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Abstract Respiratory syncytial virus (RSV) is a major
worldwide pathogen for which there is still no effective
vaccine or antiviral treatment available, and immunopro-
phylaxis with RSV-specific antibodies (e.g., palivizumab)
is used in limited clinical settings. In this review, we dis-
cuss virus—host interactions relevant to RSV pathobiology
and how advances in cell and systems biology have
accelerated knowledge in this area. We also highlight
recent advances in understanding the relationship between
RSV bronchiolitis and sequelae of recurrent wheezing and
asthma, new findings into an intriguing interaction between
RSV and air pollution, and exciting developments toward
the goal of realizing a safe and effective RSV vaccine.
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Introduction

Respiratory syncytial virus (RSV) is a single-stranded,
negative-polarity Pneumovirus that infects people of all
ages worldwide [1°]. RSV is a frequent cause of upper
respiratory tract infections and otitis media, and also causes
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serious lower respiratory tract infections such as bronchi-
olitis and pneumonia, particularly in infants and young
children, immunocompromised individuals, and the
elderly. RSV infections in early postnatal life have also
been associated with the onset of allergic sensitization and
recurrent wheezing/asthma. Despite almost 60 years hav-
ing passed since the discovery of RSV, there is still no
licensed vaccine available, and prophylaxis with immu-
noglobulin (palivizumab) is used only for a subset of
“high-risk” children (e.g., preterm births, and infants with
congenital heart disease, congenital immunodeficiency,
and/or bronchopulmonary dysplasia). Although a number
of pharmacological agents have been used in RSV therapy,
their efficacy and effectiveness are poor [2].

Here, we will briefly review some viral and host factors
implicated in the pathobiology of RSV infections, focusing
on how the diversity of these factors might be related to the
variability seen in clinical disease. Our discussion will also
include comparing and contrasting characteristics of RSV
infections in vitro versus in vivo; current perspectives on
the relationship between RSV infections, pediatric allergy,
and asthma; recent work that describes a novel relationship
between RSV and particulate matter (air pollution); and
prospects for the development and implementation of a
safe, effective RSV vaccine.

Viral and Host Factors in RSV Infection: Toward

an Integrated Perspective

RSV Structure

Human RSV is a filamentous enveloped virus in which the

viral nucleic acid and structural and internal proteins are
surrounded by a proteinaceous outer coat [3]. As an
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enveloped virus, RSV’s general structure has similarities to
that of influenza and parainfluenza viruses, metapneum-
oviruses, and coronaviruses, and contrasts with that of
other common respiratory pathogens such as rhinoviruses
and adenoviruses, which are nonenveloped. RSV has three
envelope proteins: G (glycoprotein), F (fusion), and SH
(small hydrophobic) [1¢]. Heterogeneity in the G glyco-
protein defines the two main subgroups of RSV, A and B
[4]. Some literature suggests that RSV A strains produce
more clinically severe infections than RSV B strains [5],
but this contention has proven difficult to reproduce among
different groups of investigators [6]. One strain of RSV A,
so-called line 19 [7], appears to be of particular interest
regarding mucus production and secretion of IL-13, a T2
cytokine associated with allergic-type host responses (see
below), and thereby contributing in part to the heteroge-
neity and severity of clinical manifestations. In addition,
RSV G has a secreted form that binds host antibodies and
thereby serves as an immunological “decoy” that facili-
tates continued viral replication [8]. RSV G is also con-
sidered to be a key attachment protein for the virus to bind
to the cell surface to initiate infection; however, with the
discovery and engineering of RSV strains deficient in G
(so-called RSVAGQG) that are infectious, albeit at with much
lower efficiency than virus expressing G, RSV G is neither
sufficient nor necessary to cause infection [9].

By contrast, RSV F is crucial for fusion of the viral
envelope to the host cell surface, since RSVAF cannot enter
cells on its own but rather requires a helper virus to initiate
infection [10]. On free virus, RSV F exists in a “prefusion”
form that undergoes an elegantly characterized conforma-
tional change during the fusion process [11¢, 12]. In contrast
to RSV G, RSV F is highly conserved between the two
major subgroups of the virus [13]. RSV F and RSV G may
have an overall “yin-yang” effect on host adaptive immune
responses concerning T,1-T,2 balance. In brief, Tyl
responses involve a subset of CD4 ™ lymphocytes producing
cytokines such as interferon (IFN)-vy and interleukin (IL)-2
considered important in delayed hypersensitivity and anti-
viral immunity, whereas T2 responses involve production
of inflammatory mediators such as IL-4, IL-5, and IL-13 by
a different subset of CD4* lymphocytes and are implicated
in allergy. RSV F appears to stimulate T,1 cells, whereas
RSV G appears to stimulate T},2 responses, and clinical
manifestations are believed to reflect whether the overall
response is shifted toward T}, 1 or T},2, or remains in balance
with regard to cytokine production [14].

The RSV SH protein, by analogy to similar proteins
expressed in other viruses, may have a role in enhancing
the permeability of the cell surface to molecules and ions
[15]. The importance of this putative function of RSV SH
is unclear, since genetically engineered strains of RSV in
which SH is deleted appear to be essentially as efficient as
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wild-type virus in causing cellular infections [16]. There is
increasing interest in SH as a potential viral antigen target
in vaccine development (see later). Other RSV compo-
nents, including nucleocapsid (N), polymerase (L), non-
structural components (NS1, NS2), phosphoprotein (P),
and matrix (M, M2-1, M2-2) have been implicated in
stimulating host antiviral responses (e.g., IFN-a and IFN-f)
through effects in host cell signal transduction pathways
and important nuclear transcription factors (e.g., NF-xB,
AP-1). Further details of the role of nonenveloped proteins
in RSV replication and host responses are provided in an
excellent review by Collins and Melero [1°].

RSV Infections In Vitro Versus In Vivo

One of the biggest enigmas surrounding RSV pathobiology
is the strong tropism the virus shows for infecting the
human respiratory tract in vivo; in vitro, RSV establishes
productive infection of virtually all mammalian cell types
studied, including a wide variety of primary and continuous
cells lines of epithelial cells [17], macrophages [18], other
leukocytes [19], fibroblasts [20], and even neurons [21]. In
fact, finding a cell type that is resistant to RSV infection
in vitro is challenging. As will be discussed in “Nucleolin
as a Fusion Receptor for RSV: From Discovery to Drug
Targeting” in the context of the discovery of a cellular
fusion receptor for RSV, Sf9 cells from the moth Spo-
doptera frugiperda are difficult to infect with RSV [22]. In
a definitive autopsy study of the lung pathology of
untreated acute RSV infections, Johnson et al. [23] repor-
ted that RSV antigens were observed within airway and
alveolar epithelial cells, as well as pulmonary macro-
phages. Similar observations have been made in experi-
mental animals. In a guinea pig model of experimental
RSV infection, our group has documented the expression
of viral antigens via immunohistochemistry within lung
epithelial cells, alveolar macrophages, interstitial cells
(presumably dendritic cells), and cells within bronchus-
associated lymphoid tissue, for at least 100 days after RSV
inoculation [24]. A recent study has reported that RSV can
be detected in approximately 15 % of human tonsils of
children with chronic adenotonsillar disease [25¢]. Given
the abundant literature concerning the effects of RSV
infection on the secretion of various inflammatory media-
tors, responses of cell signaling pathways, and other host
responses observed in vitro, one must exercise caution in
extrapolating the significance of observations made in vitro
to the in vivo state, and whether they represent opportu-
nities for potential clinical interventions. One only needs to
reflect on the historically disappointing results seen with
attempts to treat RSV infections of experimental animals or
patients with antiviral or anti-inflammatory agents to
appreciate this point [2, 26].
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In contrast to other viruses such as influenza virus and
adenovirus, where extensive cytotoxicity and cell death is
the norm with infection in vitro, RSV infection does not
elicit much in the way of cell damage [17]. There is evi-
dence that RSV can actually decrease the rate of apoptosis
in vitro [27]. Taken further, RSV has clearly been shown to
cause persistent, noncytolytic infection of epithelial cells
in vitro [28]. RSV persistence, characterized by continu-
ous, low-level replication of infectious virus, has been
described in vivo, first in a model in which cotton rats were
immunosuppressed with cyclophosphamide [29], and sub-
sequently in immunocompetent guinea pigs [30] and in
mice [31, 32]. There is also evidence consistent with RSV
persistence in humans, best characterized in the setting of
adult patients with chronic obstructive pulmonary disease
[33]. A possible role for RSV persistence in the pathobi-
ology of postbronchiolitis wheezing/asthma is described in
“RSV and Pediatric Asthma: Have We Found the Missing
Link?”

RSV-Host Interactions: Moving Ever More Proximally

For many years, investigation of RSV-host interactions
focused on characterizing the inflammatory mediator
responses of infected cells, animals, and human subjects
with the hope that an understanding of the virus-specific
host responses to RSV infections could inform possible
interventions designed to modulate relevant inflammatory
mediators and thereby lead to improved clinical outcomes
[34]. The apparent heterogeneity in virus-specific immu-
nity observed in host adaptive immune responses to RSV
(both cell-mediated and humoral), depending on the pop-
ulation studied, complicates the ability to make clinically
relevant advances. Extensive inquiries have focused on
innate immune mechanisms in the early host response to
RSV [35, 36]. One rationale for this approach is that by
understanding the early, “proximal” events that occur in
RSV infections, it may be easier to develop effective
clinical interventions that could be used effectively among
diverse hosts who have different adaptive immune
responses to the virus [15, 37]. This rationale has been
recently questioned, since apparent differences in innate
immune responses have been observed between RSV A
and RSV B infections [38].

Nevertheless, research into the role of innate immune
mechanisms in RSV pathobiology led to a number of pro-
found insights, one of which was the ability of RSV to
increase the level of pattern-recognition receptors (e.g.,
Toll-like receptors) expressed on the cell surface [39].
These observations were influential to the field for a number
of reasons: for example, the nature of cell surface molecules
involved in innate immunity that can be affected by RSV
was poorly understood, and pattern-recognition receptors

(e.g., Toll-like receptor 4 and others) stimulate cell sig-
naling pathways that are amenable to pharmacological
manipulation [40], even if they are not actual receptors for
the virus [41]. One cell signaling molecule related to Toll-
like receptor interaction with RSV is p38 mitogen-activated
protein kinase, as revealed by a screen of cultured cells with
a panel of pharmacological kinase inhibitors. Inhibition
of p38 mitogen-activated protein kinase with SB203580
(a compound originally developed for treatment of arthritis
and cancer) was associated with marked inhibition of RSV
replication in cultured cells, without inducing significant
drug-related cytotoxicity [42]. This type of experiment is an
example of so-called drug repurposing, in which a com-
pound developed for an unrelated clinical indication can be
given on the basis of pathobiology defined in another
clinical setting [43]. It remains to be seen whether such an
approach to drug repurposing will be useful in the man-
agement of RSV infections in vivo in animal models, and
ultimately in humans.

Nucleolin as a Fusion Receptor for RSV: From
Discovery to Drug Targeting

Our group identified cell surface nucleolin as a molecule
that fulfills the criteria of a functional receptor for RSV
[44¢]. One of the key challenges to overcome in this dis-
covery was finding a cell type resistant to RSV infection
in vitro which could become permissive after forced
expression of the human nucleolin gene and ectopic
expression of human nucleolin protein on the cell surface.
This was achieved by use of insect Sf9 cells [22]. Vali-
dation of nucleolin as a cellular receptor in vivo was
accomplished in a mouse model by small interfering RNA
knockdown of nucleolin prior to RSV challenge, which
was associated with a significant decrease in RSV titers as
measured by quantitative plaque assays of lung homoge-
nates. We showed that RSV F, not RSV G, interacts with
nucleolin, and we coined the term “fusion receptor” to
denote this fact.

Nucleolin is an especially challenging potential drug
target for RSV. Nucleolin has a very short half-life when
expressed on the cell surface, and constantly undergoes
recycling between the cytoplasmic and nuclear compart-
ments of the cell [45]. Thus, approaches that interfere with
cell surface nucleolin such as use of nucleolin-specific
blocking antibodies, result in the antibody—nucleolin
complex being internalized into the cell and new (“fresh”)
unbound nucleolin moving to the surface [46]. This phe-
nomenon could explain why in our antibody neutralization
experiments attempting to validate nucleolin as an RSV
receptor we were able to achieve only on the order
approximately 70-80 % decreased infection of cells that
had been preincubated with nucleolin-specific antibody
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prior to RSV challenge. Secondly, nucleolin is a notori-
ously “sticky” molecule that can bind all sorts of mole-
cules, including proteins expressed by other viruses (e.g.,
parainfluenza virus type 3, HIV), certain drugs (e.g., mid-
kine, lactoferrin, pseudopeptide HB-19), and even DNA
moieties (reviewed in [47]). How to translate this situation
into a scenario that is RSV-specific needs to be addressed.
Moreover, nucleolin does not exist in isolation on the cell
surface; rather, it is part of a multiprotein complex of
molecular mass of approximately 500 kDa [48]. To add
further context, intranuclear nucleolin is essential to cell
survival and replication: inhibiting nucleolin in an unde-
sired cellular compartment could elicit serious off-target
effects [49]. Overall, the identification of nucleolin as a
fusion receptor for RSV poses a number of profound
challenges to be overcome before it may serve as a bona
fide drug target.

A Renaissance of RSV Cell Biology, and the Growing
Role of Systems Biology

One area of increasing research activity is the intracellular
compartmentalization of RSV constituents during the viral
life cycle. Cell biologists investigating RSV replication
kinetics demonstrated that the virus does not necessarily
follow a stereotyped replicative cycle, but rather can be
preferentially directed into intracellular compartments that
favor or inhibit replication [50, 51]. For example, cyto-
plasmic stress granules [52], caveolae [53], host cytoskel-
eton [54], and lipid rafts [55] have been reported to interact
with RSV, and these are potential novel targets for phar-
macological intervention. Increasingly, the use of high-
throughput “systems biology” approaches designed to
interrogate RSV-infected cells in an unbiased manner has
led to identification of novel candidate molecules that could
potentially be targeted pharmacologically [56, 57]. Systems
biology permits the application of informatics related to
pathway modeling relevant to RSV infection. By defining
so-called interactomes [58¢] in which the virus affects cell
function, investigators aim to achieve a comprehensive
understanding of RSV-host interactions to inform the
development of novel strategies in treatment and prophy-
laxis. One of the current limitations of informatics
approaches is that the biological pathways being modeling
are themselves incompletely characterized, so meaningful
interpretations will require ongoing iterative activity [59].

RSV and Pediatric Asthma: Have We Found
the Missing Link?

Within a few years of the discovery of RSV, in a seminal
article, Wittig et al. [60] reported that a sizeable percentage
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(32 %) of infants and young children hospitalized for RSV
bronchiolitis developed sequelae of recurrent wheezing and
asthma symptoms. These findings have been replicated on
a number of occasions over the last few decades, although
there is some ongoing controversy over whether patients
can “outgrow” their asthma by the time they reach ado-
lescence, or whether their condition can persist into
adulthood [61-63]. One possibility is that RSV bronchi-
olitis is a “marker” of children who are genetically pre-
disposed to develop asthma, as evidenced by a classic study
in which RSV-specific IgE was documented in children
who had recurrent wheezing as a sequela of RSV infection
[64]. Further, in a highly influential article, Frick et al. [65]
reported a temporal relationship between viral infection
(particularly RSV and parainfluenza virus) and triggering
allergic sensitization in 14 children born into ‘“high-risk”
families (i.e., where first-degree relatives had a proven
history of allergy). This latter association has also been
confirmed in larger studies, including the Canadian Asthma
Primary Prevention Study of approximately 400 “high-
risk” children and their families [66].

To explore potential mechanisms of postbronchiolitis
wheezing/asthma and allergy, our group developed a gui-
nea pig model of experimental RSV lung infection [67].
Guinea pigs were chosen because they were already a
model of human parainfluenza virus type 3 infection [68],
and could readily be sensitized to allergen (aerosolized
ovalbumin) [69]. After initial work establishing that RSV
protein and genome could persist in the guinea pig lung for
up least 60 days after RSV inoculation [70], subsequent
studies showed that outbred Cam Hartley guinea pigs could
harbor replicating virus for at least 60—100 days after
inoculation, in association with nonspecific airway hyper-
responsiveness (AHR) and chronic airway inflammation
(physiological and pathological hallmarks of asthma)
[24, 30]. However, in subsequent work, we noted that viral
persistence on its own is not sufficient to produce asthma-
like changes in the lungs, as inbred, “allergy-resistant”
strain 2 guinea pigs can also develop persistent RSV lung
infections but these animals do not get AHR or chronic
airway inflammation in association with virus persistence
[71].

Concerning the possibility that RSV infection is a
“marker” of genetic predisposition to allergy, we observed
that RSV infection of Cam Hartley guinea pigs enhanced
allergic sensitization to aerosolized ovalbumin, consistent
with this hypothesis [72]. Interestingly, the extent of
chronic AHR/airway inflammation and virus-enhanced
ovalbumin sensitization could be ameliorated by immu-
noprophylaxis of animals with CpG-oligodinucleotides
(CpG-ODN), a potent Tyl stimulus [73]. Taken together,
these results suggest that the combination of RSV and
aeroallergen produces additive effects on AHR and airway
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inflammation in an “allergy-susceptible” host and that
CpG-ODN immunoprophylaxis appears to target the RSV-
associated, not the allergen-associated, component.

A large number of human studies have characterized
differences in the types of cytokines and other chemical
mediators of inflammation—and their potential genetic
determinants—in different subsets of RSV-infected patients
(reviewed in Zeng et al. [74¢]). This large body of work
provides valuable insights into possible differences in host
responses to RSV infection and may be relevant to
explaining why some infected individuals develop mild,
upper respiratory tract infections whereas other individuals
develop bronchiolitis or pneumonia, or go on to develop
recurrent wheezing/asthma. Unfortunately, there has been a
recurrent difficulty in validating the large number of can-
didate molecules/genes by replication in other cohorts, and
the overall picture is far from clear [1¢]. The use of a sys-
tems biology approach (see “A Renaissance of RSV Cell
Biology, and the Growing Role of Systems Biology”)
promises to accelerate knowledge of identification of can-
didate molecules and genes for validation. One recent study
[75¢] has reported an exciting development that may pro-
vide a clue to the possible biological “missing link”
between severe RSV infections and the subsequent devel-
opment of pediatric asthma. In a series of experiments that
began with unbiased interrogation of cells to identify can-
didate genes, followed by validation in experimental ani-
mals and analysis of human cohorts, investigators have
characterized genetic polymorphisms in the promoter
region to NFKBIA as having both functional and clinical
significance in the context of RSV bronchiolitis and pedi-
atric asthma. NFKBIA is the gene which encodes IkBa, the
major negative regulator of NF-kB. NF-kB is an important
nuclear transcription factor that has a central role in regu-
lating multiple host immune and inflammatory response
elements. NFKBIA may end up as the unifying concept for
bronchiolitis and allergy, as implicated by the results of this
study, and this opens up exciting new research directions for
patient identification, stratification, and targeted therapy.

RSV and Particulate Matter: An Even Tighter Bond
Than Previously Thought?

Every day, humans are bombarded with numerous inhaled
agents from the indoor and outdoor environment. Particu-
late matter related to air pollution is but one example of
such an agent. Previous work that studied interactions
between RSV and particulate matter focused on effects on
the cellular inflammatory response in vitro [76-79] and on a
larger scale on defining temporal relationships between air
pollution exposure and virus infections and their effects on
respiratory health [80, 81]. From these studies, it is apparent

that air pollution should be considered as a potential con-
founder of the effectiveness of RSV interventions.

A recent study has provided an even more dramatic
relationship between RSV and particulate matter [82¢]. In
this work, “designer particles” of specific chemical com-
position were conjugated to human RSV, and cell cultures
were inoculated with these complexes, with statistically
significant responses observed with respect to cytokine
production by cells. Interestingly, the same study showed
that RSV conjugated to these particles could remain
infectious at ambient room temperature for at least
2 months after preparation, without the need for cell cul-
ture, or freezing stocks to low temperature (—80 °C or
below). These observations open up an entirely new
potential mechanism for RSV survival outside living
organisms, and suggest a mode of environmental trans-
mission of RSV, separate from close contact of individuals
to virus-containing droplets or fomites. Obtaining improved
understanding of the implications of RSV conjugated to
particulate matter requires further research.

Progress Toward an RSV Vaccine: Closer than Ever

Since the discovery of RSV in 1955-1957 [83-85], vaccine
development has been a major priority, yet there are a
number of logistical considerations related to RSV infec-
tions affecting progress in this area, as Crowe [86] sum-
marized over a decade ago (Table 1).

The tragedy that occurred in the 1960s with a candidate
RSV vaccine that was prepared by formalin inactivation of
whole virus that underwent field trials is well documented
[87]. Briefly, vaccine recipients paradoxically developed
severer clinical disease on RSV exposure, and there were
several deaths in the vaccinated group. The mechanisms
responsible for vaccine-enhanced illness were ultimately
determined decades later by use of animal models. Through
application of the T,1-T,2 paradigm of CD4" lympho-
cytes, investigators determined that exposure of experi-
mental animals to formalin-inactivated RSV vaccine
resulted in an exaggerated host T,2 response after sub-
sequent exposure to infectious virus. This has stimulated
considerable research activity with the aim to design vac-
cines that shift the T,1-T;,2 balance toward Ty1 [88, 89].
However, this may be an overly simplistic approach, as a
recent study in mice has reported that shifting the host
immune response toward Tyl actually decreases the pro-
duction of RSV-neutralizing antibodies, which would have
the effect of limiting the effectiveness of a vaccine [90¢]. In
addition to Ty,1 and T2 lymphocytes, the subpopulation of
T,17 lymphocytes has been implicated in RSV infection,
further adding to the complexity of the host immune
response [91].
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Table 1 Obstacles to RSV vaccine development

Animal models are not fully permissive for infection
Requirement for bivalent vaccine (two antigenic subgroups)
Young age of primary vaccine target population

Special safety concern when immunizing neonates
Immunologic immaturity of neonatal target population

Maternal antibodies inhibit immune responses in the target
population

Disease occurs at the portal of entry (the respiratory mucosa)

Mucosal immunity to respiratory viruses is short-lived and
incomplete

FI-RSV vaccine caused enhanced disease

Reproduced with permission from Crowe [86]

In recent years, a number of innovative and clever
approaches for vaccine engineering have been developed,
including the production of virus-like particles [92], chi-
meric live virus vectors [93], gene-based vectors [94], and
the use of novel adjuvants [95]. At present, we are aware of
a variety of candidate RSV vaccines (on the order of ten to
20 different products at various stages of development)
poised to enter human clinical trials, which will be updated
at the RSV Vaccine Conference (Porto, Portugal, October
2013: http://www.meetingsmanagement.com/rsvvw_2013).
It is difficult to predict which, if any, of these products
could end up as an effective vaccine for widespread use in
humans. Currently, the goal is for there to be a simulta-
neous concerted effort in continued scientific vaccinology
and in the careful design of human clinical trial protocols,
including the possibility of immunizing pregnant women as
a form of prenatal vaccination, in an effort to definitively
solve the long-standing problem of determining and
implementing a safe, effective RSV vaccine. Achieving
this outcome would represent a glorious accomplishment
for humankind and have enormous and lasting impact
around the globe.

Conclusions

We are living in an era of accelerated activity and progress
in our understanding of viral and host factors in RSV
infection, and are poised to translate discoveries made in
this realm into the clinic to achieve improved health out-
comes for acute RSV infections and their sequelae.
Research has evolved from characterizing RSV-host
interactions to the identification of new targets for vaccine
and pharmaceutical development. Advances in systems
biology, informatics, cell and structural biology, and bio-
logical engineering have provided new and powerful
approaches to study RSV infections, and the influence
of other environmental factors such as allergens and
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particulate matter. We are closer than ever to achieving the
dream of a safe, effective RSV vaccine, and the future
promises to be exciting and rewarding.
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