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Abstract: Respiratory Syncytial Virus is a common respiratory pathogen known for causing respiratory
illnesses, ranging from mild symptoms to severe lower respiratory tract infections in infants and the elderly.
This virus is responsible for one-third of pneumonia deaths in the pediatric population, but there are currently
only a few effective vaccines and pharmacological treatments. The fractalkine (CX3CL1) receptor (CX3CR1) is
a co-receptor for RSV expressed by airway epithelial cells and a diversity of immune cells. Recent research has
highlighted the role of CX3CR1 in the host immune response to RSV infection, and its potential role in the
development of an efficient vaccine and novel treatments.
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1. Generalities

Respiratory Syncytial Virus (RSV) is a major cause of respiratory tract infections in infants and
young children, with most children being infected by RSV at least once by the age of two. In infants,
RSV can cause severe lower respiratory tract infections, such as bronchiolitis, pneumonia, and other
complications leading to hospitalization and, in some cases, death [1]. In 2019, it was estimated that
globally, lower respiratory tract infections caused by respiratory syncytial virus (RSV) resulted in
more than 3,000,000 hospital admissions and over 100,000 overall deaths in children aged 0-5 years
[2]. RSV typically causes mild upper respiratory tract infections but can cause otalgia and acute
respiratory distress in certain populations, such as the elderly and individuals with underlying health
conditions. Another feature of RSV in immunocompromised patients is that viral clearance is delayed
and the virus can remain in nasal secretions for a long time. [1]

RSV, formally named as Orthopneumovirus hominis [3], is a negative-sense, single-stranded
RNA virus (Baltimore Group V) belonging to the family Pneumoviridae, genus Orthopneumovirus.
Two different subtypes of RSV have been described, RSV-A and RSV-B [4].

RSV is an enveloped virus, with a lipid bilayer derived from the host cell apical membrane. The
virion is pleomorphic, ranging from nearly spherical to filamentous, a shape that is mostly found in
cell cultures, with a diameter of approximately 150-300 nm. The genome of RSV is non-segmented
and approximately 15.2 kb in length, with 10 ORFs, encoding 11 proteins: NS1, NS2, N, P, M, SH, G,
F, M2.1, M2.2 and L. [5]
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2. Infection

RSV primarily infects ciliated epithelial cells lining most of the respiratory tract and type I
alveolar pneumocytes, leading to cell death and disruption of the respiratory epithelium and often
resulting in syncytia formation [6].

The entry of RSV into host cells is initiated by the attachment of the viral glycoprotein G [7]. RSV
interacts with glycosaminoglycans on host transmembrane proteins, such as heparan sulfate
proteoglycans, using its G and F glycoproteins, in addition to the CX3CR1 co-receptor (as will be
detailed later). The viral F protein mediates the fusion of the viral envelope with the host cell
membrane, allowing the viral ribonucleoprotein (RNP) complex (viral RNA stabilized by N and P
proteins) to enter the host cytoplasm. The SH protein, functioning as a viroporin, may facilitate this
process by altering membrane permeability, reducing apoptosis and inhibiting TNF-a. signaling [8].

Once inside the host cell, viral protein complexes form inclusion bodies in the cytoplasm to
replicate RNA genomes and transcribe them into mRNA for protein synthesis by the host cell
machinery [9].

Besides N and P, proteins L and M2-1 are present in the nucleocapsid and are relevant for viral
genome replication.[10-16] The L and P proteins transcribe the viral genome into mRNA, to be
translated by the host ribosomes. At the same time, the L protein synthesizes intermediate positive-
sense RNA templates to produce new negative-sense RNA genomes.

Naked virions are assembled when the matrix protein (M) facilitates the interactions between
the new RNP complexes and the viral glycoproteins G, F, and SH [17,18]. The assembled virions bud
from the host cell membrane, acquiring their lipid envelope from the host. Glycoprotein G binds to
the surface of the host cell, binding to CX3CR1 mimicking the host chemokine CX3CL1.

3. Biological Aspects of CX3CL1-CX3CR1

CX3CL1 is the only member of the CX3C chemokine subfamily [19]. It is characterized by being
the only chemokine to have three amino acid residues between the two conserved cysteines. It is
expressed in activated endothelial cells, epithelial cells and neurons, among others.[20,21]

Of the 50 known chemokines, only CXCL16 and CX3CL1 are synthesized as membrane-bound
molecules [22]. CX3CL1 consists of a chemokine domain and a mucin stalk, both extracellular; it also
has a transmembrane and a small cytoplasmic domain. [23]. In its transmembrane form CX3CL1 is
constitutively associated and forms oligomers involved in cell adhesion [24]. Membrane-bound
CX3CL1 is cleaved by several enzymes such as the metalloproteinases ADAM10, ADAM17 and
MMP-3, and cathepsin S (reviewed in [25]). The soluble CX3CL1 molecule has a chemotactic effect
on various cells of the immune system. The balance between CX3CL1-mediated adhesion and
chemotactic functions are finely regulated by enzymes in the cellular microenvironment that enable
the release of the chemokine domain.

One of the most studied functions of CX3CL1 is its participation in the extravasation of
leukocytes through the activated endothelium. [21,26]. In a pathophysiological context the adhesive
function of CX3CL1 is relevant in atherosclerotic plaque formation, through monocyte binding [27].
In the central nervous system, CX3CL1 is robustly expressed by neurons, and its elicited signaling
are relevant in cerebral ischemia, epilepsy and in several neurodegenerative diseases [28], although
its role in these diseases remains controversial.

CX3CL1 binds with high affinity to a single receptor named CX3CR1 [26,29], a seven-
transmembrane receptor. The binding of the chemokine to the receptor activates a heterotrimeric Gi/o
protein and initiates signaling events that trigger diverse cellular responses.

On the other hand, it has been reported that the cytoplasmic domain of CX3CL1 can signal and
induce its own expression [30]; although this function has been scarcely documented, it could be of
great biological relevance and increases the complexity of the system.
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4. CX3CR1 and RSV Infection

It is well established that CX3CR1 is an RSV coreceptor. In vitro experiments indicate that RSV
G protein binds to the CX3CR1 receptor on primary human epithelial cells isolated from the airway,
and promotes infection. Viral G-protein binding is specific, as treatment with an anti-CX3CR1
antibody decreases infection. Johnson et al showed that the binding of RSV G to CX3CR1 is mediated
by a CX3C motif of the G protein, since the inclusion of an alanine residue in this motif reverses the
effect observed in the wild-type protein [31]. Similar findings were found using primary epithelial
cells isolated from pediatric airways and infected with RSV strain A2, in which blocking the
interaction of RSV with CX3CR1 decreased viral load [32]. Accumulating evidence from several
experimental studies indicates that the conserved CX3C motif facilitates virus binding to CX3CR1*
epithelial cells [33], indicating that CX3CR1 is a co-receptor molecule for RSV.

The role of CX3CR1 in RSV infection becomes clinically relevant since CX3CR1 is expressed in
the airway of the pediatric population [32], at variable levels. It would be important to establish
whether the biological variation found in CX3CR1 expression has any relationship with the
susceptibility or outcome of RSV infection in the pediatric population.

Although CX3CR1 is a co-receptor molecule for RSV entry into epithelial cells and its expression
favors infection, work with mice genetically deficient in CX3CR1 indicates that the absence of this
receptor does not protect against the disease, and on the contrary, the absence of this receptor is
related to more severe disease. Newborn mice genetically deficient in CX3CR1 (CX3CR1+), showed
higher mortality than wild-type mice, as well as increased mucus production, and increased
neutrophil and 0 T-lymphocyte infiltration in the lungs. [34]. Thus, although CX3CR1 favors the
entry of the RSV into epithelial cells and its presence implies an increased viral load, the interaction
of CX3CR1 with its natural ligand (or with the CX3C domain of the RSV G protein) seems to be
relevant for the resolution of the infection. This indicates that the CX3CR1-CX3CL1 axis plays an
important role in the immune response against the virus.

5. Immune Response against RSV

Once RSV enters the airway epithelial cell (AEC) diverse viral pathogen-associated molecular
patterns (PAMPs) can be recognized by multiple host pattern recognition receptors (PRRs). RSV
genomic material can be recognized by the retinoic acid inducible gene I (RIG-I) sensor in the cell
cytoplasm or by toll-like receptors (TLRs) such as TLR-3 in endosome compartments leading to the
activation of interferon regulatory (IRF)-3, AP1 and NF-kB transcription factors. Another TLR that is
important in RSV infection is TLR-4, whose signaling is modulated by F protein, dampening pro-
inflammatory cytokine production. [35,36]

In addition, alveolar macrophages and dendritic cells are also stimulated upon RSV infection
[37,38]. The activation of multiple cell types induces the expression of several molecules to control
viral infection. Type-I interferons (IFN-I) play a major role in restricting viral replication and
dissemination by promoting an antiviral state due to the induction of several interferon stimulated
genes in neighboring cells. In addition, several proinflammatory mediators are also induced,
including cytokines (TNFa, IL-1f, IL-6, INF-A1, INF-A2 ), chemokines (CXCL6, CXCLS (IL-8), CXCL10
and CX3CL1) [39], and adhesion molecules (ICAM-1, VCAM-1), that in turn promote immune cell
recruitment for the control of the viral infection. Moreover, major histocompatibility complex
molecules (MHC)-I and II are also induced, favoring the onset of the adaptive immune response
against the pathogen. [40,41].

Recruitment of neutrophils is an early event upon RSV infection; these cells are the most
abundant leukocytes to infiltrate the lung upon infection. Neutrophil activation induces neutrophil
extracellular traps (NETs) which may trap viral particles that in turn can be inactivated by a diversity
of the neutrophil secreted molecular mediators such as defensins; in fact, antimicrobial peptides such
as cathelicidin and defensins produced by AECs may also restrict RSV replication [42,43]. Viral
particles can be phagocytosed by neutrophils and destroyed by distinct mechanisms including the
respiratory burst (ROS production) [44]. Nevertheless, excessive neutrophil responses may
contribute to lung injury.

d0i:10.20944/preprints202407.0855.v1
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NK cells are relevant responders against viral infection, thus, they are also important in the
control of RSV infection. These cells kill infected cells, limiting viral replication, and produce IFNo,
promoting a Th1 type response. Reduction of perforin secretion in RSV-infected NK cells has been
demonstrated, and this might be an evasion mechanism of RSV against host immune response [45].
Furthermore, RSV induces upregulation of inhibitory receptor in NKcells.

Dendritic cells (DCs), considered the bridge between innate and adaptive immunity, are also
recruited upon RSV infection. Plasmacitoid DCs (pDCs) are a subset of DCs specialized in high
production of IFN-I, a major contributor to the antiviral response; pDCs recognize viral RNA through
TLR-7 and -8, leading to downstream activation of IRF-7, AP1 and NFeB, which in turn initiate the
massive production of IFN-I [46,47].

Moreover, pDCs are required for adequate RSV-specific cytotoxic T lymphocytes generation
[41]. Nevertheless, RSV infection counteracts IFN-I production by pDCs [48]. In addition,
conventional DCs (cDCs) are also recruited to the site of infection where they acquire viral antigens
by direct infection or phagocytosis of infected cells. RSV sensing by TLRs and RLRs (RIG-1 like
receptors, which detect RNA from viruses in the cytoplasm) in cDCs induce their maturation with
the up-regulation of MCH and co-stimulatory molecules, and secretion of several Th-1 type
cytokines. ¢cDCs initiate the adaptive immune response against RSV upon antigen presentation to
specific T lymphocytes. RSV infection however, induce cDC dysfunction that alter their capacity to
stimulate T cells [49].

As with other viral infections, adaptive immunity against RSV is essential for disease control.
Both CD4* and CD8* specific T lymphocyte responses as well as high titers of virus-specific antibodies
are developed and required for disease control [37]. Regulatory T lymphocytes (Treg) play a central
role in the control of disease severity during RSV infection by limiting immunopathology [40,50]

RSV has evolved several mechanisms to evade the host immune response. The non-structural
viral proteins NS1 and NS2 are the first to be transcribed upon infection, and both are potent IFN-I
inhibitors. Deletion mutants for these proteins generate attenuated viruses, which have been
proposed as vaccines [47,51]. Both proteins affect the RIG-I signaling pathway to inhibit IFN-I
production; NS1 binds mitochondrial antiviral-signaling protein, interfering with its interaction with
RIG-I, while NS2 interacts with the N-terminal caspase activation and recruitment domain of RIG-I,
thus inhibiting its downstream activation pathway. Indeed, NS1 is considered a multifunctional
protein of RSV that counteracts immune response in distinct ways [52-55]. Other RSV evasion
mechanisms are the modulation of innate immune responses such as the activation of DCs,
macrophages, and natural killer (NK) cells; induction of regulatory T cells (Tregs); and antigenic
variation. RSV exhibits large antigenic and genetic diversity, particularly in the G glycoprotein, which
is a target of the host immune response. This allows RSV to evade immune recognition and establish
reinfections [6]. Alterations in the CX3CL1-CX3CR1 axis are also involved in the immune evasion
mechanisms elicited by RSV. The RSV G protein is involved in IFN-I antagonism. [47]

Despite the onset of the host immune response, RSV infection commonly elicits a relatively
short-lived protective immunity resulting in recurrent seasonal RSV infections [32,40,56].

Recent research has highlighted the role of fractalkine (CX3CL1) in the host immune response
to RSV infection.

6. CX3CR1-CX3CL1 Contribution to the Inmune Response against RSV

As mentioned above, infection of AECs with RSV increases the expression of several cytokines
including CX3CL1. When cells are infected with a mutant RSV that has an insertion in the CX3C motif
of the G protein, or when cells are treated with an anti-CX3CR1 prior to infection with WT RSV, the
induction of cytokines is decreased [39]. These results indicate that the binding of the CX3C domain
of the RSV G protein to CX3CR1 influences cell activation and host immune responses.

Most of the immune cells relevant in the resolution of RSV infection express the CX3CR1
receptor, such as monocytes, macrophages, DCs, NK, and CD8* T lymphocytes [57]. During RSV
infection, these cells are recruited to the site of infection, playing an important role in virus
elimination [59]; for example, highly-expressing-CX3CR1 non-classical monocytes, normally
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associated to viral sensing and clearance, are recruited to the site of infection [58]. These cells are the
main mediators of the cytotoxic response against RSV, and it has been observed that severe cases of
RSV-derived bronchitis present a decrease in CD8* T lymphocytes [60].

The secreted form of RSV G-protein, by binding to CX3CR1, acts as a competitive antagonist
ligand, interfering with the chemotactic responses of immune cells, and preventing the recruitment
of immune cells to the site [35,36]. As a consequence, there is a decrease in both the recruitment of
CX3CR1-expressing T lymphocytes and NK cells [61], and the concentration of cytokines such as IFN-
Y, IL-4 and CX3CL1 in the pulmonary microenvironment. A deficient production of INF-y hinders the
host antiviral response [61].

On the other hand, people carrying the polymorphic variant of CX3CR1 M280 tend to present
more severe cases of bronchiolitis in response to RSV [62]. The CX3CR1 M280 variant has been
associated with decreased adhesive capacity of human monocytes [63], hence patients homozygous
for CX3CR1 M280 may have decreased transmigration of monocytes and other immune system cells
to the infected lung and this may contribute to the severe cases of bronchiolitis reported. In the
context of RSV pathophysiology, monocytes are recruited through chemokines secreted by infected
epithelial cells in the replicative phase of infection and they are important to limit the infection [64,65].
In addition, human monocytes with the CX3CR1 M280 variant are known to be deficient in CX3CL1-
mediated survival [66], so individuals homozygous for the CX3CR1 M280 variant have a lower
number of antiviral monocytes in the lung.

Another interesting aspect is that, in neonates, during RSV infection, the lung is infiltrated by a
regulatory B-cell subtype (nBreg), that has been associated with mortality. In B cells, RSV binds to
the B cell receptor via the viral F protein. This binding induces the expression of CX3CR1 and allows
virus entry. During viral replication in this neonatal B cell subpopulation, there is an increase in the
expression and secretion of IL-10, an anti-inflammatory cytokine that inhibits the Th1 response [67]

(Figure 1).
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Figure 1. The G protein of RSV binds to the CX3CR1 receptor expressed on the membrane of target
cells and enables infection. This binding is through the CX3C domain of the G protein, which mimics
the CX3C domain of the chemokine CX3CL1 (A). Airway epithelial cells (AEC) are the first to be
infected by RSV. Subsequently various CX3CR1-expressing cell types of the immune system
contribute to the immune response against RSV, e.g., in the recruitment of effector cells and their
activation (B). RSV G protein and the chemokine CX3CL1 exist in soluble and membrane-bound
forms and can compete (C). While the binding of CX3CL1 to CX3CR1 is important in the response
against RSV, the binding of RSV G protein to CX3CR1 in some cell types leads to evasion mechanisms.
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Different types of vaccines have been developed against RSV infection: against different viral
proteins, or immunization with attenuated viruses or with vectors encoding distinct motifs of viral
proteins. However, the desired immunogenicity and safety of the vaccines has not been achieved
[68]. The RSV G protein is known to induce protective antibodies against RSV infection. In a recent
report, a new vaccine was tested using the CX3C-motif mutated regions of the RSV G protein as
immunogen [68]. The mutated proteins were more immunogenic for antibody production in BALB/c
mice immunized with these molecules. The anti-G protein antibodies were effective in blocking the
interaction of the CX3CR1 receptor with the RSV G protein, without blocking the interaction between
CX3CR1 with CX3CL1 [68]. This experimental approach is a promising starting point for the
development of an effective vaccine that generates antibodies capable of reducing RSV infection
through the CX3CR1 co-receptor, but at the same time does not affect the natural functions of CX3CL1
and CX3CRI1. Recently, two vaccines and a new mAb have been approved by the FDA for their use
against RSV infection [69].

7. Conclusions and Future Directions

The RSV G protein binds to the CX3CR1 receptor, which then functions as a viral co-receptor in
several cell types. CX3CR1 could have clinical relevance since it is expressed in the airways in the
pediatric population and its expression has been related to a higher number of infected epithelial
cells. The interaction of CX3CL1 with CX3CR1 plays a crucial role in the immune response to RSV
infection, because mice genetically deficient in CX3CR1 develop more severe cases of the infection.
The presence of the CX3C motif of the RSV G protein during RSV infection decreases the recruitment
of cells expressing CX3CR1, such as T lymphocytes and NK cells, which are involved in the clearance
of the virus. Moreover, the soluble form of RSV G-protein competes with CX3CL1 for binding to
CX3CRI1.

On the other hand, binding of CX3CR1 to the CX3C motif of RSV can modulate the antiviral
immune response inducing the anti-inflammatory cytokine IL-10, which blocks the antiviral
response. If confirmed, this is a novel mechanism of immune response evasion.

Finally, mutations of the CX3C domain of the G protein increase its antigenic immunogenicity
and have been used to induce antibodies in animal models, antibodies that do not prevent the binding
of CX3CR1 to CX3CL1.

Further research into the role of CX3CL1 and CX3CR1 in RSV pathogenesis may lead to the
development of novel treatment therapies and prevention strategies targeting the host immune
response to RSV infection, as well as in the development of new vaccines.
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