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Abstract

Human respiratory syncytial virus (RSV) is a major cause of acute lower respiratory tract infection
in young children, immunocompromized adults and the elderly. The innate immune response plays
a pivotal role in host defense against RSV, but whether severe outcomes following RSV infection
result from excessive or poor innate immune recognition remains unclear. Recent research
suggests a situation in which crosstalk between families of pattern recognition receptors (PRRs)
occurs in a cell type-dependent manner. The current challenge to empower novel therapeutic
approaches and vaccine development is to confirm the role of the individual receptors in RSV
pathogenesis in humans.
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The role of innate immune sensing in host responses to respiratory
syncytial virus infection

Natural RSV infection induces poor adaptive immunity and consequently, maternal
respiratory syncytial virus (RSV)-specific antibodies are insufficiently protective in early
life. As such, innate immunity plays a pivotal role during primary infection to restrict viral
replication in the airways [1]. Production of antiviral and proinflammatory cytokines, a
hallmark of the early innate immune response, is initiated by the recognition of highly
conserved ‘molecular signatures’ of microbes by a heterogeneous group of germ-line
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encoded pattern recognition receptors (PRRs), including the Toll-like receptors (TLRs),
retinoic acid-inducible gene I (RIG-1)-like receptors (RLRs) and NOD-like receptors (NLRs)
[2, 3] (Figure 1). Opinions diverge whether severe outcomes following RSV infection result
from of excessive innate immune activation [4, 5], or alternatively from immune evasion and
poor innate immune recognition [6, 7]. RSV primarily infects airway epithelial cells (AECs),
but also innate immune cells, e.g. alveolar macrophages (AMSs) [8, 9] and dendritic cells
(DCs) [10, 11]. The outcome of RSV infection is likely determined by a complex interplay
between PRR-dependent mechanisms occurring in non-immune and immune cells. Recent
research has generated a consensus view in which the coordinated involvement of different
PRRs is clear, but the relative importance of each receptor in a given cell type remains a
matter of debate, most likely because of numerous confounding factors in the multiple
experimental designs (Box 1). Interestingly, recent advances have highlighted RSV entry
and compartmentalization mechanisms, shedding new light on RSV innate immune sensing.
Here, we argue that the currently available data regarding PRR-dependent sensing of RSV
could be improved by experimental designs that reflect more closely human natural
infection. This new knowledge is expected to help develop novel treatment and improve
vaccine design.

Box 1
Confounding factors in the characterization of PRRs engagement

It is important to be aware of the variability and/or bias introduced by the different
experimental systems used to define the role of various PRRs in RSV sensing. This
understanding may explain experimental discrepancies and avoid inappropriate
generalization of some conclusions. Importantly, inherent limitations of the different
models can also be misleading.

. Use of laboratory RSV strains vs clinical isolates. The prototypic
laboratory strains A2 and Long or linel19 and the various clinical isolates
contain significant genetic variability that account for differences in
infectivity and associated pathogenesis and immune responses.

. Use of crude RSV preparation vs sucrose-purified RSV. Non-purified RSV
preparations consist of clarified supernatant of cells harvested at times of
obvious cytopathic effects. Clarified supernatant contains cytokines, which
may alter PRRs expression and trigger independent immune responses, and
by-products of damaged cells that might act as damage-associated molecular
pattern capable of activating PRRs.

. Cell line used for RSV propagation. RSV amplification is performed in
human Hep-2 or monkey Vero cells. Besides differences in envelope
composition, RSV propagated in \Vero cells appears to express a truncated G
protein [50]. Thus, cellular attachment and entry mechanisms are likely
different.

. Use of infectious RSV virions vs purified RSV F protein. Structural and
biochemical studies are needed to confirm that the F protein anchored in the
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viral envelope of the infectious virions exhibit motifs accessible to PRRs
similar to purified RSV F.

. Presence of defective interfering (DI) particles in RSV preparation.
Culture of RSV by serial passage leads to generation of DI virus-like particles
that are competent to stimulate innate immunity. DI particles stain positive for
F but negative for N, indicating that they lack a nucleocapsid. RIG-1 binds DI
genome of ssRNA virus [51] implying that variations in the amount of DI
particles in RSV preparations could alter sensing mechanisms.

. Human vs mouse models. Human and mice exhibit differences in their PRRs
repertoire, ligand specificity, regulation and function. Importantly, while 150—
650 viral units are required to establish infection in humans, infection in mice
requires 10°-107 viral units to observe signs of illness [52, 53].

. Use of cell lines vs primary cells. Primary cells and cell lines, cancer-derived
or immortalized through virus-related techniques, differ in basal and inducible
expression of PRRs. Importantly, nucleolin is overexpressed in highly
proliferative cells, a property used as a marker for cancer, likely impacting on
RSV entry and permissiveness and subsequent ligand accessibility and innate
immune activation.

PRR crosstalk in AEC

Various PRRs have been shown to sense RSV in AECs, highlighting potential crosstalk. The
importance of the ubiquitously expressed cytosolic receptor RIG-I in the replication-
dependent recognition of RSV was demonstrated by silencing experiments in the A549
(adenocarcinomic human alveolar basal epithelial cells) cell line model. In the absence of
RIG-1, RSV fails to activate the NF-xB and IRF-3 transcription factors and the subsequent
production of interferon-p (IFN-B), interferon-stimulated genes (ISGs), chemokine (C-C
motif) ligand 5 (CCL5) and thymic stromal lymphopoietin (TSLP) [12-15]. The role of
RIG-1 is also supported in A549 cells by the colocalization of viral genomic RNA with RIG-
| at an early time point of infection [12, 13, 16]. A physical interaction between the RSV N
transcript and ectopically expressed RIG-1 was also identified by UV-crosslinking
immunoprecipitation [12]. While it was initially thought that the cytosolic sensors RIG-I and
MDADS recognize selective families of viruses, more recent reports suggest that several
viruses, including single-stranded RNA (ssRNA) viruses, are sensed by both receptors [17].
Silencing of MDADS in A549 cells leads to diminished RSV-induced NF-xB activation.
Interestingly, while RIG-I triggers the classical NF-xB activation pathway, MDADS activates
NF-xB by an uncharacterized alternative pathway, suggesting non-redundant functions [13].
As in most, if not all, viral infections, a physical interaction between RSV nucleic acids and
MDADS remains to be demonstrated. Consistent with the role of RLRs, silencing of the
adaptor MAVSS, which transmits the signal immediately downstream of RLRs, also abrogates
NF-xB activation [13]. Studies detailed above were performed in A549 cells infected with
the purified strain A2. Confirmation of the role of RLRs in primary human AEC and using a
spectrum of RSV clinical isolates have not yet been published (Box 1). Nevertheless, the
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observation that MAVS is required for IFN-B and inflammatory cytokine induction in
primary murine AEC infected ex vivo with the RSV strain line 19 [18] supports a conserved
role of RLRs in RSV sensing.

Intriguingly, a 2009 report suggests cytosolic NOD2 contributes to RSV sensing through
MAVS in A549 and primary normal human bronchial epithelial (NHBE) cells, triggering
both IRF-3 activation and IFNp induction prior to RLRs engagement [19]. In contrast to the
well-documented involvement of RLRs in sensing sSRNA viruses, this is the only study to
report a role of NOD2 in sensing sSRNA virus nucleic acids. Further independent studies are
required to validate the role of NOD2 in RSV sensing.

Although not considered a typical PRR, the double-stranded RNA (dsRNA)-dependent
protein kinase R (PKR) is attracting increasing interest as a dsSRNA sensor in viral infections
[20]. RSV-induced PKR expression in A549 cells plays an important role in the formation of
RSV-induced cytoplasmic inclusion bodies, but has minimal effect on RSV replication [21].

Besides cytoplasmic PRRs, TLR3, which responds to dsRNA in the endosomes, is involved
in RSV sensing, but at late time points following infection. Knockdown of TLR3 impaired
IFN-B, interferon-y induced protein 10 (IP-10), ISG15 and CCL5 responses following
infection with either RSV A2 or a RSV clinical isolate in A549 cells. The observation that
TLR3 is involved at a later time compared to RLRs [12, 22] is consistent with the inducible
expression of TLR3 during infection.

PRR-dependent sensing of RSV in innate immune cells

It is increasingly recognized that innate immune cells, including AMs and DCs, are infected
by RSV and play a pivotal role in the early host response [1]. Immune cells exert cell type-
specific immune responses distinct from AEC and express a broad repertoire of PRRs, but
their role in RSV infection has been the subject of far less experimental scrutiny. The initial
investigations were limited to the role of TLR4 in human monocytes or murine peritoneal
macrophages. In these cells, the RSV F protein solvent-purified from RSV A2 was found to
induce proinflammatory interleukin 6 (IL6) expression in a TLR4- and CD14-dependent
manner [4]. This function was recently challenged by a report indicating a role of TLR4 in
the resolution of RSV-induced inflammation. Infection of murine peritoneal macrophages
and AMs with non-purified RSV Long induced TLR4-dependent expression of markers
specific for alternatively activated macrophages (arginase-1, F1ZZ1, or MR) [23]. These
conflicting results raise the question of the physiological relevance of the results obtained
using purified RSV F protein (Box 1). In line with the observed RSV F/TLR4
proinflammatory function, the RSV F protein purified from RSV Long was shown to
activate NF-xB in a TLR4-dependent manner through a direct interaction with MD2 in
HEK?293 cells expressing the TLR4 MD2 CD14 complex [24]. Again, the physiological
relevance of this study is challenged by the lack of NF-xB activation in HEK293 cells upon
infection with purified RSV A2 and Long strains [7]. Only recently a role of the cell surface-
expressed TLR2/6 heterodimer in the replication-independent induction of proinflammatory
cytokines was reported in murine peritoneal macrophages infected ex vivo with non-purified
RSV A2 [5].
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In summary, TLRs crosstalk might be involved in the regulation of AM functions during
RSV infection, but further studies are required to clarify their role in primary human AMs
during natural infection with purified RSV (Box 1). Importantly, how RSV components
activate TLR4 or TLR2/6 complexes during natural infection remains unknown. It will be of
importance to confirm the direct interactions with additional structural and biochemical
studies (Box 1).

Only very few studies have reported the involvement of PRRs other than TLRs in RSV
sensing in AMs. Similar to what was observed in AEC, NOD2 was found to be essential for
RSV A2-induced IFN-B production in murine AMs [19]. Whether the observation that
MAVS is required for RSV-induced IFN-f production in isolated AMs and intestinal
macrophages [18] reflects the involvement of NOD2 or other RLRs remains to be
characterized.

Besides AMs, DCs from MAVS knockout (KO) mice also exhibit greatly reduced
production of type I IFNs as well as proinflammatory cytokines and chemokines in response
to RSV [18]. Moreover, TLRs constitute a main class of PRRs regulating DC functions.
Accordingly, bone marrow-derived DCs isolated from TLR7 KO mice exhibited decreased
IL12p35 expression together with increased I1L-23 in response to RSV [25]. Human
plasmacytoid DCs (pDCs) express high TLR7 levels and are the only DC subtype to produce
large amounts of type I IFN in response to RSV Long [26]. Surprisingly, RSV-induced IFN-
a production in human pDCs was found to require viral replication and to be independent of
endosomal acidification, a necessary step for endosomal TLRs activation, supporting a
pivotal role of other PRRs, such as RLRs or NLRs [26]. This is in contrast to the generally
stated model in which pDCs sense viral nucleic acids primarily via endosomal TLRs, but not
RLRs [27]. Moreover, RIG-I and MAVS deficient pDCs retain their ability to produce IFN-
a in response to different RNA viruses, such as Newcastle disease or Sendai virus [28].
Human pDCs were recently shown to respond to DNA viruses via two newly described
cytosolic DExD/H-box helicases [29]. Both observations indicate that the repertoire of
functional PRRs in pDCs might be broader than initially thought. Better characterization of
PRRs in pDCs will help clarify their role in protection from RSV-associated disease.

RSV life cycle: to be or not to be detected by PRRs

The cellular localization of PRRs and the route of RSV entry have important consequences
for ligand accessibility [30] (Figure 2). In contrast to other ssSRNA viruses, the mechanism of
RSV entry and the spatial distribution of RSV proteins and nucleic acids during the infection
cycle are still poorly characterized. It was only very recently that surface-expressed
nucleolin was identified as a functional receptor for RSV that binds the RSV F protein and is
required for RSV entry at the apical side of AECs [31]. Intriguingly, cell-surface nucleolin is
part of a multiprotein signaling complex at the cell surface and was found to be involved in
lipopolysaccharide (LPS) internalization and signaling [32]. It will be important to clarify
the potential functional relationship between nucleolin and TLR4 in order to determine
whether the observed TLR4-mediated recognition of RSV rather reflects recognition by
nucleolin.
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It has been appreciated for some time that release of RSV nucleocapsid into the cytoplasm
of AECs occurs after fusion with the plasma membrane. Transcription and replication of the
genome occurs in the cytoplasm, which is consistent with the capacity of cytosolic PRRs,
including RLRs, NLRs and PKR to sense specific replication intermediates that still need to
be characterized in the context of natural RSV infection (Figure 1 and 2). Interestingly, the
spatiotemporal pattern of RLRs and MAVS colocalization with viral components was found
to progress inside different cytoplasmic inclusion bodies during RSV replication cycle [16].

Because RSV fusion does not require an acidified milieu, it was initially proposed that the
nucleocapsid delivery into the cytoplasm bypasses the endosomal compartment. However,
recent studies have confirmed a more complex mechanism of RSV entry. Initial observations
revealed that RSV fusion with the NHBE cell apical surface was dependent on actin
polymerization, but was dynamin-independent [33]. The recent observation that RSV
transiently activates macropinocytosis in 16HBE140-(SV40 large T antigen-transformed
human bronchial epithelial cell line) and A549 cells provide a likely mechanism for the
clathrin-independent endocytic requirement exhibited by RSV [34]. Macropinosomes form
from cell surface ruffles and mature in parallel to classical endocytic vesicles before merging
at the level of fusion with lysosomes [35]. However, RSV fusion occurs before
macropinosomes merge with endolysosomal compartments, thus likely preventing exposure
of RSV to endosomal PRRs.

The mechanism of entry of RSV in immune cells is not known and may well be different
than in AECs. Autophagy is one of the mechanisms allowing endosomal TLR activation
through delivery of cytoplasmic components to the lysosomal compartment. A recent study
has established a relationship between RSV-induced autophagy and enhanced type | IFN in
murine DCs, thereby providing a possible mechanism for TLR7 activation in murine DCs
[36]. However, this mechanism is most likely not conserved between species or DC subtypes
as RSV-induced IFN-a production in human pDCs is replication-dependent and cannot be
blocked with chloroquine, which abolishes endosomal acidification and autophagy [26].
RSV-induced autophagy has not yet been described in non-immune cells, but it would be
interesting to determine whether it permits the delayed engagement of TLR3 in AECs [12,
22].

Little is known about the role of RSV-specific antibody-Fc receptor mediated uptake in
immune cells, and the consequences to downstream signaling events. RSV vaccine-enhanced
disease observed during the failed vaccine trials had been linked to poor TLR stimulation by
the formalin-inactivated (FI) vaccine, and the subsequent production of RSV-specific
antibody with poor affinity that promoted RSV entry and immunopathology during
subsequent infection [6]. In contrast, high affinity antibody, such as palivizumab used for
RSV immunoprophylaxis, leads to RSV neutralization. It remains an open question how
RSV-specific antibodies produced upon natural infection (e.g. maternal antibody in infants)
affect the route of entry, and whether this affects ligand accessibility and PRR signaling.
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PRR function: moving from experimental models to natural human

infections

Studies aimed at defining the function of individual PRRs in specific cell types have taken
advantage of cell lines and primary cells of human and murine origins. These models have
proved to be very useful in generating a mechanistic understanding of RSV sensing.
However, inherent differences between cell lines and primary cells and between human and
mouse cells [37] in terms of PRR usage (Box 1) run the risk of generating results irrelevant
to human innate immune responses. Despite the importance of mouse models in the
characterization of the broad picture of the immune response to RSV in the presence or
absence of a particular PRR, it is important to validate the results with human experimental
approaches. To date important discrepancies have been observed between results obtained in
the various TLR KO mice and human polymorphism studies [38]. However, it is also
important to be aware that human genetic association studies have led to contradicting
results, because of diverging inclusion criteria for the cohorts, limited sample size and ethnic
diversity [39, 40]. An important question is how accurately the available animal models
reflect the role of PRRs during natural infection in humans, and more specifically in infants
and young children who are the most vulnerable for severe RSV disease. A powerful
example for the discrepancy between animal models and natural infection are children with
autosomal recessive MyD88 deficiency, who suffer exclusively from recurrent pyogenic
bacterial infections, while MyD88 deficient mice are susceptible to a broad range of
pathogens [41]. Using primary cells from human adults also has its limitations, as it is
increasingly recognized that innate immune responses in early life are different from that
during adulthood [42], but how differences in PRRs expression and function contributes to
these differences remains to be assessed. Bronchial cells isolated from children by bronchial
brushing and fully differentiated in ALI culture were shown to model many of the
histopathological characteristics observed in severe RSV-associated disease when infected
ex vivo[43, 44]. However, studies of the role of various PRRs in this model will likely be
highly challenging. First, the availability of these samples is very limited. Second, the
number of cells obtained by the culture in ALI makes mechanistic biochemical studies
difficult. The molecular tools currently available to perform functional studies in fully
differentiated ciliated bronchial epithelial cells are still very limited. However, silencing of
PRRs using lentivirus-mediated short hairpin RNA (shRNA) transduction has been
described without apparent artefactual activation of the innate immune responses [45],
opening the path to studies of PRR function in this model. Although restricted to healthy
adult volunteers, controlled human challenge studies, which consist of carefully monitored
and controlled infection, are beginning to provide unique insights into RSV pathogenesis in
humans [46]. 1t will be of great interest to collect data about PRRs in this model to
accelerate development of novel therapeutic approaches and an RSV vaccine.

Knowledge of PRR-dependent RSV sensing: a path to improve vaccine

design ?

Despite the recent progress in our understanding of RSV biology and pathogenesis, and the
success in reducing the risk of severe RSV disease among high-risk infants by
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immunoprophylaxis with palivizumab, the development of an RSV vaccine has remained
unsuccessful. Obviously, adequate innate immune activation plays an important role for
vaccines to be efficacious, and this is generally achieved either by combining purified
vaccine antigens with adjuvants that serve as potent innate immune activators (e.g. alum or
monophosphoryl lipid A), or by use of live, attenuated organisms that are capable of
autonomously driving innate immune activation. One important lesson from vaccine studies
is that activation of multiple innate receptors appears more effective than activation of a
single pathway [47]. This raises the question why does natural RSV infection fail to protect
against reinfection, given that multiple PRRs play a role in innate immune recognition of
RSV? Indeed, the lack of protection from natural RSV infection rather supports the notion
that RSV is a poor activator of innate immune defences, and consequently fails to induce
long-lived immunological memory. Moreover, FI-RSV vaccine-enhanced diseases has been
linked to poor TLR activation [6], and there is a body of evidence suggesting that inclusion
of adjuvants, such as the TLR4 agonist MPL [6, 48, 49], abolishes the immunopathology
associated with the FI-RSV, and therefore enhances vaccine safety. It will be important to
elucidate the contribution of individual PRRs in immunity and immunopathology during
RSV infection, particularly during primary infection in infants, but also during re-infection
among the elderly. Based upon the existing evidence, a protective RSV vaccine will likely
require an adjuvant formulation, which stimulates multiple PRRs to ensure adequate safety,
and sufficient immunogenicity.

Concluding remarks

The past 20 years have identified an extended array of PRRs, many of which are capable of
sensing RSV in a cell-type dependent manner. Although the cooperation and non-redundant
functions of the diverse PRRs is clear, many questions about their respective contribution to
the development of severe RSV disease remain to be answered. Due to broad repertoire of
PRRs that RSV can engage, a simplistic assumption could be that RSV induces excessive
innate immune activation. However, it cannot be ruled out that RSV pathogenesis could in
fact be a result of poor innate immune activation due to the multiple evasion mechanisms
that RSV uses to counteract PRR-dependent signaling. This could negatively impact the
subsequent development of the adaptive immune response, and thereby prevent protection
against reinfection. New knowledge of PRRs in human models, including comparative
studies between adults and children, is expected to help understanding about why some
individuals only develop mild illness, while some infants and young children suffer from
severe disease (Box 2). Answers to these questions will empower novel approaches to treat
and prevent RSV.

Box 2
Outstanding questions

. How do different PRRs expressed in a single cell type cross-talk to mount an
efficient immune response? Are they redundant or do they control distinct
characteristics of the immune response, such as duration, strength, etc.?

Trends Microbiol. Author manuscript; available in PMC 2016 April 27.




1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHIO

1duosnue Joyiny gHID

Marr et al.

Page 9

. What is the status of PRR-dependent pathways (e.g. expression and function
of PRRs) in infants and young children who are most vulnerable to severe
outcome following RSV infection as compared to adults?

. Does primary RSV infection, the lung and/or gut microbiome, other
infectious diseases, or environmental factors alter the basal and inducible
expression of PRRs and/or downstream signalling components?

. How does the genetic background, i.e. single nucleotide polymorphisms in
genes encoding PRRs and downstream signaling molecules, contribute to the
severity of RSV disease?

. Does severe illness associated with RSV infection result from poor or
excessive innate immune activation?
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