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ARTICLE INFO ABSTRACT

Keywords: Human respiratory syncytial virus (RSV) is one of the common causes of respiratory illnesses and hospitalizations
Mucosal vaccine among infants and young children worldwide, yet an effective vaccine remains unavailable. Cytokines that can
B cells activate B-cells and stimulate antibody production, such as thymic stromal lymphopoietin (TSLP), could be used
iij\'ixvant to produce robust and long-lasting mucosal responses to respiratory virus infection. TSLP cytokine is expressed
IgA by many immune and non-immune cells, for example airway epithelial cells and mediates a crucial role in
TSLP activating and maturing dendritic cells and T helper 2 cells. TSLP also promotes cytokine production from
RSV-F activated Th2 cells, such as IL-5, that enhance antibody class switching recombination to IgA, which can protect
Th2 cell against viral respiratory infections at the mucosal surfaces. This review is focused on the effect of TSLP on local

B-cell responses and IgA antibody production during respiratory viral infections. We suggest that mucosal vac-
cines could provide better protection against RSV. A novel RSV mucosal vaccine that uses TSLP as an immu-
nostimulant with the RSV Fusion protein (RSV-F) could enhance the local adaptive immune response, generating
extended lasting tissue resident memory cells and block early RSV replication, and increase viral clearance from
airways. However, additional investigations are required to determine the challenges and limitations of utilizing
TSLP cytokine as an immunostimulant combined with RSV-F as it may lead to excessive Th2 immune responses.

1. Introduction

Respiratory syncytial virus (RSV) infection is a bronchial illness that
commonly affects young children as well as infants (Harcourt et al.,
2016). However, it can also infect older adults and immunocompro-
mised individuals (Brandao-Rangel et al., 2021). Severe RSV infection
may result in life-threatening conditions such as pneumonia or bron-
chiolitis (Prill, Langley, Winn, & Gerber, 2021). RSV infections are
estimated to cause around 33 million significant cases of acute pneu-
monia in the lower respiratory tract and result in 3.2 million hospitali-
zations globally each year, and most of these cases occur in countries
with low and middle income (Li et al., 2020). Thus, infection with this
virus may lead to significant impact on the public health, emphasizing
the importance of ongoing efforts to create and improve strategies for
prevention and treatment.

RSV is a member of the Pneumoviridiae family and has two circu-
lating strains, including A and B, and both are known to cause similar
symptoms (Munoz-Escalante et al., 2019). The virus genome is negative
sense, single-stranded, non-segmented, and encloses ten genes encoding
eleven proteins, including three non-structural and eight structural
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proteins (Ramilo, Rodriguez-Fernandez, & Mejias, 2023). The viral
surface membrane comprises three structural proteins, including small
hydrophobic (SH), glycoprotein (G), and fusion (F) glycoproteins, while
internal proteins are five and exists inside the virus (Ramilo et al., 2023).
The (F) and (G) proteins have essential for virus infection as well as
pathogenesis, with the G protein sticking to host cells and targeting
ciliated cells, and the F protein initiating viral penetration and causing
cell fusion. Although SH protein not essential for infection, it can
sometimes cause syncytia to form late in the infection (Ramilo et al.,
2023).

The primary neutralizing antibody against the F protein, which can
allow viral fusion with respiratory cells, but RSV, can alter it to evade
neutralization. The G protein targets ciliated cells and subtype classifi-
cation varies accordingly (Capella et al., 2017). Therefore, both these
viral proteins can be targeted for development of novel vaccines as well
as monoclonal antibodies. Although RSV has been studied for many
years, there are still no licensed vaccines available yet. Conventional
vaccine approaches, such as live attenuated, subunit, or inactivated
vaccines, have failed to provide significant protection against RSV,
because the virus has the capacity to avoid being detected by the host
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immunity (Soto et al., 2020). Therefore, one potential strategy for
developing a vaccine against RSV is the use of mucosal adjuvants
(Lavelle & Ward, 2022). Mucosal adjuvants have been found to increase
the immune response to RSV antigens when delivered via mucosal
routes such as intranasal or oral delivery (Lavelle & Ward, 2022).
Mucosal adjuvants can stimulate the immune system at mucosal sur-
faces, which are the primary sites of pathogen entry and replication
(Stevceva & Ferrari, 2005). Mucosal adjuvants have the potential to
induce systemic and mucosal immunity, providing better protection
against RSV infection (Stevceva & Ferrari, 2005). One of the main ob-
stacles in creating an effective RSV vaccine is identifying an appropriate
adjuvant that can improve the immune response to the vaccine antigen.
Cytokines that stimulate B cell responses and antibody production are
potential vaccine adjuvants that could improve vaccine efficacy. TSLP
cytokine is expressed by several of cells and tissues cells, including
airways in the lungs and mediates its biological functions after binding
to its receptor, TSLP-R (Ebina-Shibuya & Leonard, 2023).

This review summarizes current insights into mucosal adjuvants for
RSV vaccines, with a focus on the role of TSLP as an adjuvant in RSV-F-
based vaccine development. Recent studies conducted in this field will
be highlighted and considered to assess the potential of TSLP as an
effective adjuvant in RSV vaccine development.

2. RSV infection and host immune response

RSV primarily infects epithelial cells of the airways, and in response,
the host immunity activates pattern recognition receptors (PRRs), for
instance, Toll-like receptors (TLRs), to identify and respond to viral
pathogens (Ouyang et al., 2022). Recent study has shown TLRs are
essential for establishing protective host immune responses against RSV
(Alshaghdali, Saeed, Kamal, & Saeed, 2021). Airway epithelial cells
express both TLR-4 and TLR-3, which recognize RSV infection and
activate the innate immune response. TLR-4 is presented normally on
the surface of the epithelial cells in the airways and has been shown to
recognize fusion protein of RSV (Yuan et al., 2018).

In addition, TLR-3 recognizes certain viral mediators such as double-
stranded RNA (dsRNA) during RSV replication. Activation of TLR-3 and
TLR-4 triggers signalling pathways, leading to the release of inflam-
matory mediators and type-I interferers (IFN), particularly IFN-B and
IFN-a, with infected host cells, and the release of IFN-p can act as an
antiviral drug and prevent RSV replication and facilitate clear virus. In
contrast, IFN- deficiency leads to an inflammatory response, resulting
in lung damage in human and mouse models of infection (Alshaghdali
et al., 2021; Hijano et al., 2018). However, RSV has the ability to
modulate the host immune system, and evade immune response
(Ouyang et al., 2022).

Understanding the interaction between RSV, airway epithelial cells,
TLRs, and IFN-f is therefore essential for devising effective treatments
and vaccines against RSV infection (Ouyang et al., 2022). Furthermore,
current studies have established that TLR2/TLR6 and TLR7 are impli-
cated in RSV identification and consequent innate immune activation.
(Alshaghdali et al., 2021; Klouwenberg, Tan, Werkman, van Bleek, &
Coenjaerts, 2009).Therefore, TLRs have an essential function in initia-
tion the early host innate immune response to RSV infection, and
additional investigations are necessary to define the precise mechanism
of TLRs in RSV recognition and subsequent initiation of the natural
immune response. In addition, administering IFN-a to high-risk infants
who have not been exposed to RSV can reduce lung injury and enhance
virus elimination. However, RSV has mechanisms that avoid the im-
mune system, such as NS1 and G proteins that impede the type- I IFN
response (Tognarelli, Bueno, & Gonzdlez, 2019). Therefore, an effective
RSV vaccine candidate should elicit a strong type I IFN response.
Overall, early detection and recognition of RSV by the host innate im-
mune response is an essential for determining the expansion of adaptive
immune responses (Sun & Lopez, 2017).

The cellular adaptive immunity, which includes T cells (CD4
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andCD8) and specific antibodies (IgG and secretory IgA), is necessary to
control RSV infection and protect against re-infection (Lambert, Sagfors,
Openshaw, & Culley, 2014; Russell, Unger, Walton, & Schwarze, 2017).
However, most adults fail to achieve sufficient antibody titres for pro-
tection against RSV, which permits the virus to infect again and succeed
(Lambert et al., 2014). The cause of this incomplete immunity is not yet
clear, but it is likely a result of inadequate and persistence of humoral
and cellular immune responses (Openshaw & Chiu, 2013). Therefore,
improved understanding of RSV immunology is essential for effective
vaccine design. In addition, CD8 T cells are crucial in clearing RSV
infection, and studies in mice show that CD8 memory T cells can protect
against reinfection (Graham, Bunton, Wright, & Karzon, 1991; Schmidt
et al., 2018). However, natural RSV infection prompts low CD8 T cells
levels, so a vaccine that stimulate a Th-1mediated immune response and
generates memory CD8 T cells would be beneficial (Bueno et al., 2008;
Cautivo et al., 2010; Céspedes et al., 2017). In addition, the precise role
of CD4 T cells during RSV infection remains debatable since they can
either trigger immunopathology or provide protection in mouse models.
Thus, to create an effective vaccine, it is important to promote both(CD8
and CD4) T cells by inducing a Th-1 immune response to foster pro-
tective immunity against RSV(Soto et al., 2020). Overall, the develop-
ment of potent RSV is challenging. Thus, a deeper comprehension of
how the host response react to RSV infection can help us to identify the
crucial elements of the immune response that need to be targeted by
mucosal adjuvants.

3. Current vaccines against RSV

Although there have been attempts since the 1960 s to create a safe
and reliable RSV vaccine, it has not been successfully achieved yet. One
such attempt was the formalin-inactivated RSV (FI-RSV) vaccine, which
has been examined on infants around fifty years ago, which caused some
complication and deaths upon following exposure to natural RSV
infection (Kapikian, Mitchell, Chanock, Shvedoff, & Stewart, 1969).
Those who received the FI-RSV vaccine showed reduced levels of
neutralizing antibodies after spontaneous infection. This could be
because formalin inactivation causes alterations in the protein process-
ing of the RSV surface glycoproteins, including (F and G). Consequently,
the resulting antibody response was mostly nonfunctional and did not
offer neutralization(Murphy et al., 1986). Nowadays, there are no active
therapies to cure an RSV infection. Nevertheless, administration of
monoclonal antibody (Palivizumab) that particularly interacts with the
F protein of the RSV can possibly prevent severe disease and lower
respiratory tract infections during the RSV season. However, its use is
not advised for healthy infants and does not prevent upper respiratory
system infections (Anderson et al., 2013; Blanken et al., 2013).

Several vaccines have been generated to produce neutralizing anti-
bodies in at-risk groups, including pregnant women, to prevent early
RSV infections by transferring maternal antibodies. However, these
vaccines can provide only short immunity. In contrast, intranasal vac-
cines can generate significant quantities of IgA neutralizing antibodies,
which has an important role in providing protecting against RSV in-
fections. Intranasal vaccines are therefore a potential alternative
approach to the existing vaccines (Ascough et al., 2019; Hijano et al.,
2018; J.-Y. Lee & Chang, 2017; Salisch et al., 2019; Yang & Varga,
2014).

Furthermore, mucosal immunity plays a crucial role in protecting
mucosal surfaces that are susceptible to inhaled pathogens and since
numerous microbes, for example RSV, penetrate via mucosal mem-
branes, it is imperative to develop vaccines that can protect these
vulnerable entry points (Alturaiki, 2022a; Lycke, 2012). Thus, for
effective mucosal immune responses, it is necessary to employ suitable
methods of administration, along with specific adjuvants and delivery
systems. Mucosal vaccination can trigger a better immune protection at
mucosal sites than parenteral immunization. Among the various
methods of administering vaccines to mucosal surfaces, the most
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efficient delivery method is intranasal, as it can elicit pro powerful and
comprehensive immune responses at various mucosal sites, surpassing
alternative routes of administration (Holmgren & Czerkinsky, 2005;
Rose, Zielen, & Baumann, 2012).

Recurring RSV infections can be caused by insufficient levels of nasal
mucosa-specific IgA antibodies(Walsh & Falsey, 2004). The vaccine
must induce IgA antibodies in the respiratory mucosa to avert RSV
infection (Yang & Varga, 2014). Administering the vaccine through the
nasal route is more easily accepted and safer, particularly for children
(Lavelle & Ward, 2022). A recent study testing a potential vaccine for
RSV, which is not yet approved and is under phase three clinical trial
(registration number: NCT04908683), demonstrated that the Ad26.RSV.
preF vaccine, which encodes the RSV F, reduced RSV infections by
approximately 40 % compared to the control after four weeks of injec-
tion(Sadoff et al., 2022).

Moreover, the mRNA vaccine platform has demonstrated effective
protection against SARS-CoV-2 (Toutoudaki, Dimakakou, & Androut-
sakos, 2023). Currently, a phase III clinical trial (NCT05127434) is un-
derway for an mRNA vaccine that encodes for RSV-F glycoprotein. Both
vaccine candidates primarily stimulate systemic immunity and are
administered intramuscularly, with repeated immunizations resulting in
low to modest levels of adaptive immunity in the mucosal membranes
(Salisch et al., 2019). However, the mucosal vaccination using the
Adenovirus and Modified Vaccinia Ankara RSV vector has shown
promising results in inducing strong cellular and mucosal immune re-
sponses against RSV, particularly against the F protein, and this can
protect mice from lethal infection caused by RSV (Pierantoni et al.,
2015). These findings propose that such a vaccine could potentially be
developed for use in humans to prevent RSV infection.

Furthermore, a recent study has revealed that the Ad-RSVF vaccine,
which encodes the fusion protein and uses a molecular adjuvant
adenovirus serotype 5, is safe, immunogenic, and induces robust specific
antibodies capable of neutralizing the virus. This provides effective
immunity protection against RSV when administered through various
methods, including orally, intranasally, or intramuscularly in cotton
rats, as compared to the FI-RSV vaccine. The study suggests that the Ad-
RSVF vaccine has the potential to become a more effective and safer
vaccine against RSV (Joyce et al., 2018).

Furthermore, studies have revealed that delivering mucosal vaccines
is crucial for the development of respiratory tissue-resident memory T
cells (Lapuente et al., 2018; Zens, Chen, & Farber, 2016).Therefore,
mucosal vaccines that elicit both local and systemic immunity can
provide protective mucosal immunity against respiratory viral in-
fections. Additionally, a recent study, utilized adenoviral vector that
codes for the RSV fusion protein along with genetic adjuvant encoding
for Interleukin (IL)-1f, showed that, the vaccine has led to elevated high
specific IgA mucosal against F protein of RSV as well as generation of
extended lasting tissue-resident memory T cells (TRM), which effec-
tively controlled viral load and reduced lung damage (Maier et al.,
2022). This suggests that the vaccine can stimulate both mucosal im-
mune responses and systemic immunity.

4. Expression of the TSLP cytokine and its receptor TSLP-R

TSLP is one member cytokine of the IL-2 family and has a structure
that is composed of four different —helical bundles. It was discovered in
1994 in the culture supernatant of a mouse thymic stromal cell line, and
was found to enhance the expansion and maturation of immature B cells
(Levin et al., 1999). TSLP is secreted by various cells, including airways
epithelial, smooth muscle, fibroblast, mast, dendritic, T cells, B cells,
granulocyte, skin, gastrointestinal tract, and macrophage/monocyte
cells (Alturaiki, 2022b; Kurihara, Kabata, Irie, & Fukunaga, 2023;
Mitchell & O’Byrne, 2017; Pandey et al., 2000; Verstraete et al., 2017).

Furthermore, TSLP expression has been reported in other diseases
such as autoimmune disorders, allergic diseases as well as cancer
(Matera, Rogliani, Calzetta, & Cazzola, 2020; Varricchi et al., 2018)
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TSLP can induce naive CD4 + T lymphocytes to differentiate into type 2
cells, that produce cytokines, including IL-4, IL-5, IL-13, and decrease
IFN-y expression related to type 1 cells (Mitchell & O’Byrne, 2017;
Verstraete et al., 2017). Moreover, TSLP expression is regulated by cy-
tokines, including TNF-a and IL-1p (H.-C. Lee & Ziegler, 2007), as well as
proteases such as tryptase and papain (Kouzaki, O’Grady, Lawrence, &
Kita, 2009). TSLP expression can also be stimulated by microbial
infection in the lungs, including viral, bacterial and fungal infections
(Han et al., 2017; Vu et al., 2010), as well as environment factors
such cigarette smoke (Nakamura et al., 2008), allergens (Zhou et al.,
2005), and mechanical injury (Oyoshi, Larson, Ziegler, & Geha, 2010).
Furthermore, TSLP exert its biological activity after binding to a double-
chain receptor, IL-7Ra and TSLPR. TSLPR on its own has weak binding
affinity for TSLP, but when TSLPR binds with IL-7Raq, it generates a high
attraction site and initiates signalling (He & Geha, 2010; Ziegler et al.,
2013).

5. Role of the TSLP cytokine in B cell response and antibody
production

The initial studies have suggested that TSLP cytokine has an impact
on B cells lymphopoiesis, and abnormal expression of TSLP can have an
important consequence on B cells (Levin et al., 1999; Ziegler et al.,
2013). Moreover, TSLP has been shown to activate B cells in the spleens
of mice (Iseki et al., 2012). TSLP can directly induce activation and
proliferation of T cells, enhance production of Th2 cytokines, and sup-
port B-cell activation, expansion and antibody production (Domeier,
Rahman, & Ziegler, 2023; Kim, Jin, Nam, & Park, 2011). Furthermore,
TSLP can enhance and promote the differentiation of pro-B cells and pre-
B cells (Scheeren et al., 2010). Therefore, TSLP is vital for B cell response
and antibody production as it stimulates B-cell expansion and differen-
tiation. Moreover, recent study has also established that TSLP can
induce the activation and differentiation of T follicular cells (TFH) as
well as germinal centre (GC) response, suggestion that TSLP could be a
useful adjuvant for activation and differentiation of TFH cells as well as
humoral response in antibody production (Marschall et al., 2021). In
addition, TSLP is expressed by tonsil follicular dendritic cells and plays
an important role in IgA class switching, leading to increased levels of
IgA in the serum, which may be related to the development of IgA ne-
phropathy, a kidney disease characterized by the deposition of IgA in the
glomeruli of the kidney (Meng et al., 2016). Furthermore, the active and
well-controlled GC response is essential for generating efficient and
long-lived antibodies, and TSLP has a significant role in regulating this
activity, and deletion of TSLP-r has resulted in distinct antibody pro-
duction and memory cells (Domeier et al., 2023). Finally, TSLP plays an
essential role in antibody class-switching recombination in humans (Xu
et al., 2007). Overall, TSLP has been shown to have a major impact on
the development as well as on the production and regulation of
antibodies.

6. TSLP cytokine as potential mucosal vaccine adjuvant

To prevent pulmonary microbial infections, there is a serious
requirement for the development of novel mucosal vaccines and adju-
vants. Therefore, mucosal vaccines are considered ideal for preventing
pathogens invading through mucosal sites. Secretory IgA (SIgA) anti-
bodies are responsible for to provide immune protection at the mucosal
surfaces (Cerutti, 2008). Thus, designing effective mucosal vaccines, it is
crucial to develop strategy to that stimulates SIgA responses specific to
the antigen. However, the mechanisms that trigger and sustain immune
responses in mucosal tissues, especially in the respiratory tracts after
mucosal vaccination, are not yet completely known.

One possible alternative method for inducing strong and lasting
mucosal responses to respiratory viral infection involves using certain
cytokines that are associated with B-cells, such as TSLP (Cerutti, Chen, &
Chorny, 2011). Earlier study has shown that TSLP could be a beneficial
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Fig. 1. Role of TSLP during RSV- infected epithelial cells and enhanced production of IgA antibody. Upon RSV infection, innate immune sensors expressed on
the airway epithelial cells and endoplasmic reticulum, such as TLR-3 and TLR-4, can identify RSV through viral nucleic acids and the RSV-F surface protein,
respectively. This recognition leads to the releasing of Interferon beta (IFN-p), which clears the virus and stimulates the antiviral process in nearby cells. Furthermore,
RSV-infected airway epithelial cells trigger the expression of TSLP, which can activate dendritic cells and enhance antigenic viral peptide presentation to Th2 cells
and enhanced production of IL-5 cytokine, which plays an essential role in activating antibody class switching to IgA in the lungs and increasing protective immunity
against RSV. Therefore, TSLP cytokine may serve as an effective vaccine adjuvant when combined with RSV-F protein, as it can promote IgA class switching,
stimulate antibody production in mucosal tissues, and generate long-lasting tissue resident memory B cells.

adjuvant for enhanced the efficiency of Bacillus Calmette-Guerin vac-
cine ( BCG), as it can lead to activation of DCs and expansion of cytotoxic
T cell (CD8) (Sugimoto et al., 2010). In addition, a study conducted in
mice using TSLP as vaccine adjuvant against HIV, has demonstrated that
can stimulate robust local cellular and specific antibody responses in
both the serum and mucosa, which can last for long time (Van Roey,
Arias, Tregoning, Rowe, & Shattock, 2012). Besides, a recent study
indicated that the levels of TSLP and its receptor (TSLP-R) were
increased in mucosal dendritic cells (DCs) of mice that received nasal
immunization with CT (cholera toxin) and pneumococcal surface pro-
tein A, and mice lack of TSLP-R gene the specific IgA response was
significantly decreased (Joo et al., 2017), suggesting that TSLP and its
receptor play a major role in the adjuvant effect of CT for mucosal im-
munity and highlights the importance of TSLP-TSLP-R signaling in the
production of IgA.

Additionally, a recent study has shown that TSLP can act as a strong
adjuvant of IFN-)A in mice vaccinated against influenza; TSLP has the
ability to induce activation and migration of the DCs from the lungs to
the nearest lymph nodes and prompt activation of the germinal center,
which leads to the production of specific neutralizing antibodies,
including IgG and IgA against influenza. However, this vaccine-
enhancing activity was not observed in TSLPr-/- mice, indicating that
the existence of endogenous TSLP signaling is critical in determining the
immune-enhancing effect of IFN-A(Ye et al., 2019). Although the TSLP
cytokine has been shown to support the airway immune response, it has
also been shown to enhance the excessive expression of TH-2 cytokines,
such as IgE, which can facilitate to the progression of allergy disorders,
such as asthma (de Lima et al., 2023).

From the above mentioned, it is evident that TSLP has a significant
role in providing and enhancing local immune response following pul-
monary infection. Therefore, we can suggest that TSLP can be used as a
mucosal adjuvant vaccine combined with RSV-F protein, which may
induce robust local immune cells and enhance the formation of tissue-
resident cells (Fig. 1). However, the importance of TSLP/TSLP-r and
its potential role in the worsening allergy disorders following respiratory
viral infection require more research to be defined.

7. Conclusion and future perspectives

As RSV primarily affects the respiratory mucosa, mucosal vaccine
adjuvants are crucial in preventing RSV infection. At mucosal surfaces, a
secretory IgA antibody has an essential role in providing protection
against pulmonary infectious agents. An alternative approach to
inducing long-lasting mucosal responses and combating respiratory viral
infections is using B-cell-associated cytokines, such as TSLP. Combining
TSLP cytokines with RSV-F could enhance vaccine efficacy against RSV
and serve as novel mucosal adjuvants. However, there are several lim-
itations and challenges to address while using TSLP as a vaccine adju-
vant, such as the risk of excessive Th2 responses and allergic reactions.
The optimal formulation, dose, and administration route of TSLP as an
adjuvant remain undetermined. Therefore, further research is necessary
to define TSLP’s exact role and receptors, including its safe utilization as
a vaccine. Future studies should investigate TSLP’s synergistic effects
with other adjuvants to improve vaccine efficacy and explore cellular
and molecular pathways involved in immune responses to RSV to pro-
mote rational vaccine design. Ongoing research in this field is critical to
developing efficient and safe vaccines, thereby preventing RSV spread
among high-risk populations.
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