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Mucosal vaccines against respiratory syncytial virus

Kejian Yang' and Steven M Varga

Respiratory syncytial virus (RSV) is a leading cause of severe
respiratory disease in infants, young children, immune-
compromised and elderly populations worldwide. Natural RSV
infection in young children does not elicit long-lasting immunity
and individuals remain susceptible to repeated RSV infections
throughout life. Because RSV infection is restricted to the
respiratory tract, an RSV vaccine should elicit mucosal
immunity at upper and lower respiratory tracts in order to most
effectively prevent RSV reinfection. Although there is no safe
and effective RSV vaccine available, significant progress has
been recently made in basic RSV research and vaccine
development. This review will discuss recent advances in the
identification of a new neutralizing antigenic site within the RSV
fusion (F) protein, understanding the importance of mucosal
immune responses against RSV infection, and the
development of novel mucosal vaccination strategies.
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Introduction

Human respiratory syncytial virus (RSV) is a leading
cause for bronchiolitis and severe respiratory disease in
infants, young children, immune-compromised and
elderly populations [1-3]. RSV is responsible for an
estimated 160,000 deaths worldwide annually. RSV has
a linear single-stranded RNA genome with 10 genes
encoding 11 proteins, including non-structural proteins
(NS1 and NS2), large polymerase (L), phosphoprotein
(P), nucleocapsid (N), matrix protein (M1), envelope
glycoproteins (SH, G and F), a transcription factor
(M2-1) and an accessory protein (M2-2). The attachment
(G) and fusion (F) surface glycoproteins have been con-
sidered as the two major protective antigens for eliciting

2,3,4

neutralizing antibodies. The G protein is heavily glyco-
sylated and involved in viral attachment to host cells. The
F protein mediates cell fusion allowing entry of the virus
into the cell cytoplasm and formation of syncytia.

Although RSV vaccine development has been conducted
since the 1960s, there is still no safe and effective vaccine
available. A formalin-inactivated RSV (FI-RSV) vaccine,
tested in infants a half century ago, resulted in enhanced
morbidity and two deaths after a subsequent exposure to a
natural RSV infection [4,5]. The infants and children that
received the FI-RSV vaccine exhibited a lower level of
neutralizing antibodies following a natural infection. It is
likely that the process of formalin inactivation may have
altered the structure of the F and G glycoproteins, result-
ing in altered protein processing and the induction of a
largely nonfunctional (i.e. non-neutralizing) antibody
response [6].

There are currently no effective treatments for an
ongoing RSV infection. A humanized monoclonal anti-
body specific to the F protein (Palivizumab) administered
as monthly injections during RSV season can prevent lower
respiratory infection and severe disease in infected infants.
However, it does not prevent infection of the upper respir-
atory system and is not recommended for use in healthy
infants [7,8]. In addition, due to the high costs, Palivizumab
is not extensively used worldwide. Therefore, a safe and
effective RSV vaccine is still a high priority.

Significant progress has been made recently in both basic
RSV research and vaccine development. Work in animal
models and results from human vaccine trials has led to a
greater understanding of RSV pathogenesis and the cor-
relates of protective immunity [3,8,9]. Recent advances in
RSV research has created new opportunities and renewed
hope, despite the sophisticated nature and significant
challenges posed by RSV vaccine development. Since
RSV F protein is a very important neutralizing antigen to
potentially induce mucosal immunity, this review will
focus on discussing firstly, a newly identified neutralizing
antigenic site located within the RSV prefusion (F)
protein conformation; secondly, the importance of muco-
sal immunity against RSV infection; and finally, mucosal
vaccination strategies in current development.

RSV fusion protein and identification of a new
antigenic site in its prefusion state

The RSV F protein is a type I integral membrane protein
and serves as an important target antigen for neutralizing
antibodies and antiviral T cell responses [10]. To become
biologically active and functional, the RSV F glycoprotein
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(F¢) after synthesis releases pep27 (a length of peptide of
27 amino acids), following proteolytic digestion by the
enzyme furin at the two cleavage sites RKRR136 and
RAR/KR109. This generates the F2 and F1 subunits,
which are linked via a disulfide bond, and exposes
the hydrophobic fusion peptide at the newly created
N-terminus of F1 subunit [11,12]. The F protein usually
exists in a metastable, pretriggered form on the surface of
the virion in order to mediate membrane fusion and viral
entry. Once triggered, RSV I undergoes a dramatic
conformational extension that leads to the insertion of
its hydrophobic fusion peptide into the target cell mem-
brane ultimately folding back on itself to bring mem-
branes together resulting in virus—host cell fusion [13].
Upon triggering, the postfusion F becomes stable and
forms ‘hat-pin’-shaped molecules that aggregate as
rosettes [13]. The RSV F2 subunit, not the attachment
G protein, determines the specificity of RSV infection
[14]. Therefore, F is a very important protein target for
vaccine development. The wild-type RSV F gene cannot
be efficiently expressed without the application of codon
optimization and deletion of premature polyadenylation
signals [15]. Successful expression and immunization
with the F protein was shown to induce neutralizing
antibody and antiviral T cell responses. Furthermore,
broad cross-serotype protection was elicited, likely due
to immune responses against highly conserved F protein
sequences among RSV strains [16,17,18°,19].

As compared to the immunogenic full length RSV F
protein with the transmembrane domain and cytoplasmic
tail, the ectodomain of the F protein (i.e. truncated F by
removing the transmembrane domain and cytoplasmic
tail) also contains the necessary amino acid sequence for
multiple neutralizing epitopes. Deletion of the trans-
membrane domain and the fusion peptide makes the
truncated F protein soluble and prevents aggregation
[20]. By doing so, Swanson e7 a/. engineered a stable,
immunogenic postfusion truncated F protein that was
capable of eliciting a high level of neutralizing antibodies
and significantly protected cotton rats from RSV chal-
lenge [21]. In addition, McLellan ¢z @/. also determined
that a similar truncated trimeric F protein missing resi-
dues 137-146 contains the critical neutralizing sites (i.e. I,
IT and IV) in the stabilized postfusion F protein [22].

With regard to the antigenicity, early protein structure
data obtained via electron microscopy suggested that
prefusion and postfusion F may be antigenically distinct
[23]. To prevent RSV infection of the upper respiratory
tract, the local neutralizing antibody should presumably
bind the prefusion F instead of the postfusion F antigen.
However, it has been a significant challenge to produce a
stabilized prefusion F, due to its metastable nature. A
recent exciting breakthrough has been the identification
of the antigenic site ¢ (zero) within the prefusion F
protein. This was discovered through multiple mutations

of S190F-V207L to fill up the hydrophobic cavity and
creation of disulfide-links S155C-S290C to improve the
stability of the prefusion F protein [24°°,25°°]. The
S155C-S290C mutation is critical as it locks the fusion
peptide in the central cavity without distortion of the rest
of the protein structure. A neutralizing antibody specific
to this new antigenic site was found to recognize the
prefusion F protein, but not the postfusion F protein.
"This may explain why highly neutralizing antibodies in
human serum cannot be fully absorbed by the postfusion
F protein [26]. The stabilized prefusion F protein con-
tains all four neutralizing antigen sites (i.e. @, [, Il and IV)
and can elicit potent neutralizing antibody responses up
to eight-fold higher than postfusion F protein. In
addition, this level of neutralizing antibody was 20-40
times higher than the protective threshold believed to be
required in mice and macaques [24°°,25°°].

"The antigenicity of the RSV F protein is dependent on the
stability of the protein structure. To form a stable trimer
structure for the truncated F protein, itis necessary toadd a
trimeric motif, such as the T4 phage fibritin trimerization
domain to the C-terminus of the ectodomain of the F
protein [22,27]. However, the transmembrane domain of
the F protein is critical to form stable and soluble postfu-
sion F rosettes after deletion of 10 amino acids from the
fusion peptide at the N terminus of F1 subunit [9,28]. On
the basis of the recent identification of the very potent
neutralizing antigen site ¢ in the prefusion F, the next
generation of RSV vaccine candidates should include the F
protein expressed in the prefusion form.

Importance of mucosal immunity against
RSV infection

Many pathogens including RSV access the body through
mucosal sites. Therefore, effective vaccines that protect
at the mucosal port of entry are much needed [29,30]. The
efficient induction of mucosal immune responses requires
appropriate administration routes and specific adjuvants
and/or delivery systems. In contrast to the parenteral
route of immunization, mucosal vaccination is usually
required to efficiently elicit protective immune responses
at mucosal sites. Intranasal delivery is the most effective
route to induce potent and broad mucosal immune
responses at multiple mucosal sites as compared to other
mucosal delivery routes [31°°,32].

The four main categories of RSV vaccines include inac-
tivated, live-attenuated, gene-based vectors, and subunit
[33]. Live-attenuated RSV vaccines [34°] administered
intranasally, and a subunit RSV postfusion F protein
vaccine adjuvanted with alum and delivered intramuscu-
larly [28,35] have been extensively evaluated in a number
of clinical trials in recent years. The live-attenuated
RSV vaccine administered intranasally has the potential
to induce a mucosal immune response. However, the
response may be weaker in magnitude than that of natural
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infection due to loss of immunogenicity during the pro-
cess of attenuation.

In addition to the route of administration, adjuvants are
also critical for induction of mucosal immunity. Currently,
there are three approved human vaccine adjuvants: alum,
monophosphoryl lipid A (MPL) and MF59 (Europe).
These adjuvants are primarily used for systemic immu-
nizations. Unlike other adjuvants, MPL may be the only
safe and effective adjuvant for mucosal RSV vaccine
application in cotton rats [36°]. Ideally, induction of a
robust mucosal immune response greater in magnitude as
compared to a natural infection would be very desirable
and beneficial.

Anideal RSV vaccine is expected to generate local humoral
immune responses which can protect both the upper and
lower respiratory tracts. The inability to evoke a long-
lasting protective immune response to RSV infection in
mice correlates with poor nasal antibody responses [37°°].
Durable protective antibody levels are not normally
induced in children following primary RSV infection
resulting in frequent reinfections. In addition, low RSV-
specific nasal IgA against F and G was found to be a
significant risk factor for RSV infection in adults [38°].
Although substantial numbers of RSV-specific plasma cells
were elicited and maintained in the bone marrow following
RSV challenge in the mouse infection model, the plasma
cell counts in the nasal-associated lymphoid tissue waned
rapidly without being maintained after primary infection
[37°°]. Therefore, the inability to generate a robust local
mucosal immunity in the nasal tissue (i.e. generation of
serum antibody alone without local immunity) may be
insufficient to protect against RSV reinfection. L.ow nasal
virus titer is correlated with high nasal IgA. However, the
majority of nasal [gA antibody is directed against the G
protein and with less targeting the F protein.

In addition to humoral and mucosal immune responses,
an antiviral T cell response is also necessary for long-term

Table 1

protection against RSV infection. New data collected
from the elderly (>65 years old) suggests that reduced
numbers of functional memory T cells specific to the RSV
F protein and functionally deficient RSV F-specific T cell
responses can increase susceptibility to severe RSV
infection in elderly adults [39].

Mucosal immunization strategies against
RSV infection

"T'he biggest challenge in the development of a successful
RSV vaccine has been how to attain the right balance
between safety and efficacy [8]. Durability and mucosal
immunity are also critical attributes for a successful RSV
vaccine. An array of novel mucosal vaccination strategies
with different delivery systems, administration routes,
and adjuvants have been developed in recent years
(see Table 1).

The FI-RSV vaccine administered intramuscularly was
shown to enhance disease in infants upon RSV infection.
In contrast, a live-attenuated RSV vaccine is believed to
be a safe choice and is expected to induce mucosal
immunity [9]. There are several types of live-attenuated
RSV wvaccines such as cold-passaged (¢p), temperature-
sensitive (#), reverse genetic engineered (i.e. by point
mutations or gene deletions), and recombinant live virus
vector-based RSV vaccines using attenuated bovine RSV,
parainfluenza virus or Sendai virus vectors [34°]. It will be
important to determine whether these live-attenuated
RSV vaccines can generate higher and more durable
mucosal immunity than that induced by a natural RSV
infection.

Being delivered usually by systemic immunization, sub-
unit protein-based RSV vaccines were proven safe in
older children and adults, however their immunogenicity
was modest and they failed to induce potent mucosal
immunity [40,41]. Among the approved adjuvants, MPL
was tested as a mucosal immune modulator to enhance
the immunogenicity of the ectodomain of F protein in

Current mucosal RSV vaccination regimens

Vaccine formulation Route of administration Preclinical and clinical References
studies
Attenuated RSV vaccines (cp, ts, mutants by reverse genetics) Intranasal Mice, cotton rats and [23,52]
clinical trials
Attenuated sendai virus expressing RSV F Intranasal Cotton rats and African  [16,17,18°,19]
green monkeys
Venezuelan Equine Encephalitis virus replicons encoding RSV Intranasal Mice and cotton rats [63°]
glycoproteins
RSV F-DNA vaccine prime + RSV F-adenovirus (Ad5) boost Intramascular electrophoration Rhesus macaques [42]
for DNA, Tonsillar for RSV-F-Ad5
RSV ectodomain F + MPL Intranasal prime; Intradermal boost  Cotton rats [36°]
Inactivated RSV supplemented with TLR9 and NOD3 ligands Intranasal Mice [54]
Bacterium-like particle-based RSV F vaccine Intranasal Mice and cotton rats [55]
Proteosome adjuvanted RSV surface protein vaccine Intranasal Mice [56]

Current Opinion in Virology 2014, 6:78-84

www.sciencedirect.com



Mucosal vaccines and responses to RSV fusion protein Yang and Varga 81

cotton rats (z.z. primed and 7.4. boosted) without inducing
enhanced lung pathology [36°].

These successes helped identify some promising mucosal
vaccination strategies that may be potentially applicable
to future RSV vaccine development. To induce mucosal
immunity against RSV, a DNA vaccine prime (i.m.,
electroporation) and a recombinant adenovirus based-
RSV F (tonsillar) prime-boost vaccination strategy was
shown to be immunogenic in raising T cell responses and
protection in the lower respiratory tract of adult rhesus
macaques against RSV challenge [42]. However, recent
adenovirus type-5 vector HIV vaccines have failed twice
in clinical trials with either the adenovirus vector vaccine
itself or as a booster following an initial DNA prime [43].
Whether either adenovirus type 5 or other types of
adenovirus vectors will work as effective human RSV
vaccine vectors remains to be determined.

Recombinant viral vector priming followed by either a
subunit protein or a particle-based vaccine boost is regarded
as a promising RSV vaccine approach for different target
populations including infants < 6 months, 624 months
and the elderly (>65 years) [9]. However, these approaches
have inherent limitations such as anti-vector immunity and
potentially virus vector specific safety issues.

A lot of progress and expereinces have been gained in
developing many different mucosal delivery systems and
testing of non-RSV vaccine candidates in recent years to
elicit potent mucosal immune responses and protection
(Table 1). A few of these non-viral vaccination strategies
were shown to enhance mucosal, systemic antibody and T
cell responses against either mucosal infection or muco-
sally transmitted diseases [44-46]. As a heterologous
prime and boost strategy, a variety of DNA prime and
recombinant viral boost immunization platforms (e.g.
such as vaccinia virus and adenovirus vectors) have been
developed to enhance systemic immune responses. To
raise potent humoral and T cell-mediated immune
responses systemically and at mucosal surfaces, Yang
et al. developed a mucosal immunization regimen that
avoids the use of viral vectors and bacterial toxin-based
adjuvants yet induces potent immune responses both
systemically and mucosally [45]. Using hepatitis B surface
Ag (HBsAg), 7.m. vaccination of BALB/c mice with a
HBsAg-DNA vaccine prime followed by an 7.z boost
with HBsAg protein encapsulated in biologically inert
liposomes enhanced immune responses and protection,
particularly on mucosal surfaces including nasal, lung and
vaginal cavities. When an intranasal live virus challenge
with a recombinant vaccinia virus expressing HBsAg was
administered, immunized mice were completely pro-
tected without exhibiting lung pathology. This immuniz-
ation strategy was also successful in raising synergistic
immune responses systemically and mucosally in both
adult and neonatal mice [45].

Furthermore, this mucosal heterologous vaccination
strategy was successfully used to develop a HSV-2
vaccine expressing the immunogenic HSV-2 glycoprotein
D. In female BALB/c mice, this mucosal immunization
regimen synergistically stimulated high level serum
neutralizing antibodies, enhanced mucosal immune
responses and potent protective immunity in the vaginal
cavity, resulting in sterilizing immunity in 80% of mice.
Durable protection in mice was demonstrated by a 60%
survival rate, when lethal infections were performed
20 weeks after the initial immunization [44]. Currently,
this proprietary platform technology is being used to
develop a mucosal RSV vaccine.

In addition to humoral, cellular and mucosal immune
responses, the relative balance in the T helper type
response (‘Thl versus Th2) is believed to be very critical
for the safety of an RSV vaccine. The failed FI-RSV
vaccine induced an atypical Th2 response, while the
response to RSV infection in mice has been characterized
as a Thl response with subsequent production of IFN-y,
IL-2, and IgG2a [47]. Part of the role of DNA vaccine
priming in the heterologous DNA prime and protein/
liposomal protein boost regimen is to dictate the ultimate
T helper type outcome. The T helper response raised by
DNA vaccine can be determined by the type of DNA
expression vector, the form of antigen (i.e. membrane
bound versus truncated protein), and the route of admin-
istration and adjuvant. A recent study of DNA vaccines
expressing the RSV F protein and truncated F protein in
mice induced a Thl1 and a balanced Th1/Th2 response,
respectively [15]. Recent work has indicated that a sig-
nificant benefit of a DNA vaccine prime followed by a
protein boost is a dramatic improvement in the quality of
the antibody response [48-51]. It would be very interest-
ing to test if a heterologous DNA prime and liposomal
protein boost strategy [44,45] is capable of inducing RSV
antigen-specific mucosal immune responses and protec-
tion to a level higher than that of natural infection.

Conclusion

RSV infection is the leading cause of pulmonary disease
of the lower respiratory tract in infants. A safe and
effective vaccine remains elusive. The recent identifi-
cation of a new antigenic site in the stabilized prefusion F
protein conformation has proven to be very immunogenic
in raising very high neutralizing antibodies in two differ-
ent animal species. In addition, recent clinical data
suggest that the mucosal immune response, especially
nasal IgA along with neutralizing antibody activities, is
critically important to protect the upper and lower respir-
atory tracts against RSV infection. An array of novel
mucosal vaccination strategies have been developed in
recent years, some of them are directly used in RSV
vaccine development and some of them originally devel-
oped for other mucosally transmitted diseases may be
well suited as mucosal vaccination strategies for RSV. A
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new generation of safe and effective RSV vaccines may
need to include the prefusion form of the RSV F protein
in order to elicit potent and durable immune responses
and protection especially at the upper and lower respir-
atory tracts.
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