virus [111], measles virus [112], Newcastle
disease virus like particles (VLPs [113]) and plasmid DNA [114,115]. Other vaccine delivery systems
are based not on viruses, but bacteria, yeast or plants [116], such as the Mucosis SynGEM® vaccine, an
L.N. vaccine that presents native trimeric F protein formulated in a non-living bacterium-like particle
(BLP) [117]. There have also been combination prime-boost strategies using one form of recombinant
vaccine followed by another. For example a recombinant vaccine prime based on replication-defective
chimpanzee adenovirus can be followed with a boost based on modified vaccinia Ankara
(MVA) [118], or a recombinant DNA prime can be followed by recombinant adenoviral vector
boosts [119]. This article describes a portion, but not all of the vaccine candidates that are currently
under investigation. Table 1 provides a short list as a sampling of vaccine strategies with references
and review articles. It is quite likely that one or more than one of the current vaccine candidates will
prove successful. The advanced development and licensure of a safe and effective RSV vaccine will
indeed be momentous, a long-awaited milestone for the prevention of the significant sickness and
death caused by RSV infections.

Table 1. Sample respiratory syncytial virus (RSV) vaccine references and review articles.

Vaccine Type Sample references
Attenuated RSV [73,74]
Inactivated RSV [86,120]
RSV protein(s) adjuvanted and/or as micro/nano-particles [79,89]
Epitope scaffold [36]
Virosome [93,121]
Virus like particle (VLP) [113,122]
Replication competent virus-based vector [66,94,95,97]
Bacteria-based vector [123-125]
Plant-based vector [116]
Prime-boost with heterologous vectors [118,119].

Related review articles [1,4,14,25,115,126]
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