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The Flaviviridae are a family of positive-sense, single-stranded RNA enveloped viruses, and their members belong to a single genus, Flavivirus. Flaviviruses are found in mosquitoes and ticks; they are etiological agents of: dengue fever, Japanese encephalitis, West Nile virus infection, Zika virus infection, tick-borne encephalitis, and yellow fever, among others. Only a few flavivirus vaccines have been licensed for use in humans: yellow fever, dengue fever, Japanese encephalitis, tick-borne encephalitis, and Kyasanur forest disease. However, improvement is necessary in vaccination strategies and in understanding of the immunological mechanisms involved either in the infection or after vaccination. This is especially important in dengue, due to the immunological complexity of its four serotypes, cross-reactive responses, antibody-dependent enhancement, and immunological interference. In this context, mucosal vaccines represent a promising alternative against flaviviruses. Mucosal vaccination has several advantages, as inducing long-term protective immunity in both mucosal and parenteral tissues. It constitutes a friendly route of antigen administration because it is needle-free and allows for a variety of antigen delivery systems. This has promoted the development of several ways to stimulate immunity through the direct administration of antigens (e.g., inactivated virus, attenuated virus, subunits, and DNA), non-replicating vectors (e.g., nanoparticles, liposomes, bacterial ghosts, and defective-replication viral vectors), and replicating vectors (e.g., Salmonella enterica, Lactococcus lactis, Saccharomyces cerevisiae, and viral vectors). Because of these characteristics, mucosal vaccination has been explored for immunoprophylaxis against pathogens that enter the host through mucosae or parenteral areas. It is suitable against flaviviruses because this type of immunization can stimulate the parenteral responses required after bites from flavivirus-infected insects. This review focuses on the advantages of mucosal vaccine candidates against the most relevant flaviviruses in either humans or animals, providing supporting data on the feasibility of this administration route for future clinical trials.
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1. Introduction


1.1 Flavivirus Overview

The genus Flavivirus of the family Flaviviridae consists of over 70 small (~50-nm diameter), positive-sense, single-stranded RNA enveloped viruses of which at least 33 are known to infect humans.

The genus includes Dengue virus (DENV), Japanese Encephalitis virus (JEV), West Nile virus (WNV), Zika virus (ZIKV), Tick-borne Encephalitis virus (TBEV), Yellow Fever virus (YFV), Kyasanur Forest disease (KFD), Duck Tembusu virus (DTMUV), and Louping ill virus (LIV), which cause significant diseases worldwide (Lindenbach and Rice, 2003; Medin and Rothman, 2017). The clinical conditions present during human flavivirus infection can include hemorrhagic syndromes, neurological disorders, congenital malformations, and fetal death, although most symptomatic flavivirus infections result in self-limiting flu-like febrile illness (Medin and Rothman, 2017; Pierson and Diamond, 2020). Most of the known flaviviruses are transmitted to vertebrates by infected hematophagous mosquitoes or ticks (Blitvich and Firth, 2017).

Flaviviruses share a common genomic organization, polyprotein processing, and particle structure, although they differ in the natural host, cellular tropism, and transmission cycles (Kuno et al., 1998; Billoir et al., 2000; Gaunt et al., 2001; Kuno, 2007; Gould and Solomon, 2008; Blitvich and Firth, 2015). The flavivirus genome (approximately 11 Kb) codifies a single polyprotein cleaved by both viral and host proteases into ten viral proteins. Three structural proteins, a capsid (C), a pre-membrane (PrM), and an envelope (E), mediate virus attachment and entry; while seven nonstructural (NS) proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) are involved in viral genome replication and the assembly of new viral particles (Lindenbach and Rice, 2003). Most flaviviruses exist as a single serotype, except for the DENV group, composed of four closely related serotypes known as DENV1-4. Their amino acid sequences share a similarity of 65–70% within the E protein (Green and Rothman, 2006).

There are no currently approved therapeutic antivirals for the treatment of human flavivirus infection (Holbrook, 2017). Vector control is effective for limiting flavivirus diseases, yet there are substantial limitations for its use (Shaw and Catteruccia, 2019). Vaccination is the most useful approach to reducing the burden of human disease caused by flavivirus. Nonetheless, only five flavivirus vaccines (DENV, YFV, JEV, TBEV, and KFDV) are licensed for human use (Gould and Solomon, 2008; Ishikawa et al., 2014; Collins and Metz, 2017; Shah et al., 2018).



1.2 DENV

Dengue, transmitted to humans by infected Aedes mosquitoes, remains the most important arthropod-borne viral disease worldwide (Bhatt et al., 2013; Brady and Hay, 2020). Infections by DENV are a significant cause of morbidity, mortality, and economic impact in more than 100 tropical and subtropical countries. It is estimated that 2.5 billion people are at risk of infection with limited prevention options (Bhatt et al., 2013), while approximately 390 million infections and 21,000 deaths occurs annually, mostly among children (Thomas and Endy, 2011; Bhatt et al., 2013). The existence and cocirculation of multiple DENV serotypes allow the same individual to experience more than one infection in a lifetime. The spectrum of the disease ranges from subclinical infection and self-limited dengue fever to life-threatening dengue hemorrhagic fever and dengue shock syndrome (Guzman and Kouri, 2003). A recent classification according to the severity defines dengue infection as dengue without warning signs, dengue with warning signs, and severe dengue (Hadinegoro, 2012). The infection with any DENV serotype elicits lifelong homotypic immunity and temporary cross immunity against the other serotypes; however, secondary infections increase the probability of severe dengue disease (Sabin, 1952; Guzman et al., 2013).



1.3 JEV

Over 4 billion people in Asia are vulnerable to infection by JEV, the major cause of viral encephalitis (Yun and Lee, 2014). Infected Culex mosquitoes are the principal JEV vector. The virus is a single serotype with five genotypes (Mackenzie et al., 2004), while the infection may present as asymptomatic or symptomatic, with meningitis, encephalitis, and flaccid paralysis, affecting mostly infants and children (Solomon and Vaughn, 2002). There are approximately 68,000 cases annually, with a 20–30% mortality rate, and 30–50% of the survivors suffer long-term neurological and psychiatric sequelae (Moore, 2021).



1.4 WNV

First isolated from a febrile woman in the West Nile district of Uganda in 1937, WNV is currently the most widespread arbovirus. It is found in many areas of Africa, West Asia, the Middle East, Europe, Australia, and North America (May et al., 2011). Transmission to humans occurs mainly by infected Culex mosquitoes and person-to-person through organ transplantation or blood and blood product transfusion (Mackenzie et al., 2004). While most people infected with WNV have mild or no symptoms, some present West Nile fever (20%) and less than 1% develop severe neurological disease. Severe disease is rare in infants and children, and severe encephalitis and death occur most commonly in the elderly (Sejvar, 2014).



1.5 ZIKV

ZIKV, the virus most closely related to DENV, is a re-emerging arthropod-borne flavivirus that circulates in the same geographic areas as DENV (Ngono and Shresta, 2018). It is commonly transmitted to humans by infected Aedes mosquitoes, although mother to fetus during pregnancy and sexual contact transmissions have been reported. ZIKV was first isolated from a rhesus monkey in Uganda in 1947 and humans in 1952, yet it gained global attention recently after outbreaks reported in the Yap Islands State, Federated States of Micronesia (2007), French Polynesia (2013), and Brazil (2015) (Duffy et al., 2009; Lowe et al., 2018; Musso et al., 2018). Most of the people infected with ZIKV experience an asymptomatic or self-limiting disease; still, the virus may cause neurological disorders and congenital malformations (Lowe et al., 2018).



1.6 TBEV

Endemic in Europe and Asia, TBEV produces more than 10,000 infections every year. The virus is transmitted to humans through the saliva of infected Ixodes ticks. Three closely related groups of TBEV (European, Siberian, and Far Eastern) cause infections that can range from asymptomatic and mild conditions to severe neurological disease and death (Mansfield et al., 2009).



1.7 YFV

Yellow Fever (YF) remains endemic in more than 45 countries located in Africa, Central, and South America, with an estimate of 200,000 severe cases and 60,000 deaths every year despite an effective vaccine (Chen and Wilson, 2020). Spread by infected Aedes mosquitoes, YFV mainly affects humans and nonhuman primates. The clinical presentation of YF varies from asymptomatic to febrile illness that may result in hepatitis, renal failure, hemorrhage, and shock (Gardner and Ryman, 2010).



1.8 KFDV

Kyasanur Forest disease (KFD) is a viral hemorrhagic disease caused by KFDV. The virus was first identified and isolated from a sick monkey from the Kyasanur Forest in the Shimoga district, Karnataka, India, in 1957 (Work, 1958). The virus is transmitted to humans through the bite of infected Haemaphysalis spinigera ticks and affects 400–500 humans per year. It causes severe hemorrhagic fever with neurological manifestations, with a fatality rate of 3–10% (Shah et al., 2018).



1.9 DTMUV

An emerging pathogenic flavivirus named duck Tembusu virus (DTMUV), transmitted by mosquitoes, caused a major outbreak in Chinese duck farms in 2010 (Su et al., 2011). Although DTMUV does not cause disease in humans, antibodies against DTMUV were detected in serum samples of duck industry workers. The infection results in severe egg-drop production and neurological disorders with high morbidity and mortality (Tang et al., 2013).



1.10 LIV

A flavivirus found almost exclusively in Great Britain, LIV primarily affects sheep. It is transmitted to humans by Ixodes ricinus ticks, causing an asymptomatic disease that rarely results in a severe neurological condition. To date, only one fatal case has been reported in humans (Jeffries et al., 2014).

Better vaccines must be developed due to the epidemiological relevance and the biological differences between flaviviruses (e.g., complexity and pathological outcomes), along with the insufficient vector control to manage the diseases they cause. In this work, we first review the immunological aspects to consider before developing vaccines; then, we present a summary of the licensed and relevant flavivirus vaccines which are or have been in clinical trials. Finally, we review the advantages of mucosal immunization and the current state of the art of the different flavivirus vaccine platforms using a mucosal route. This work aims to provide the elements of judgment to evaluate the feasibility of mucosal vaccination against human or animal flaviviruses.




2. Immune Response to Flavivirus Infections

The human immune responses, both innate and adaptive, induced by flaviviruses are mostly protective against disease and essential to virus clearance. Most of the infections result in subclinical or self-limiting flu-like febrile illness.

The innate immune system provides the first line of defense against flaviviruses. Since most flaviviruses infect humans via an insect bite in the skin, dendritic cells (DC) located in the skin are usually the first immune cells to interact with these viruses (Diamond, 2003). Pattern recognition receptors as toll-like receptors (TLR3 and TLR7) and retinoic acid-inducible gene I (RIG-I)-like receptors, such as melanoma differentiation-associated gene 5 (MDA5), RIG-I, and cyclic GMP-AMP synthase (cGAS), play key roles in sensing viral RNA, which is a central mechanism of the innate immune response. Effective RNA recognition is crucial for triggering the appropriate antiviral response, which includes the synthesis and secretion of type-I and II interferons (IFNs) that promote an antiviral state and contribute to flavivirus clearance (Chang et al., 2006; Fredericksen et al., 2008; Nasirudeen et al., 2011; Chazal et al., 2018).

On the other hand, the innate immune response helps to establish adaptive immunity, which contributes to the resolution of the infection and protects from reinfection with the same flavivirus. Conversely, the pre-existing immunity to a specific flavivirus (which is cross-reactive among flaviviruses) can influence the clinical outcome in a subsequent heterologous flavivirus infection with possible immunopathological activity (Slon Campos et al., 2018; Sanchez Vargas et al., 2020). This phenomenon is described as follows.


2.1 Flavivirus Cross-Reactive Antibody Responses

Antibodies are a critical part of the adaptive immune response against infecting flaviviruses. The primary mechanism of protection against flavivirus is through the neutralization of their particles by antibodies that limit the infection spread (Rey et al., 2018; Slon Campos et al., 2018). In addition, anti-flavivirus antibodies can contribute to viral clearance by Fc-mediated mechanisms, such as antibody-dependent cellular cytotoxicity (ADCC), antibody-dependent cellular phagocytosis (ADCP), and antibody-dependent complement deposition (ADCD) (Kurane et al., 1984; Laoprasopwattana et al., 2007; Sanchez Vargas et al., 2021).

The antibodies are predominantly directed to the E, PrM, and NS1 proteins (Rey et al., 2018). The E protein is the main target of neutralizing antibodies in flavivirus infections. These antibodies inhibit the attachment to the cellular receptors, entry into the host cells, or the viral replication (Pierson et al., 2008; Dowd and Pierson, 2011). Anti-PrM antibodies are highly cross-reactive but poorly neutralizing, whereas anti-NS1 antibodies elicit host protection via ADCC and ADCD (Dejnirattisai et al., 2010; Slon Campos et al., 2018; Reyes-Sandoval and Ludert, 2019; Sanchez Vargas et al., 2021).

The antibody response to flavivirus is type-specific and cross-reactive (Rathore and St John, 2020). An example of cross protection between flaviviruses occurs with DENV and ZIKV, which share a high degree of homology. Antibodies from a previous DENV infection protect against a symptomatic ZIKV infection (Montecillo-Aguado et al., 2019; Rodriguez-Barraquer et al., 2019). However, antibodies from a prior ZIKV infection enhance DENV infections via antibody-dependent enhancement (ADE) (Dejnirattisai et al., 2016; Stettler et al., 2016; Katzelnick et al., 2020a; Katzelnick et al., 2020b). The ADE hypothesis suggests that cross-reacting and poorly neutralizing antibodies or neutralizing antibodies at sub-neutralizing concentrations from a previous flavivirus infection potentially exacerbate the disease with the same flavivirus or a related one (OhAinle et al., 2011; Dejnirattisai et al., 2016; Rey et al., 2018).



2.2 Flavivirus Cross-Reactive T cell Responses

Both CD4+ and CD8+ T cells contribute to the eradication of virally infected cells during a flavivirus infection (Slon Campos et al., 2018). Subsets of CD4+ T cells are known to promote the elimination of the virus by cooperating with CD8+ T cells. They produce antiviral cytokines and help B cells to produce antibodies. It was recently found that some CD4+ T cell subtypes could lyse infected cells, preventing the spread of infection (Weiskopf et al., 2015; Saron et al., 2018; Sanchez-Vargas and Mathew, 2019). Flavivirus-specific CD8+ T cells mainly respond by killing infected target cells through different mechanisms as perforin and granzymes, Fas–Fas ligand, and TNF-related apoptosis-inducing ligand (TRAIL) interactions. Additionally, anti-viral cytokine production, mostly IFN-γ and tumor necrosis factor α (TNF-α), has been documented (Hatch et al., 2011; Weiskopf et al., 2013).

The responses of CD4+ and CD8+ T cells against peptides in structural and non-structural flavivirus proteins tend to be highly cross-reactive against flaviviruses (Rivino et al., 2013; Schwaiger et al., 2014; Turtle et al., 2016; Koblischke et al., 2017; Reynolds et al., 2018). Closely related to each other, DENV and ZIKV share approximately 55% of their amino acid sequence identity (Ngono and Shresta, 2018). There are differences in immunodominance across flaviviruses; for example, ZIKV structural proteins (E, PrM, and C) are major targets of CD4+ and CD8+ T cell responses, whereas DENV T cell epitopes are found primarily in nonstructural proteins (Grifoni et al., 2017). The specificity of T cells could be altered in sequential flavivirus infections (Grifoni et al., 2017; Saron et al., 2018). DENV and ZIKA virus-specific T cell responses are highly cross-reactive against each other (Wen et al., 2017).

In addition to protection, cross-reactive memory T cells can have pathological consequences during reactivation, depending on the context. Cross-reactive memory T cells from a prior flavivirus infection dominate the response to the subsequent infecting heterologous flavivirus. The response tends to be less effective, with suboptimal degranulation and reduced cytolytic activity, but high in inflammatory cytokine production leading to a cytokine storm (Klenerman and Zinkernagel, 1998; Mongkolsapaya et al., 2003; Mangada and Rothman, 2005; Dong et al., 2007; Reynolds et al., 2018). As a result, T cells can promote immunopathology, increasing the risk for severe disease in a second flavivirus exposure (Mangada et al., 2002; Mongkolsapaya et al., 2003; Sanchez-Vargas et al., 2021).




3. Flavivirus Vaccines, Licensed or in Clinical Trials

According to the World Health Organization, manufacturers must develop vaccines that “are effective in preventing or reducing the severity of infectious disease; provide durable, long-term protection against the disease; achieve immunity with a minimal number of doses; provide the maximum number of antigens that confer the broadest protection against infection; cause no or mild adverse events; are stable at extremes of storage conditions over a prolonged period of time; are available for general use through mass production; are affordable to populations at risk for infectious disease.” (World Health Organization, 2013)

Currently, flavivirus infections have a significant impact on public health. In the absence of specific and effective antiviral treatments, vaccination and the control of vectors remain critical tools when controlling and preventing flavivirus infections. However, the development of vaccines against these agents faces important challenges as the pre-existing immunity to flaviviruses in endemic regions could provide cross-protection or drastically increase heterologous flavivirus infections (Rey et al., 2018). Several platforms have been tested to generate suitable flaviviruses vaccine candidates (Fischer et al., 2020). According to the type of agent used to activate the immune system, they are classified in inactivated, live attenuated, subunit, and recent platforms (World Health Organization, 2013; Pollard and Bijker, 2021). The dates of licensing and initiation of clinical trials are shown in the timelines in Figure 1 and Supplementary Table 1.




Figure 1 | Timeline of licensed flavivirus vaccines and most representative candidate vaccines in clinical trials. The figure is divided into two sections, the upper one (in orange) shows the licensed vaccines and the lower one (in brown) depicts the vaccines in clinical trials. The different platforms employed for the developments are shown in specific colors per label. Each label contains a first or second line with the name of the licensed vaccine or the development, and the last one represents the virus against which the vaccine was designed. The color code is located in the lower section, the left side. The year shown is the licensing date or beginning of the clinical trial. The most representative vaccines under clinical trials were obtained at: https://clinicaltrials.gov/. The keywords used were flavivirus and vaccines.



According to the Center for Disease Dynamics, Economics & Policy, seven major emerging and re-emerging infectious disease outbreaks of the past two decades have been caused by ZIKV (https://cddep.org/tool/major-emerging-and-re-emerging-infectious-disease-outbreaks-2002-2020/). This highlights the need for stronger incentives for preparedness and the creation of a global insurance fund to alleviate the economic losses caused by infectious diseases in general. This virus is part of the priority diseases published by WHO that must be addressed in public health contexts (https://www.who.int/activities/prioritizing-diseases-for-research-and-development-in-emergency-contexts). Meanwhile, the outbreaks and endemicity of DENV generate losses of billions of dollars. Therefore, one of the most relevant strategies to control flavivirus diseases is immunoprophylaxis. Vaccinologists must seek to improve licensed vaccines and search for alternatives to parenteral routes of immunization. In the meantime, these infectious diseases will remain a threat to public health and the global economy.

Overall, the currently licensed vaccines against flaviviruses have achieved different levels of efficacy. One of the best vaccines ever developed so far is against YFV, the YF17D attenuated vaccine, which is effective and safe; due to these characteristics, it has been used as a backbone for other vaccines (Guirakhoo et al., 1999). Conversely, Dengvaxia, the licensed vaccine against DENV has rendered different protective responses (around 30-70%) depending on previous immune status, age, and genotypic variation within each serotype that individuals are exposed to (Tully and Griffiths, 2021). Therefore, further improvements to DENV vaccines or against WNV and ZIKV, which do not have licensed vaccines, are mandatories.

Accordingly, vaccines against flavivirus are still under research for better approaches that guarantee a protective immune response, fewer side effects, and a low cost for all populations. In this context, mucosal vaccination emerges as a novel approach that should be considered in order to overcome these issues.



4. Advantages of Mucosal Vaccines

Most pathogenic agents penetrate the host through the mucous membranes, composed of an epithelial layer that provides protection, defense, and homeostasis with the external environment. The mucous membranes transport macromolecules and perform secretory and barrier functions, preventing the colonization of pathogenic microorganisms and others. It covers the body’s internal surfaces and constitutes a physical barrier against pathogen invasion. (Fujkuyama et al., 2012).

The mucosa-associated lymphoid tissue (MALT) is the leading site of induction where immune responses start. This tissue is independent of the systemic immune system and includes all mucus-lined surfaces of the body, associated follicles in the large intestine, Peyer’s patches (PPs), appendix, tonsils, lacrimal glands, salivary glands, conjunctiva, and the lactating sinus. The antigen monitoring takes place on the mucosal surface; then, the priming of B and T cells occurs (Figure 2).




Figure 2 | The mucosa-associated lymphoid tissue (MALT). MALT has subcompartments: nasopharynx-associated lymphoid tissue (NALT), bronchus-associated lymphoid tissue (BALT), gut-associated lymphoid tissue (GALT), and genital-associated lymphoid tissue (GENALT). The compartmentalization of mucosal immune responses constrains the selection of vaccine administration routes. Intranasal vaccination is preferred for targeting the respiratory system, while oral and sublingual vaccinations are effective for gut immunity. Rectal immunization allows immunity in the colon, rectum, and the urinary tract to a certain extent. Intravaginal vaccination is the most effective for antibody and T cell immunity in the urinary tract.



In addition, MALT is covered by a follicle-associated epithelium consisting of a subset of epithelial cells that are differentiated into microfolds, columnar epithelial cells, and lymphoid cells, which play a central role in initiating mucosal immune responses. Microfold cells (M cells) take up antigen from the intestinal and nasal mucosa lumen and transport it to underlying antigen-presenting cells (APCs), including DC, B lymphocytes, and macrophages. T cells receive antigenic activation and costimulation by APCs that support their clonal expansion and the cytokine cues that dictate their differentiation and homing to peripheral tissues. B cells perform several immunological functions, such as producing antibodies as sIgA, functioning as APCs, and secreting cytokines. B cells can present antigens in the lamina propria (LP) to effector T cells (Holmgren and Czerkinsky, 2005; Lycke, 2012; Li et al., 2020). Moreover, mucosal vaccination can trigger systemic immunoglobulin G (IgG) responses against the antigen. Antigen uptake can induce systemic IgG, while the activated mucosal DC can migrate to the lymph nodes and spleen. The processed antigen is presented to naïve T cells and triggers adaptive immunity. Systemic IgG is also induced when a portion of the B cells are activated in the mucosa and express the peripheral homing receptors α4β1-integrin and leukocyte (L)-selectin, allowing them to migrate to the regional lymph nodes. Humoral immunity and cellular mediated responses are coordinated by CD4+ and CD8+ T cells, essential against intracellular pathogens, like viruses, as shown in Figure 3 (Kunkel and Butcher, 2003). As a consequence, mucosal vaccines can activate both arms of the adaptive immune system (De Magistris, 2006). The immunization of one mucosal site results in the secretion of the same specific IgA antibodies into other distal mucosal sites, a phenomenon known as the common mucosal immune system (Kunkel and Butcher, 2003).




Figure 3 | Mucosal immune response. Mucosal immunity plays a crucial role against invading pathogens on the epithelial cell surface, involving a complex network of innate and adaptive immune components. Luminal antigens are transported to the nasopharynx-associated lymphoid tissue (NALT) and gut-associated lymphoid tissue (GALT) through M cells in the epithelium overlying NALT and Peyer’s patches. Mucosal dendritic cells are key to initiating adaptive immune responses by migrating to the draining lymph node and mediating the expansion of antigen-specific naive T-cells into T helper subsets. They involve upregulation of transcription factors (T-bet, GATA-3, RORγt, and Foxp3) and lineage-defining cytokines (IFN-γ, IL-4, IL-17, TGF-β, IL-35, and IL-10). IgA+ B cells and plasmablasts then differentiate into IgA-producing plasma cells in the presence of cytokines (IL-5 and IL-6) produced by T-helper 2 (Th2) cells. They subsequently produce dimeric or polymeric forms of IgA. Finally, antigen-specific CD4+ T cells and IgA+ B cells migrate to effector sites (such as nasal passage and intestinal lamina propria) through the thoracic duct and blood circulation.



Mucosal vaccination aims to prevent the initial colonization and infection by pathogens while eliciting a strong immune response at mucosal sites. It leads to a systemic immune response that includes antibody production and immune cell-mediated responses (Lycke, 2012; Wang et al., 2015).

Mucosal vaccines provide advantages like low reactivity, reduced costs, simple application, and non-invasiveness. Since they require no specially trained health personnel, equipment, or needles. This last characteristic prevents transmissible blood infections due to needle re-use and needle stick injury (Levine, 2003). Mucosal vaccination is ideal for mass application and generates no biohazardous waste, unlike parenteral vaccines (Correia-Pinto et al., 2013; Davitt and Lavelle, 2015).

Although mucosal vaccines came to the spotlight in the 21st century, only a few have been registered. Given the challenges for their development, approved mucosal vaccines constitute a small group that includes influenza A and B viruses, H1N1 influenza virus, poliovirus, rotavirus, cholera, and Salmonella Typhi (Harakuni et al., 2009; Zakay-Rones, 2010; Carter and Curran, 2011; Heinonen et al., 2011; Kulkarni et al., 2013; Orenstein, 2015; Kirkwood et al., 2019; Pezzoli, 2020; Yeh et al., 2020). These pathogens enter the host through mucosae and most of the vaccination platforms against them are based on live attenuated microorganisms, highlighting that the best strategy is to emulate the route of natural infection.

Mucosal vaccines can be administered through different routes and induce varied immune responses. The oral and intranasal (IN) routes offer a more practical administration, and they stimulate broad and disseminated antigen-specific mucosal and systemic immune responses. However, the nature of the antigen and its targeted mucosal tissue also affect the efficacy of the vaccines. The IN route can emulate the natural infection of pathogens and elicit specific mucosal and systemic immune responses with relatively low doses of antigen. These routes also avoid first-pass metabolism and reduces the risk of anaphylactic shock. Licensed vaccines have proven that oral immunization is a feasible strategy since these vaccines can induce strong and broad responses. These responses include mucosal secretory IgA (sIgA), neutralizing serum IgG, memory T cells and other synergistic effectors of the immune response (Li et al., 2020). In this context, oral and IN approaches have been evaluated in mucosal vaccines against flavivirus with promising results.

The development of mucosal vaccines should consider oral tolerance and a more significant amount of antigen to induce a potent immune response. Experience from licensed mucosal vaccines has shown that orally or nasally administered vaccines could be supplemented with either naturally-occurring or synthetic adjuvants to overcome those issues (Davitt and Lavelle, 2015; Wang et al., 2015). Moreover, the use of live attenuated strains of bacterial or viral carriers in vaccines promotes the mucosal immune response. Once in the host, they become valuable factories of molecules that act as natural adjuvants or specific antigens, harboring motifs sensed by mucosal APCs as danger signals that overcome oral tolerance. In general, the proinflammatory conditions favor the development of stronger local and systemic immune responses. Thus, appropriate adjuvants or delivery systems of antigens, or both, may critically promote the induction of protective mucosal responses (Chin'ombe, 2013; Ura et al., 2014; Lavelle and Ward, 2022). Accordingly, several mucosal vaccine strategies have been developed against flaviviruses, and their promising results have been documented. This review describes these approaches against the most relevant flaviviruses for human and animal health ordered by the number of publications and the type of platform used. They are classified as follows: direct antigen administration (inactivated and attenuated virus, subunits), non-replicant vectors, and replicant vectors. A graphical representation of these platforms is shown in Figure 4. A summary of the next section is presented in the Supplementary Table 2.




Figure 4 | Flavivirus vaccine design. The most representative vaccines against flaviviruses use: (A) whole inactive virus, (B) live-attenuated virus, (C) nanoparticles, (D) viral vectors, (E) bacterial vectors, (F) subunits, (G) synthetic peptides, and (H) nucleic acids. Other strategies have been included in some of the depicted ones, e.g., liposomes (C), virus-like particles (D), bacterial ghosts (E), fusion proteins (F).





5. Mucosal Vaccine Approaches Used Against Flavivirus


5.1 DENV


5.1.1 Subunits

Recombinant protein subunit vaccines are composed of at least one type of viral antigen produced in heterologous expression systems. Although significantly safer than attenuated and inactivated vaccines, they are less immunogenic (Wang et al., 2016b).

The approach proposed by Lazo-Vazquez et al. is a recombinant protein composed of the domain III of E protein (EDIII) from the four DENV serotypes and the C protein adjuvanted with oligodeoxynucleotide 39M. This tetravalent subunit was administered to mice three times by IN or intraperitoneal (IP) route, and both routes elicited neutralizing antibodies. Interestingly, the mucosal route favored the DENV-specific cell-mediated immunity (Lazo Vazquez et al., 2017).

To demonstrate the feasibility of the oral delivery, the subunit antigen made of EDIII from the four DENV serotypes was expressed in stably transformed lettuce chloroplasts. After gastrointestinal tract assays were conducted, the in vitro gastrointestinal digestion analysis showed that the antigen was well protected when passing through the oral and gastric digestion phases, but it was degraded during the intestinal phase. Furthermore, the antigen was immunogenic in rabbits when administered systemically (van Eerde et al., 2019).


5.1.1.1 Fusion proteins

Different improvements can be made during the design of recombinant antigens by adding heterologous sequences (antigens from the same pathogen or a mixture with other pathogens, or even molecules with a specific function). The latter can guide the expression in a particular cell compartment (i.e., secreted vs intracellular), to act as adjuvant molecules, to modulate immune responses with interleukins, or to target specific cells (i.e., complement 5a receptor [C5aR]-bearing cells), among others functions. The combination of antigens of interest with heterologous sequences made by molecular biology has been named fusion or chimeric proteins. 

Kim et al. fused consensus EDIII from DENV to cholera toxin B subunit (CTB) and expressed this immunogen in transgenic rice calli (Oryza sativa L). Then, BALB/c mice were orally immunized four times with the lyophilized powder from the cell suspension cultures. DENV serotype-specific serum IgG responses were detected after the first boost, and they increased after the second one in animals immunized with the fusion protein. In contrast, no IgG responses were seen in groups immunized with EDIII alone or non-recombinant rice cells. Discrete but evident sIgA responses in feces were observed in mice treated with the fusion protein, while lesser responses were observed with EDIII alone. The antigen-specific lymphocyte stimulation in splenocytes confirmed the immunogenicity of the EDIII-CTB fusion protein expressed in transgenic rice given orally (Kim et al., 2016).

It is known that M cells, the specialized epithelial cells for transcytosis of luminal antigens in the PPs of the intestine, are a cellular target for the development of oral vaccines through the engagement of C5aR expression. Using this approach, Kim et al. evaluated peptide Co1, an M cell-targeting ligand. The peptide was cloned along with the DENV2 NS3 region aa 296–618. The resulting Co1-NS3 chimeric protein was expressed in Escherichia coli and administered orally to BALB/c mice twice at 2-week intervals. Four weeks later, splenocytes and PPs were obtained, and another subgroup was challenged with DENV2 (Kim et al., 2018).

The results showed that the frequency of IFN-γ producing CD8+ T cells and IFN-γ production in supernatants were increased in splenocytes and PP cells from animals either immunized or challenged after immunization with the fusion protein, versus those treated with NS3 alone or the phosphate-buffered saline (PBS) group. The authors concluded that Co1 may act as a mucosal vaccine adjuvant through C5aR, targeting M cells that induce mucosal CD8+ T cell response against DENV (Kim et al., 2018).

Nguyen et al. linked peptide Co1 to tetravalent tetrameric EDIII from all four serotypes of DENV; this chimeric protein was expressed in Saccharomyces cerevisiae. An in vivo antigen uptake assay in mice was carried out, and the results showed well-defined patches of overlapping sections expressing DENV antigens, M-cell specific lectin, and C5aR on the M cell surface when the EDIII-Co1 fusion protein was administered. Conversely, no interaction with M cells was detected when PPs were from animals administered with EDIII alone. The main assumption of this study is that affinity for M cells is a preliminary requirement for an effective oral vaccine, which was evinced through this experimental strategy (Nguyen et al., 2015).

A similar approach was explored by Yang et al., using an expression system with transgenic rice and an extra in vitro antigen uptake assay (Kim et al., 2013b). They took a gut loop containing PPs from a male BALB/c mouse and treated it with the protein extract from non-transgenic rice calli and transgenic rice expressing EDIII or EDIII-Co1 fusion protein. Both the in vitro and in vivo antigen uptake assays showed the binding of ligand EDIII-Co1 chimeric protein to M cells on PPs. No interaction was detected with EDIII alone or non-transgenic mice, pointing out the feasibility of this strategy as a potential mucosal vaccine against DENV (Kim et al., 2013b).

Kim et al. prepared an oral DENV vaccine tested in BALB/c mice by fusing an antigen EDIII of DENV2 to OmpH of Yersinia enterocolitica, a different ligand for C5aR in M cells, and analyzed the antibody and cellular responses. To test if oral priming induced systemic tolerance, some mice were boosted once with IP EDIII without ligand (Kim et al., 2013a).

The results showed statistically higher serum IgG and fecal sIgA responses in the mice immunized with the chimeric protein (EDIII-OmpH) or EDIII plus cholera toxin (CT)(positive control), in comparison with EDIII alone or PBS. Similar behaviors were observed in the number of EDIII-specific IgG and IgA-secreting cells, stimulation index, IL-4- and IL-6 secreting cells from PPs, and splenocytes determinations. The boosted animals showed higher serum IgG and fecal sIgA responses in EDIII + CT group vs EDIII and PBS control. Meanwhile, the fusion protein EDIII-OmpH was significantly enhanced only in fecal sIgA. Despite this, the neutralization activity in sera from the positive controls and the fusion protein was similar, as were the numbers of EDIII-specific IgG (splenocytes and PPs) and IgA (lamina propia)-secreting cells. Collectively, these results indicate that oral EDIII-OmpH successfully primed the humoral and cellular responses in systemic or mucosal compartments. The humoral response neutralized the DENV, the induced immune response originated from Th2-type cytokine-secreting cells, and these responses were not tolerogenic (Kim et al., 2013a).




5.1.2 Nanoparticles

NPs are tiny particles made of several organic and non-organic materials. Their size ranges from 1 to 100 nm and they are biocompatible, biodegradable, and relatively easy to produce. Because of this, they are suitable candidates as delivery systems of nucleic acids, peptides, and proteins. They can protect the molecular cargo from enzymatic degradation, a key issue for mucosal vaccination, allowing to improve the bioavailability of the antigen to induce the innate and adaptive immune responses (Najahi-Missaoui et al., 2020).

Accordingly, approaches for mucosal DENV vaccines have been developed using NPs. Nantachit et al. used chitosan (CS) and trimethyl chitosan (TMC) NPs to carry DENV immunogen. The immunogen used in this approach was the domain III of DENV3 E protein (EDIII-D3) loaded into trimethyl chitosan NPs (EDIII-D3 TMC NPs). The in vitro model for nasal response used primary human nasal epithelial cells. The interaction between these cells and the NPs carrying EDIII-D3 induced proinflammatory cytokines (IL-1β, IL-6, TNF-α), type-I IFN, growth factors (GM-CSF, IL-7), chemokines (MCP-1, MIP-1β, IL-8), T-helper 1 (Th1)-related cytokines (IL-2, IL-12p70, IL-17, IFN-γ), and T-helper 2 (Th2)-related cytokine (IL-4). This in vitro assay suggested a potential mucosal delivery system for DENV proteins that can produce an antiviral immune response (Nantachit et al., 2016).

Subsequently, Vemireddy et al. describes that CS can be used to stabilize the emulsion of oleic acid-water. The design of this nanoemulsion allowed to activate the innate and adaptive immune responses and deliver the recombinant tetravalent DENV antigen. Mice immunized with the nanoemulsion bearing the tetravalent DENV antigen showed a robust antigen-specific humoral and cellular response. It was characterized by increased IgG1, IgG2a, and IgA titers; high concentrations of IFN-γ and IL-4; and increased rates of CD8+ T cells. In this process, the antigen cross-presentation and the sustained release of the DENV antigen by the emulsion play a significant role in the induction of the protective immune response (Vemireddy et al., 2018).

Consistent results were observed when this group used a cationic pH-responsive polycaprolactone NP as a delivery system for the recombinant tetravalent DENV antigen. In this study, hydrazine modified the polymer polycaprolactone, making it partially cationic and allowing its mucoadhesiveness. Once in the endolysosomal compartment, the NP can escape due to the protonation of free amines in the polymer. This characteristic enhances antigen cross-presentation. Cytotoxicity assays confirmed the safety of this NP. In vitro assays for antigen colocalization and cross-presentation have revealed its successful use as a tetravalent DENV antigen delivery system. The in vivo evaluation in BALB/c mice using recombinant DENV antigen for IN immunization showed that the modified polymer with 457 μM/mg of free amine groups effectively stimulated humoral (IgG, IgA, IgG2a/1 antibodies), and enhanced CD8+ T cells immune responses. The overall data suggest that the pH-responsive polycaprolactone NP is a versatile system for effective mucosal antigen delivery (Vemireddy et al., 2019).



5.1.3 Bacterial Ghost

Since it has been described that developing a DENV vaccine is generally challenging, another interesting approach is the use of an empty bacterial cell envelope (bacterial ghost) that expresses a recombinant DENV antigen. Bacterial ghosts are Gram-negative bacterial envelopes produced by controlled expression of cloned gene E from a bacteriophage, forming a lysis tunnel structure within the envelope of the living bacteria. Bacterial ghosts have immune-stimulatory surface molecules, such as pathogen associated molecular patterns (PAMPs), lipopolysaccharides, and adhesins. They have been used as successful heterologous antigen delivery systems (Jalava et al., 2002), as demonstrated by Kim et al., who used a bacterial ghost from Salmonella enterica serovar Typhimurium to express the envelope protein E domain III (ST-EDIII) of each DENV serotype. The BALB/c mice were treated once orally with either the individual ST-EDIII constructs or a mix of all four ST-EDIII constructs, followed by the intramuscular (IM) administration of the purified EDIII protein. The results showed elevated titers of EDIII-specific IgG, IgG1, and IgG2a, and specific proliferative activity of CD3+CD4+ T-cell subpopulations. In addition, a significant reduction in the viral load was detected in the ST-EDIII vaccinated group after the challenge with DENV-infected K562 cells (Kim et al., 2020).



5.1.4 Replication Vectors

Replicating vector vaccines include microorganisms that can still replicate inside or outside the cells and infect new cells that will also make the vaccine antigen. Among the replication vectors, several bacterial strains genetically modified are promising mucosal vaccine candidates. Some flavivirus antigens have been successfully expressed in live attenuated bacterial vectors as S. enterica, Lactococcus lactis, and yeast.


5.1.4.1 Replicative Vector: Bacteria

The facultative anaerobic Gram-negative S. enterica is an important pathogen of animals and humans, causing a variety of infectious diseases. It has also demonstrated its potential as a live attenuated bacterial vector to carry heterologous antigens for vaccine purposes (Galen et al., 2016; Galen et al., 2021). After the oral administration and following the natural route of infection, S. enterica colonizes internal lymphoid tissues and remains there to continuously synthesize (as inner factories) and deliver recombinant antigens. These bacteria show tropism of APCs, allowing the induction of mucosal and systemic immune responses (antibody response and cell-mediated immune response) (Galen et al., 2016).

In 1990, Cohen et al. reported an attenuated S. enterica serovar Typhimurium carrying the plasmid that encodes E protein of DENV4 which is associated with the generation of neutralizing antibodies. These recombinant bacteria-induced antibodies recognized native DENV in mice (Cohen et al., 1990). A decade later, Liu et al. described a recombinant S. enterica serovar Typhimurium SL3261 strain expressing a secreted DENV2 NS1 and Yersinia pestis F1 (Caf1) fusion protein (rNS1:Caf1). The oral immunization of mice with 1×109 cfu of these recombinant bacteria induced low levels of NS1-specific antibody response and failed to protect mice after a DENV challenge. However, the approach where mice received parental NS1 protein followed by an oral Salmonella boosting protocol enhanced the NS1-specific serum IgG response and the protective efficacy. The authors observed better results when they administered the antifungal antibiotic amphotericin B (AmpB) as adjuvant (Liu et al., 2006).

More recently, Luria-Perez et al. reported an attenuated S. enterica serovar Typhimurium SL3261 that expresses a fusion protein on its surface through the domain of the autotransporter MisL. Starting from the N-terminal, the fusion protein contains a fusogenic sequence that disrupts membranes, a CTL epitope (NS3 protein 298–306-amino acid from the DENV2), a molecular tag, and a recognition site for the protease OmpT to release the peptide to the milieu. After the oral administration, the recombinant Salmonella strains expressing the fusogenic DENV peptide showed specific proliferative responses in the murine model and elicited CTL responses against the NS3 protein. This was demonstrated by in vitro and in vivo assays (Luria-Perez et al., 2007). The autotransporter system has been used in several protocols to express or release the recombinant proteins from the surface of enterobacteria (Figure 5) to induce a strong humoral response against heterologous antigens (Ruiz-Perez et al., 2002; Ruiz-Olvera et al., 2003; Pompa-Mera et al., 2011). Luria-Pérez et al. used this system to express a peptide from EDIII antigen from DENV2 on the surface of S. enterica as a vaccine candidate for DENV2 (manuscript in preparation).




Figure 5 | Mucosal vaccines with bacterial replication vectors: Salmonella enterica as delivery system. After mucosal administration, live-attenuated S. enterica colonize lymphoid tissues and remain there, serving as factories that continuously synthesize and deliver heterologous antigens. These bacteria show tropism for antigen-presenting cells, allowing the induction of mucosal and systemic immune responses. They successfully carry heterologous antigens, as genes and proteins, in the cytosol or can display them on its surface through autotransporter systems as MisL protein. The sequence encoding the MisL α-domain is genetically modified to add the sequence encoding the heterologous antigen.



Recombinant L. lactis is an aerobic Gram-positive bacteria found in the intestine of most animals, including humans. Its potential use as a mucosal delivery vehicle for mucosal flavivirus vaccines has been extensively investigated (Pontes et al., 2011). Recently, Sim et al. reported a recombinant L. lactis strain producing the EDIII antigen from DENV2. The ability of these live recombinant bacteria to trigger a systemic anti-EDIII IgG antibody response in mice upon nasal or oral administration showed that the high antibody anti-EDIII response depended on the administration route. In vitro assays showed that sera from the orally immunized mice had the highest activity when neutralizing the infection by DENV (Sim et al., 2008).



5.1.4.2 Replicative Vector: Yeast

As technology has moved forward, new vaccine opportunities have also been created. Recently, a study by Bal et al. used a murine model treated orally with recombinant whole yeast cells (WC) or cell-free extract (CFE) containing recombinant E. coli heat-labile toxin protein B-subunit (LTB) fused to the consensus DENV EDIII, LTB-scEDIII. They showed that mice immunized with WC or CFE LTB-scEDIII stimulated a systemic humoral immune response in the form of DENV-specific serum IgG as well as a mucosal immune response in the form of sIgA. Sera obtained after both oral administrations successfully neutralized DENV1. However, the overall results suggest that the LTB-scE-DIII fusion protein delivered in CFE rather than WC is a promising and potent oral vaccine candidate against DENV infection (Bal et al., 2018b). Better results were reported by the same group using yeast surface display technology. They developed an oral dengue vaccine candidate using whole recombinant yeast cells expressing the recombinant fusion protein of M cells targeting ligand Co1 fused to the synthetic consensus DENV envelope domain III (scEDIII). Female BALB/c mice were orally immunized with recombinant yeast cells. The surface-displayed Co1-scEDIII-AGA yielded a better systemic humoral immune response in the form of DENV-specific serum IgG and a mucosal immune response as sIgA vs non-displayed Co1-scEDIII. Moreover, a long-term memory analysis performed after the last oral immunization showed that Co1-scEDIII-AGA-fed mice showed a significant immune response, both humoral and mucosal, upon the IP booster dose of alum-adsorbed purified E. coli-expressed scEDIII (Bal et al., 2018a).

The number of mucosal vaccine developments against DENV is the highest among flaviviruses, most likely due to its epidemiological and economic impact worldwide. The oral route has been tested more often than the IN route, and recombinant subunits were the vaccine platform of choice, mainly as fusion proteins, and the replication vectors (bacteria and yeasts).

Mucosal vaccination using S. cerevisiae as a delivery system has advantages since this yeast is generally recognized as safe by the FDA and has long been used as a food supplement. Furthermore, the carbohydrate molecules on the cell wall of yeast cells act as PAMPs. Transgenic plants, especially rice, are another feasible vaccine platform that might eventually achieve a similar status. This approach is applicable to all flaviviruses.

All oral vaccines have to overcome the aggressive environment in the gastrointestinal tract (low pH and intestinal proteases) to reach the gut-associated lymphoid tissues, chemically and physically protected by barriers preventing efficient uptake. Furthermore, these vaccines have to overcome the tolerogenic responses present in the gut. In spite of this, several experimental approaches have been tested to improve immunity by the oral route. In this context, specific regions from a flavivirus can be linked to molecules that improve immunogenicity. For instance, these antigens have been fused to intestinal toxins as adjuvants, or have been targeted to M-cells, which enhance the mucosal and systemic immune response against DENV induced by oral vaccination. This can be extrapolated to other flaviviruses.





5.2 JEV


5.2.1 Inactivated Vaccines

Inactivated vaccines take the whole virulent virus, or one very similar to it, and inactivate it using chemicals, as formalin or glutaraldehyde, or physical methods like heat or radiation. These vaccines only contain structural proteins, so they are unable to replicate. They render a less broad immune response in comparison to attenuated or live vaccines. Sufficient titers are difficult to manufacture for preparations, while the cost per dose is higher, and multiple immunizations are commonly required. Still, inactivated vaccines are safer since they cannot revert to the virulent phenotype (Vaughn et al., 2009).

A mouse brain-derived formalin-inactivated JEV vaccine was co-administered with either killed Bordetella pertussis or two adjuvants from bacteria (CT and pertussis toxin) to mice by IN, oral, and transcutaneous routes. Overall, the best results were achieved with the IN route. When tested alone, the inactivated vaccine provided a robust neutralizing antibody response. The response was not increased when co-administered with killed B. pertussis, unlike what was observed with bacterial toxins. On the contrary, the ideal response was obtained when mixed with toxins. The IN immunization of the inactivated vaccine and bacterial adjuvants showed an antibody response similar to a parenteral immunization regime but with better immune cellular responses (Harakuni et al., 2009).



5.2.2 Subunits

Wang et al. reported the oral administration of leaf extracts from transgenic rice expressing the E protein of JEV as part of the food (5 times/week/1 month) given to BALB/c mice. The animals showed evident systemic (IgG in serum) and mucosal (IgG and IgA in the intestinal wash) immune responses vs the group immunized with non-related transformed rice. Similar results were achieved in animals fed with the E recombinant immunogen obtained from E. coli, demonstrating the feasibility of oral vaccination against JEV through food (Wang et al., 2009).



5.2.3 NPs

JEV vaccines have also benefited from NPs approaches. Dumkliang et al. used attenuated Japanese encephalitis chimeric virus vaccine (JE-CV)-loaded mucoadhesive NPs based on CS or chitosan maleimide (CM) as a novel mucoadhesive polymer with antigen-uptake properties. After IN immunization of the murine model, the results revealed a successful protection, an enhanced concentration of IFN-γ, and higher titers of antigen specific sIgA levels compared to mice immunized with a subcutaneous injection. The latter group also showed high rates of protection and cytokines but failed to induce a mucosal response measured by sIgA titers. These observations show the promising approach of IN vaccination with NPs as an alternative route for JE protection due to the stimulatory effects on both mucosal and systemic immune responses (Dumkliang et al., 2021).


5.2.3.1 Liposomes

Liposomes are spherically shaped microscopic vesicles that consist of one or more phospholipid bilayer membranes. They have the properties of a nano-scale, biofilm similar structure, and are excellent as a delivery system of several molecules. Their aqueous phase can contain hydrophilic drugs, and their phospholipid bilayer can localize lipophilic drugs (Li et al., 2019).

Liposomes are another novel oral vaccine approach for JEV. Lin et al. recently described a liposome made with di-stearoyl phosphatidylcholine and cholesterol, bearing JEV NS1 protein (Lip-JENS1). A single oral immunization of a murine model with Lip-JENS1 elicited a low detectable serum NS1-specific IgG antibody response. However, after adding amphotericin B (AmpB) as an adjuvant (using very low amounts vs higher amounts to obtain antifungal effect), an enhanced systemic antigen-specific antibody response was observed, providing excellent protection against lethal JEV challenges. This study also documented high IL-1b, IL-6, and TNF-α expression levels in PP lymphocytes (PPL) of AmpB-treated mice. These results suggest that the oral administration of the Lip-JENS1 liposome with AmpB represents a potential mucosal vaccine to protect against JEV infection (Lin et al., 2010).




5.2.4 Replication-Defective Viral Vectors

Replication-defective viral vectors are another proven technology used to display flavivirus antigens for vaccine purposes. Among them, adenoviruses have been commonly used for gene transfer experiments given their ability to infect a wide group of different cell types. They can harbor large genes in their genome incorporated via homologous recombination techniques (Sakurai et al., 2022). Studies by Appaiahgari et al. reported a replication-defective human adenovirus type-5 (rAd5) platform that expresses and releases the PrM and E proteins of JEV. The recombinant virus RAdEa synthesized Ea, the membrane-anchored E protein, while RAdEs synthesized Es, the secretory E protein. After the oral immunization of BALB/c mice with RAds, low titers of anti-JEV and less JEV neutralizing activity were observed as compared with mice immunized by IM route with RAds. These IM-immunized mice showed high titers of anti-JEV antibodies with neutralizing properties, specific cellular immune response against JEV, and also a complete protection against a lethal dose of JEV given intra-cerebrally (Appaiahgari et al., 2006).

Better results were reported by Li et al., who constructed a rAd5 expressing immunodominant epitopes against JEV. The multiple-epitope (TEP) gene of JEV was designed with a length of 564 bp, corresponding to the (60–68) - (327–333) - (337–345) - (373–399) - (397–403) - (436–445) aa sequence of E protein based on the JEV SA14 strain. The BALB/c mice groups were immunized with the IM or oral recombinant adenoviruses twice at 2-week intervals with doses ranging from 1×107 to 1×108 TCID50. Higher antibody titers were obtained in mice that were orally immunized when higher doses of rAd5-TEP were used. However, the IM immunization of mice with rAd-TEP generated more significant titers of anti-JEV antibodies and JEV neutralizing activity than the oral injection. The highest level of cell-mediated immune responses produced by IM immunization was also documented (Li et al., 2008).

The works cited in this section used a variety of platforms to develop a mucosal JEV vaccine, from the classical inactivated one to a recombinant rAd5 created by molecular biology. Although better results were achieved with a parenteral route (IM) instead of a mucosal route for JEV vaccines, it is worth mentioning that it happened mainly when rAd5 was used as a vector. Conversely, IN vaccination was the best option to get better immune cellular responses when an inactivated vaccine was mixed with bacterial adjuvants, highlighting the importance of the combination of the delivery system, and the use of adjuvants in the induction of local and systemic immune response when mucosal vaccines are used.




5.3 WNV


5.3.1 Subunits

Fassbinder-Orth et al. used a Drosophila expression system to obtain recombinant E protein from WNV. Three doses of a nontoxic mutant form of E. coli heat-labile enterotoxin (LT), LTK63, along with the antigen were administered to chickens (Gallus gallus) orally or intramuscularly. Two weeks after the final vaccination, the animals were subcutaneously challenged with a crow isolate of WNV. The results showed higher levels of viremia in animals vaccinated orally in comparison with those that received IM doses, despite higher immunoglobulin M (IgM) production in oral route at day 21 post-infection. Anti-E IgY production was detected in animals immunized intramuscularly even before the challenge, while no detection was recorded in the rest of the groups on the same day. In this study, IM vaccination of E protein from WNV plus LTK3 yielded better results than its oral equivalent (Fassbinder-Orth et al., 2009).

Exploring the adjuvanticity of five mast cell-activating compounds (MCAC), the DIII of WNV E protein was used as an IN immunogen administered three times to BALB/c mice. The animals were challenged intraperitoneally with a WNV strain. Four out of five MCAC induced evident EDIII-specific serum IgG titers (103–104). In contrast, animals immunized only with the recombinant subunit vaccine showed undetectable levels. The challenge results demonstrated that the protection by MCAC ranged from 42 to 75%. Meanwhile, the positive adjuvanticity control was 100%, and EDIII alone showed 33%. The authors used a mucosal subunit vaccine from WNV to demonstrate the induction of a specific and protective immune response when this immunogen was adjuvanted to MCAC (Johnson-Weaver et al., 2021).



5.3.2 Fusion Protein

Tinker et al. studied the effect of an IN fusion protein composed of DIII from WNV linked to non-toxic CT CTA2/B domains as an adjuvant on the immunogenicity of BALB/c mice. The DIII-CTA2/B chimera elicited the highest serum antigen-specific IgM, IgG, and IgA titers vs the rest of the groups. The increased IgG2a/IgG1 ratio of the chimeric protein and mixed antigen plus adjuvant indicated a Th1-type immune response. The induced humoral response was functional since the antigen plus CTA2/B can activate the complement in vitro, and showed the highest bactericidal activity. Additionally, in the absence of adjuvant, the DIII antigen was also effective in stimulating significant systemic IgG responses triggered by the increased dosage. The results from this platform justify further investigations using WNV chimeric recombinant subunit vaccines (Tinker et al., 2014).



5.3.3 NPs

Alginate, a natural polysaccharide used to encapsulate controlled-release substances, was combined with spermidine to microencapsulate a DNA vaccine encoding PrM and E glycoproteins from WNV. The oral or IM preparation was administered once to captured fish crows (Corvus ossigrafus). Six weeks after the vaccination, the birds were subcutaneously challenged with the WNV 397-99 strain. The oral administration did not elicit neutralizing antibodies, although it partially protected the animals after the challenge (50% of survival). Meanwhile, the IM administration provided complete protection and was associated with reduced viremia (Turell et al., 2003).



5.3.4 Viral Vectors

In the list of replication vectors, viral vectors also represent a promising platform for a flavivirus mucosal vaccine. They can express heterologous antigens and induce antigen-specific cellular and humoral immune responses without the need for adjuvants (Humphreys and Sebastian, 2018).

Iyer et al. documented a recombinant Vesicular Stomatitis virus (VSV)-based WNV vaccine. They constructed recombinant VSVs specifying either the Indiana or Chandipura virus G glycoprotein and expressing the WNV E glycoprotein. After IN immunization of the mouse model with Indiana (prime) or Chandipura (boost), the animals were challenged with virulent WNV-LSU-AR01 and 90% of the vaccinated mice survived. The immunological analysis revealed a strong neutralizing antibody response against WNV and a robust cellular immune response, evidenced by the presence of CD4+ CD154+ IFN+ T cells and CD8+ CD62Llow IFN+ cells, while regulatory T cells were downregulated (Iyer et al., 2009).

Wang et al. reported another WNV mucosal vaccine by developing a recombinant and virulent Newcastle disease virus (NDV) La Sota strain expressing WNV pre-membrane/envelope (PrM/E) proteins (rLa-WNV-PrM/E) and evaluating its immunogenicity in mammals and poultry. Three weeks after the oral or nasal immunization with a 5×108 EID50 of recombinant rLa-WNV-PrM/E, the chickens, ducks, and geese received a boosting protocol. Significant levels of WNV-specific IgG were documented, the same as those observed in animals that had received the IM rLa-WNV-PrM/E (Wang et al., 2016a).

Even though most of the flavivirus reviewed here constitute a threat to human health, WNV highlights the need to expand the vaccination effort to animals as well since some birds and horses can be infected by mosquito bites. Studies have used bird animal models and others have included mice to complete the immunogenicity data, showing that oral and IN routes would promote the massification of vaccination protocols in birds at affordable costs.




5.4 ZIKV


5.4.1 Attenuated Vaccines

Attenuated vaccines are made up of an active live virus modified to weaken and reduce its virulence. These wild-type (WT) viruses are attenuated in vitro, usually by repeated culturing (Yadav et al., 2014). Meanwhile, recombinant attenuated vaccines are generated using molecular biology techniques which attenuate a viral strain to carry the gene(s) encoding the desired viral antigen. These vaccines have several attractive features, including the ability to stimulate both humoral and cell-mediated immunity (Girard and Koff, 2013); however, in some cases, they could revert to the virulent phenotype.

In a particular mouse model with a deficient type I IFN innate immune system, Martinez et al. studied the effect of rectal vs subcutaneous infection with ZIKV strains. The WT ZIKV PRVABC59 strain was used for the subcutaneous challenge of immunized animals, while the ZIKV PRVABC59 mutant strain was used as an attenuated vaccine (Martinez et al., 2020).

The first part of the study compared both infection routes with WT ZIKV, resulting in the death of animals in the subcutaneous route and 100% survival rate in animals infected rectally. Higher viral loads were detected in animals infected subcutaneously in comparison with those infected rectally (Martinez et al., 2020).

The second part of the study consisted of animals primed with ZIKV strains and challenged subcutaneously. The survival in animals immunized with the attenuated strain was 80%, compared to 100% in animals primed with WT and 40% in unprimed animals. The cellular response in these groups showed a significantly higher percentage of DC and T cells in spleens from animals treated with the attenuated strain, in comparison with cells from animals with the WT strain (Martinez et al., 2020).

These results showed that a high dose of subcutaneous ZIKV rendered an accelerated systemic infection and acute neuropathological outcome. In contrast, rectal ZIKV led to subclinical, non-neurological disease outcomes. Then, the mucosal priming with ZIKV strains could provide protective immunity. This work encourages further research of mucosal ZIKV immunization to prevent future outbreaks (Martinez et al., 2020).



5.4.2 Fusion Protein

Márquez-Escobar et al. constructed a chimeric protein with three epitopes from ZIKV E protein and LTB, a sequence expressed in the marine microalgae Schizochytrium sp. The mice (BALB/c) received four oral or subcutaneous doses of the intact microalgae biomass or soluble protein extract, respectively. The results showed that recombinant microalgae elicited significantly higher serum IgG responses for each one of the three epitopes from ZIKV or LTB. A similar behavior was produced by IgA from feces, directed to one of the epitopes and the LTB fraction. The work concluded that this fusion protein expressed in microalgae was immunogenic and induced either systemic or mucosal responses when administered orally (Marquez-Escobar et al., 2018).

The formyl peptide receptor-like-1 inhibitory protein (FLIPr) is an FcγR antagonist secreted by Staphylococcus aureus linked to the ZIKV domain III (ZEIII-FLIPr). Hsieh et al. offered a proof-of-concept to demonstrate that IN FLIPr could enhance immunogenicity in mice and improve protection against infection. Mice (immunocompromised AG129 lacking the receptor for types-I and II IFNs, IFNs α/β/γ) were immunized three times and received challenged IP. There were significantly higher titers of neutralizing systemic antibodies (serum IgG and IgA), or mucosal antibodies (vaginal lavages and bronchoalveolar fluid IgA) in mice vaccinated with the fusion protein, compared to those immunized with EIII antigen or treated with PBS. The viremia titer in the challenge experiments was the lowest and showed the longest survival times in mice that were administered with rZEIII-FLIPr. The authors suggested that IN rZEIII-FLIPr is a potential vaccine candidate against ZIKV (Hsieh et al., 2021).



5.4.3 Replication-Defective Virus

Recent studies by Steffen et al. have documented the efficacy of a mucosal vaccine against ZIKV. Groups of C57BL/6J mice received IN immunization of 3×107 human adenovirus type 5 viral particles expressing PrM and E proteins of ZIKV. The results showed the induction of both cell-mediated and humoral immune responses to ZIKV epitopes. They found that the antigen-specific CD8+ T cell against dominant ZIKV T cell epitope plays a major role in the protection against a ZIKV challenge (Steffen et al., 2020).

Given that ZIKV is the only flavivirus transmitted sexually through mucosae, mucosal immunization is the most justifiable type of vaccination. One of the examples reviewed here is mainly a proof-of-concept (Martinez et al.) since the authors studied the effect of the rectal route of infection with WT and attenuated ZIKV strains, but obviously this is not a practical route of immunization for animals, much less for humans. To circumvent this, more feasible routes (oral and IN) have been explored, and some have yielded encouraging protection results.




5.5 TBEV


5.5.1 Replicative Vector: Virus

TBEV mucosal vaccines have also been reported by Ryzhikov et al. They use a recombinant TK- variant of the vaccinia WR strain carrying genes that encode for structural and nonstructural proteins of TBEV. After the IN immunization of mice with this recombinant vaccine, a mucosal and humoral immune response was induced, and protection against TBEV challenge was observed. It is worth mentioning that the IN immunization induced more favorable results compared with mice immunized by scarification and subcutaneous administration (Ryzhikov et al., 1998). Overall, these results suggest that mucosal viral-vectored vaccines can efficiently induce protective humoral and cellular immune responses against flavivirus infections.

In summary, besides the work mentioned previously by Ryzhikov et al., there are some other successful vaccine approaches against other flaviviruses that achieved similar or even better results than the parenteral routes (Harakuni et al., 2009; Lazo Vazquez et al., 2017; Martinez et al., 2020; Dumkliang et al., 2021). Therefore, worthwhile to make more efforts to deep into the mucosal vaccination approaches for flaviviruses.



5.5.2 Combined Strategies

Given that a single platform for mucosal immunization is not enough to elicit a robust immune response, researchers have explored combining different platforms as an effort to obtain better results.

Synthetic peptides in vaccination are based on specific immunodominant peptides, produced synthetically, from the original antigens that induce B-cell and/or T-cell responses. This is a safe strategy because the researchers do not need to work with whole pathogens, and the peptides are well characterized and are stable but they are poorly immunogenic.

The use of peptides as a vaccine platform for flaviviruses mucosal immunization has been explored in combination with an inactivated vaccine directed to TBEV. Goncharova et al. sought specific regions in the E protein of TBEV to avoid autoimmunity. They were obtained by informatics, rendering a 31-aa peptide (antigenic peptide 89-119) residue. In contrast, the strain Sofjin of TBEV isolated from the human brain was inactivated with formalin. These two immunogens were encapsulated into 200-400-nm NPs for IN administration to BALB/c mice. The positive control was an inactivated, subcutaneous commercial vaccine. After four doses, the groups received IP challenge with strain Sofjin of TBEV (Goncharova et al., 2006).

The most relevant result from this study is the complete protection against systemic challenges obtained with IN, inactivated vaccines. A peptide vaccine even achieved 58% protection. These observations indicate promising perspectives for further developments (Goncharova et al., 2006).

DNA immunization has been tested in combination with others against flavivirus. This platform works by injecting genetically engineered plasmids containing the DNA sequence encoding the antigen(s) against which an immune response is sought. Hence, the cells directly produce the antigen, triggering a protective immunological response (Hobernik and Bros, 2018). It is a safe, affordable strategy, yet it is not as immunogenic as a whole virus or recombinant proteins.

Goncharova et al. also compared four delivery systems carrying TBEV antigens. The first system, artificial virus-like microparticles (VLP), consisted of polyglycan-spermidine complexes covering pcDNA3/E-TBEV DNA. The second system was cationic liposomes with pcDNA3/E-TBEV DNA. The third system was an attenuated Salmonella strain containing pcDNA3/E-TBEV. The fourth system was a recombinant vaccinia strain with inserted genes of C, PrM, E, NS1, NS2a, NS2b, and NS3 proteins of TBEV. The results showed a Th1-type immune response in the BALB/c mice immunized with IN recombinant vaccinia-TBEV strain and VLP-pcDNA3/E-TBEV. The mice immunized with IN recombinant vaccinia-TBE strains were fully protected against the IP challenge with strain Sofjin of TBEV. In contrast, the inactivated TBEV vaccine failed to induce a significant level of protection (Goncharova et al., 2002).

Since there are some neurotropic flaviviruses (JEV, WNV, and TBEV), IN immunization is one of the most studied options to induce mucosal and systemic immunity. It aims to block the viral propagation into the brain through the olfactory pathway and neutralize virus multiplication in visceral organs. This was evident in several works that use this route, demonstrating IN vaccination is a likely alternative given the protection during the challenges with flaviviruses that cause encephalitis.




5.6 DTMUV


5.6.1 Replicative Vector: Bacteria

Huang et al. used DNA vaccines vectorized with S. enterica serovar Typhimurium expressing C, PrM, and E proteins from DTMUV. Using this, ducks were immunized twice by oral route, then they were challenged intravenously with a DTMUV strain. A discrete but evident anti-viral IgY response was observed in animals orally immunized with recombinant Salmonella, and this response was neutralizing. The last finding corroborates the result of the challenge experiments, since the survival rate was 30% higher than the one observed in negative controls (Huang et al., 2018a; Huang et al., 2018b).




5.7 LIV


5.7.1 Replicative Vector: Virus

Semliki Forest virus has also been analyzed as a viral vector for flavivirus mucosal vaccines. Fleeton et al. reported recombinant Semliki Forest virus (rSFV) particles encoding the PrME (rSFV-PrME) or NS1 (rSFV-NS1) proteins of LIV. Mice immunized with IN rSFV particles produced antibodies against PrME and NS1, mostly IgG2a. This indicates that a Th1 immune response was induced and a specific T-cell proliferative response to LIV antigens was observed. In challenge experiments, mice that had received IN vaccination with rSFV-PrME particles were protected against a fully virulent LIV strain (LI/31). Still, they were not protected against the challenge with a less virulent LI/I, a LIV strain. Mice that received IN immunization with rSFV-NS1 showed protection against LIV strains LI/31 and LI/I. Better results were observed in mice immunized with rSFV-PrME and/or rSFV-NS1 by IP route because they were significantly protected from a lethal IP challenge using two LIV strains (virulent LI/31 or less-virulent LI/I) (Fleeton et al., 1999).

DTMUV and LIV are the least relevant flavivirus in terms of human public health. However, they are potential models to study the immunogenicity elicited by candidate vaccines.





6. Conclusion

Given that one single platform will unlikely meet all the ideal requirements, vaccinologists must search for the continuous improvement of vaccines. Flaviviruses are constituted by sets of viruses with different characteristics in terms of infection, pathology in different systems (i.e., central nervous system), and economic issues. For example, ZIKV is the only sexually transmitted arbovirus while a group of flaviviruses causes encephalitis (JEV, WNV, and TBEV). In addition, dengue creates direct and indirect costs from its treatment and is the second largest arthropod-transmitted pathogen worldwide. The infection by WNV requires an expensive approach for its control and eradication since poultry is an amplifier host. Therefore, more affordable and friendlier alternatives for children and adult vaccination are necessary, considering that each case demands a specific vaccination approach.

To address the challenges in vaccination against flaviviruses, we propose mucosal vaccination as a potential option given its low reactivity, reduced costs, simple application, and non-invasive administration. Additionally, it requires no equipment nor specially trained health personnel for its administration. This type of vaccine prevents blood-borne infections because it is needle-free. Unlike parenteral inoculation, mucosal vaccination is an excellent option for mass application because it does not generate large amounts of biohazardous waste.

The works reviewed here show that mucosal vaccination elicits broad mucosal and systemic immune responses against flaviviruses. In this regard, oral and IN routes are the most common paths of administration in comparison with intravaginal and rectal routes. The latter ones are less practical for vaccine administration but they are important, considering that ZIKV can be sexually transmitted through mucosae.

Some studies reviewed here compare mucosal with parenteral immunization routes, revealing the latter showed higher humoral, cell, and protective responses. Still, better yields in protection data were achieved in mucosal routes than the parenteral ones in certain models. Another set of works used mucosal routes by testing several vaccination approaches, demonstrating strong immunogenicity and protection against flaviviruses. Overall, these studies documented the advantages of mucosal vaccination, encouraging the improvement of the current flaviviruses vaccines. This can be enhanced using the appropriate mucosal route of immunization, adjuvants, and delivery systems of antigens.

Mucosal vaccination against flavivirus and other pathogens causing infectious diseases in general is characterized by the ease of immunogen delivery, especially by the oral route. This constitutes a major advantage for the potential implementation of large-scale vaccination programs. Moreover, due to the needle-free method, it is a friendly route when compared with parenteral inoculation ones. Therefore, further research exploring simple or combined mucosal vaccination strategies must be performed to expand their use beyond flaviviruses to cover infectious diseases in general.



Author Contributions

RL-P and GM-S contributed to the conception, design, and drafting of the manuscript. LS-V and PM-L contributed to data collection and manuscript drafting. PM-L contributed to the design of figures. GM-S contributed to the edition. All authors contributed to the article and approved the submitted version.



Funding

This study received funding from Hospital Infantil de México “Federico Gómez” to RL-P Fondos Federales HIM-2018-080 SSA 1543. Basic Science project CB-2014-01#238736 was granted to GM-S, and PM-L received the predoctoral scholarship #711710, both from Consejo Nacional de Ciencia y Tecnología (CONACyT).



Acknowledgments

The authors thank Dr. Lenin Pavon for his insightful and valuable comments to this manuscript. We also want to thank Dr. Patrick J. Schmidlein and M. Sc. Jovita Díaz-McNair for carefully proofreading the manuscript.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2022.887729/full#supplementary-material



References

 Appaiahgari, M. B., Saini, M., Rauthan, M., Jyoti,, and Vrati, S. (2006). Immunization With Recombinant Adenovirus Synthesizing the Secretory Form of Japanese Encephalitis Virus Envelope Protein Protects Adenovirus-Exposed Mice Against Lethal Encephalitis. Microbes Infect. 8 (1), 92–104. doi: 10.1016/j.micinf.2005.05.023

 Bal, J., Jung, H. Y., Nguyen, L. N., Park, J., Jang, Y. S., and Kim, D. H. (2018a). Evaluation of Cell-Surface Displayed Synthetic Consensus Dengue EDIII Cells as a Potent Oral Vaccine Candidate. Microb. Cell Fact 17 (1), 146. doi: 10.1186/s12934-018-0994-8

 Bal, J., Luong, N. N., Park, J., Song, K. D., Jang, Y. S., and Kim, D. H. (2018b). Comparative Immunogenicity of Preparations of Yeast-Derived Dengue Oral Vaccine Candidate. Microb. Cell Fact 17 (1), 24. doi: 10.1186/s12934-018-0876-0

 Bhatt, S., Gething, P. W., Brady, O. J., Messina, J. P., Farlow, A. W., Moyes, C. L., et al. (2013). The Global Distribution and Burden of Dengue. Nature 496 (7446), 504–507. doi: 10.1038/nature12060

 Billoir, F., de Chesse, R., Tolou, H., de Micco, P., Gould, E. A., and de Lamballerie, X. (2000). Phylogeny of the Genus Flavivirus Using Complete Coding Sequences of Arthropod-Borne Viruses and Viruses With No Known Vector. J. Gen. Virol. 81 Pt 9, 2339. doi: 10.1099/0022-1317-81-9-2339

 Blitvich, B. J., and Firth, A. E. (2015). Insect-Specific Flaviviruses: A Systematic Review of Their Discovery, Host Range, Mode of Transmission, Superinfection Exclusion Potential and Genomic Organization. Viruses 7 (4), 1927–1959. doi: 10.3390/v7041927

 Blitvich, B. J., and Firth, A. E. (2017). A Review of Flaviviruses That Have No Known Arthropod Vector. Viruses 9 (6):154–154. doi: 10.3390/v9060154v9060154

 Brady, O. J., and Hay, S. I. (2020). The Global Expansion of Dengue: How Aedes Aegypti Mosquitoes Enabled the First Pandemic Arbovirus. Annu. Rev. Entomol 65, 191–208. doi: 10.1146/annurev-ento-011019-024918

 Carter, N. J., and Curran, M. P. (2011). Live Attenuated Influenza Vaccine (FluMist(R); Fluenz): A Review of Its Use in the Prevention of Seasonal Influenza in Children and Adults. Drugs 71 (12), 1591–1622. doi: 10.2165/11206860-000000000-000007

 Chang, T. H., Liao, C. L., and Lin, Y. L. (2006). Flavivirus Induces Interferon-Beta Gene Expression Through a Pathway Involving RIG-I-Dependent IRF-3 and PI3K-Dependent NF-kappaB Activation. Microbes Infect. 8 (1), 157–171. doi: 10.1016/j.micinf.2005.06.014

 Chazal, M., Beauclair, G., Gracias, S., Najburg, V., Simon-Loriere, E., Tangy, F., et al. (2018). RIG-I Recognizes the 5' Region of Dengue and Zika Virus Genomes. Cell Rep. 24 (2), 320–328. doi: 10.1016/j.celrep.2018.06.047

 Chen, L. H., and Wilson, M. E. (2020). Yellow Fever Control: Current Epidemiology and Vaccination Strategies. Trop. Dis. Travel Med. Vaccines 6, 1. doi: 10.1186/s40794-020-0101-0101

 Chin'ombe, N. (2013). Recombinant Salmonella Enterica Serovar Typhimurium as a Vaccine Vector for HIV-1 Gag. Viruses 5 (9), 2062–2078. doi: 10.3390/v5092062v5092062

 Cohen, S., Powell, C. J., Dubois, D. R., Hartman, A., Summers, P. L., and Eckels, K. H. (1990). Expression of the Envelope Antigen of Dengue Virus in Vaccine Strains of Salmonella. Res. Microbiol. 141 (7-8), 855–858. doi: 10.1016/0923-2508(90)90121-6

 Collins, M. H., and Metz, S. W. (2017). Progress and Works in Progress: Update on Flavivirus Vaccine Development. Clin. Ther. 39 (8), 1519–1536. doi: 10.1016/j.clinthera.2017.07.001

 Correia-Pinto, J. F., Csaba, N., and Alonso, M. J. (2013). Vaccine Delivery Carriers: Insights and Future Perspectives. Int. J. Pharm. 440 (1), 27–38. doi: 10.1016/j.ijpharm.2012.04.047

 Davitt, C. J., and Lavelle, E. C. (2015). Delivery Strategies to Enhance Oral Vaccination Against Enteric Infections. Adv. Drug Deliv Rev. 91, 52–69. doi: 10.1016/j.addr.2015.03.007

 Dejnirattisai, W., Jumnainsong, A., Onsirisakul, N., Fitton, P., Vasanawathana, S., Limpitikul, W., et al. (2010). Cross-Reacting Antibodies Enhance Dengue Virus Infection in Humans. Science 328 (5979), 745–748. doi: 10.1126/science.1185181328/5979/745

 Dejnirattisai, W., Supasa, P., Wongwiwat, W., Rouvinski, A., Barba-Spaeth, G., Duangchinda, T., et al. (2016). Dengue Virus Sero-Cross-Reactivity Drives Antibody-Dependent Enhancement of Infection With Zika Virus. Nat. Immunol. 17 (9), 1102–1108. doi: 10.1038/ni.3515ni.3515

 De Magistris, M. T. (2006). Mucosal Delivery of Vaccine Antigens and its Advantages in Pediatrics. Adv. Drug Deliv Rev. 58 (1), 52–67. doi: 10.1016/j.addr.2006.01.002

 Diamond, M. S. (2003). Evasion of Innate and Adaptive Immunity by Flaviviruses. Immunol. Cell Biol. 81 (3), 196–206. doi: 10.1046/j.1440-1711.2003.01157.x

 Dong, T., Moran, E., Vinh Chau, N., Simmons, C., Luhn, K., Peng, Y., et al. (2007). High Pro-Inflammatory Cytokine Secretion and Loss of High Avidity Cross-Reactive Cytotoxic T-Cells During the Course of Secondary Dengue Virus Infection. PloS One 2 (12), e1192. doi: 10.1371/journal.pone.0001192

 Dowd, K. A., and Pierson, T. C. (2011). Antibody-Mediated Neutralization of Flaviviruses: A Reductionist View. Virology 411 (2), 306–315. doi: 10.1016/j.virol.2010.12.020

 Duffy, M. R., Chen, T. H., Hancock, W. T., Powers, A. M., Kool, J. L., Lanciotti, R. S., et al. (2009). Zika Virus Outbreak on Yap Island, Federated States of Micronesia. N Engl. J. Med. 360 (24), 2536–2543. doi: 10.1056/NEJMoa0805715360/24/2536

 Dumkliang, E., Pamornpathomkul, B., Patrojanasophon, P., Ngawhirunpat, T., Rojanarata, T., Yoksan, S., et al. (2021). Feasibility of Chitosan-Based Nanoparticles Approach for Intranasal Immunisation of Live Attenuated Japanese Encephalitis Vaccine. Int. J. Biol. Macromol 183, 1096–1105. doi: 10.1016/j.ijbiomac.2021.05.050

 Fassbinder-Orth, C. A., Hofmeister, E. K., Weeks-Levy, C., and Karasov, W. H. (2009). Oral and Parenteral Immunization of Chickens (Gallus Gallus) Against West Nile Virus With Recombinant Envelope Protein. Avian Dis. 53 (4), 502–509. doi: 10.1637/8688-031009-Reg.1

 Fischer, C., de Oliveira-Filho, E. F., and Drexler, J. F. (2020). Viral Emergence and Immune Interplay in Flavivirus Vaccines. Lancet Infect. Dis. 20 (1), 15–17. doi: 10.1016/S1473-3099(19)30697-8

 Fleeton, M. N., Sheahan, B. J., Gould, E. A., Atkins, G. J., and Liljestr, M. P. (1999). Recombinant Semliki Forest Virus Particles Encoding the prME or NS1 Proteins of Louping Ill Virus Protect Mice From Lethal Challenge. J. Gen. Virol. 80 (Pt 5), 1189–1198. doi: 10.1099/0022-1317-80-5-1189

 Fredericksen, B. L., Keller, B. C., Fornek, J., Katze, M. G., and Gale, M. Jr. (2008). Establishment and Maintenance of the Innate Antiviral Response to West Nile Virus Involves Both RIG-I and MDA5 Signaling Through IPS-1. J. Virol. 82 (2), 609–616. doi: 10.1128/JVI.01305-07

 Fujkuyama, Y., Tokuhara, D., Kataoka, K., Gilbert, R. S., McGhee, J. R., Yuki, Y., et al. (2012). Novel Vaccine Development Strategies for Inducing Mucosal Immunity. Expert Rev. Vaccines 11 (3), 367–379. doi: 10.1586/erv.11.196

 Galen, J. E., Buskirk, A. D., Tennant, S. M., and Pasetti, M. F. (2016). Live Attenuated Human Salmonella Vaccine Candidates: Tracking the Pathogen in Natural Infection and Stimulation of Host Immunity. EcoSal Plus 7 (1):1–17. doi: 10.1128/ecosalplus.ESP-0010-2016

 Galen, J. E., Wahid, R., and Buskirk, A. D. (2021). Strategies for Enhancement of Live-Attenuated Salmonella-Based Carrier Vaccine Immunogenicity. Vaccines (Basel) 9 (2):162–162. doi: 10.3390/vaccines9020162

 Gardner, C. L., and Ryman, K. D. (2010). Yellow Fever: A Reemerging Threat. Clin. Lab. Med. 30 (1), 237–260. doi: 10.1016/j.cll.2010.01.001

 Gaunt, M. W., Sall, A. A., Lamballerie, X., Falconar, A. K. I., Dzhivanian, T. I., and Gould, E. A. (2001). Phylogenetic Relationships of Flaviviruses Correlate With Their Epidemiology, Disease Association and Biogeography. J. Gen. Virol. 82 (Pt 8), 1867–1876. doi: 10.1099/0022-1317-82-8-1867

 Girard, M. P., and Koff, W. C. (2013). “Human Immunodeficiency Virus Vaccines,”. Eds.  S. A. Plotkin, and W. A. Orenstein (Elsevier Saunders; Philadelphia: P.A. Offit. ELSEVIER).

 Goncharova, E. P., Ryzhikov, A. B., Bulychev, L. E., Sizov, A. A., Lebedev, L. R., Poryvaev, V. D., et al. (2002). A Study of Systems for Delivering Antigens and Plasmid DNA for Intranasal Immunization Against Tick-Borne Encephalitis Virus. Wien Klin Wochenschr 114 (13-14), 630–635.

 Goncharova, E., Ryzhikov, E., Poryvaev, V., Bulychev, L., Karpyshev, N., Maksyutov, A., et al. (2006). Intranasal Immunization With Inactivated Tick-Borne Encephalitis Virus and the Antigenic Peptide 89-119 Protects Mice Against Intraperitoneal Challenge. Int. J. Med. Microbiol. 296 Suppl 40, 195–201. doi: 10.1016/j.ijmm.2006.02.002

 Gould, E. A., and Solomon, T. (2008). Pathogenic Flaviviruses. Lancet 371 (9611), 500–509. doi: 10.1016/S0140-6736(08)60238-X

 Green, S., and Rothman, A. (2006). Immunopathological Mechanisms in Dengue and Dengue Hemorrhagic Fever. Curr. Opin. Infect. Dis. 19 (5), 429–436. doi: 10.1097/01.qco.0000244047.31135.fa00001432-200610000-00006

 Grifoni, A., Pham, J., Sidney, J., O'Rourke, P. H., Paul, S., Peters, B., et al. (2017). Prior Dengue Virus Exposure Shapes T Cell Immunity to Zika Virus in Humans. J. Virol. 91 (24), e01469–e01417. doi: 10.1128/JVI.01469-17

 Guirakhoo, F., Zhang, Z. X., Chambers, T. J., Delagrave, S., Arroyo, J., Barrett, A. D., et al. (1999). Immunogenicity, Genetic Stability, and Protective Efficacy of a Recombinant, Chimeric Yellow Fever-Japanese Encephalitis Virus (ChimeriVax-JE) as a Live, Attenuated Vaccine Candidate Against Japanese Encephalitis. Virology 257 (2), 363–372. doi: 10.1006/viro.1999.9695

 Guzman, M. G., Alvarez, M., and Halstead, S. B. (2013). Secondary Infection as a Risk Factor for Dengue Hemorrhagic Fever/Dengue Shock Syndrome: An Historical Perspective and Role of Antibody-Dependent Enhancement of Infection. Arch. Virol. 158 (7), 1445–1459. doi: 10.1007/s00705-013-1645-3

 Guzman, M. G., and Kouri, G. (2003). Dengue and Dengue Hemorrhagic Fever in the Americas: Lessons and Challenges. J. Clin. Virol. 27 (1), 1–13. doi: 10.1016/s1386-6532(03)00010-6

 Hadinegoro, S. R. (2012). The Revised WHO Dengue Case Classification: Does the System Need to be Modified? Paediatr. Int. Child Health 32 Suppl 1, 33–38. doi: 10.1179/2046904712Z.00000000052

 Harakuni, T., Kohama, H., Tadano, M., Uechi, G., Tsuji, N., Matsumoto, Y., et al. (2009). Mucosal Vaccination Approach Against Mosquito-Borne Japanese Encephalitis Virus. Jpn J. Infect. Dis. 62 (1), 37–45.

 Hatch, S., Endy, T. P., Thomas, S., Mathew, A., Potts, J., Pazoles, P., et al. (2011). Intracellular Cytokine Production by Dengue Virus-Specific T Cells Correlates With Subclinical Secondary Infection. J. Infect. Dis. 203 (9), 1282–1291. doi: 10.1093/infdis/jir012jir012

 Heinonen, S., Silvennoinen, H., Lehtinen, P., Vainionpaa, R., Ziegler, T., and Heikkinen, T. (2011). Effectiveness of Inactivated Influenza Vaccine in Children Aged 9 Months to 3 Years: An Observational Cohort Study. Lancet Infect. Dis. 11 (1), 23–29. doi: 10.1016/S1473-3099(10)70255-3

 Hobernik, D., and Bros, M. (2018). DNA Vaccines-How Far From Clinical Use? Int. J. Mol. Sci. 19 (11), E3605. doi: 10.3390/ijms19113605

 Holbrook, M. R. (2017). Historical Perspectives on Flavivirus Research. Viruses 9 (5), E97. doi: 10.3390/v9050097

 Holmgren, J., and Czerkinsky, C. (2005). Mucosal Immunity and Vaccines. Nat. Med. 11 (4 Suppl), S45–S53. doi: 10.1038/nm1213

 Hsieh, M. S., Hsu, C. W., Tu, L. L., Chai, K. M., Yu, L. L., Wu, C. C., et al. (2021). Intranasal Vaccination With Recombinant Antigen-FLIPr Fusion Protein Alone Induces Long-Lasting Systemic Antibody Responses and Broad T Cell Responses. Front. Immunol. 12. doi: 10.3389/fimmu.2021.751883

 Huang, J., Jia, R., Shen, H., Wang, M., Zhu, D., Chen, S., et al. (2018a). Oral Delivery of a DNA Vaccine Expressing the PrM and E Genes: A Promising Vaccine Strategy Against Flavivirus in Ducks. Sci. Rep. 8 (1), 12360. doi: 10.1038/s41598-018-30258-3

 Huang, J., Shen, H., Jia, R., Wang, M., Chen, S., Zhu, D., et al. (2018b). Oral Vaccination With a DNA Vaccine Encoding Capsid Protein of Duck Tembusu Virus Induces Protection Immunity. Viruses 10 (4):180–180. doi: 10.3390/v10040180

 Humphreys, I. R., and Sebastian, S. (2018). Novel Viral Vectors in Infectious Diseases. Immunology 153 (1), 1–9. doi: 10.1111/imm.12829

 Ishikawa, T., Yamanaka, A., and Konishi, E. (2014). A Review of Successful Flavivirus Vaccines and the Problems With Those Flaviviruses for Which Vaccines are Not Yet Available. Vaccine 32 (12), 1326–1337. doi: 10.1016/j.vaccine.2014.01.040

 Iyer, A. V., Pahar, B., Boudreaux, M. J., Wakamatsu, N., Roy, A. F., Chouljenko, V. N., et al. (2009). Recombinant Vesicular Stomatitis Virus-Based West Nile Vaccine Elicits Strong Humoral and Cellular Immune Responses and Protects Mice Against Lethal Challenge With the Virulent West Nile Virus Strain LSU-Ar01. Vaccine 27 (6), 893–903. doi: 10.1016/j.vaccine.2008.11.087

 Jalava, K., Hensel, A., Szostak, M., Resch, S., and Lubitz, W. (2002). Bacterial Ghosts as Vaccine Candidates for Veterinary Applications. J. Control Release 85 (1-3), 17–25. doi: 10.1016/s0168-3659(02)00267-5

 Jeffries, C. L., Mansfield, K. L., Phipps, L. P., Wakeley, P. R., Mearns, R., Schock, A., et al. (2014). Louping Ill Virus: An Endemic Tick-Borne Disease of Great Britain. J. Gen. Virol. 95 (Pt 5), 1005–1014. doi: 10.1099/vir.0.062356-0

 Johnson-Weaver, B. T., Choi, H. W., Yang, H., Granek, J. A., Chan, C., Abraham, S. N., et al. (2021). Nasal Immunization With Small Molecule Mast Cell Activators Enhance Immunity to Co-Administered Subunit Immunogens. Front. Immunol. 12. doi: 10.3389/fimmu.2021.730346

 Katzelnick, L. C., Bos, S., and Harris, E. (2020a). Protective and Enhancing Interactions Among Dengue Viruses 1-4 and Zika Virus. Curr. Opin. Virol. 43, 59–70. doi: 10.1016/j.coviro.2020.08.006

 Katzelnick, L. C., Narvaez, C., Arguello, S., Lopez Mercado, B., Collado, D., Ampie, O., et al. (2020b). Zika Virus Infection Enhances Future Risk of Severe Dengue Disease. Science 369 (6507), 1123–1128. doi: 10.1126/science.abb6143

 Kim, T. G., Kim, M. Y., Huy, N. X., Kim, S. H., and Yang, M. S. (2013b). M Cell-Targeting Ligand and Consensus Dengue Virus Envelope Protein Domain III Fusion Protein Production in Transgenic Rice Calli. Mol. Biotechnol. 54 (3), 880–887. doi: 10.1007/s12033-012-9637-1

 Kim, S. H., Kim, Y. N., Kim, J., and Jang, Y. S. (2018). C5a Receptor Targeting of Partial non-Structural Protein 3 of Dengue Virus Promotes Antigen-Specific IFN-Gamma-Producing T-Cell Responses in a Mucosal Dengue Vaccine Model. Cell Immunol. 325, 41–47. doi: 10.1016/j.cellimm.2018.01.016

 Kim, M. Y., Kim, B. Y., Oh, S. M., Reljic, R., Jang, Y. S., and Yang, M. S. (2016). Oral Immunisation of Mice With Transgenic Rice Calli Expressing Cholera Toxin B Subunit Fused to Consensus Dengue cEDIII Antigen Induces Antibodies to All Four Dengue Serotypes. Plant Mol. Biol. 92 (3), 347–356. doi: 10.1007/s11103-016-0517-0

 Kim, E., Won, G., and Lee, J. H. (2020). Construction of a Novel Tetravalent Dengue Vaccine With a Salmonella Typhimurium Bacterial Ghost and Evaluation of its Immunogenicity and Protective Efficacy Using a Murine Model. Vaccine 38 (4), 916–924. doi: 10.1016/j.vaccine.2019.10.075

 Kim, S. H., Yang, I. Y., Jang, S. H., Kim, J., Truong, T. T., Van Pham, T., et al. (2013a). C5a Receptor-Targeting Ligand-Mediated Delivery of Dengue Virus Antigen to M Cells Evokes Antigen-Specific Systemic and Mucosal Immune Responses in Oral Immunization. Microbes Infect. 15 (13), 895–902. doi: 10.1016/j.micinf.2013.07.006

 Kirkwood, C. D., Ma, L. F., Carey, M. E., and Steele, A. D. (2019). The Rotavirus Vaccine Development Pipeline. Vaccine 37 (50), 7328–7335. doi: 10.1016/j.vaccine.2017.03.076

 Klenerman, P., and Zinkernagel, R. M. (1998). Original Antigenic Sin Impairs Cytotoxic T Lymphocyte Responses to Viruses Bearing Variant Epitopes. Nature 394 (6692), 482–485. doi: 10.1038/28860

 Koblischke, M., Mackroth, M. S., Schwaiger, J., Fae, I., Fischer, G., Stiasny, K., et al. (2017). Protein Structure Shapes Immunodominance in the CD4 T Cell Response to Yellow Fever Vaccination. Sci. Rep. 7 (1), 8907. doi: 10.1038/s41598-017-09331-w

 Kulkarni, P. S., Raut, S. K., and Dhere, R. M. (2013). A Post-Marketing Surveillance Study of a Human Live-Virus Pandemic Influenza A (H1N1) Vaccine (Nasovac (R)) in India. Hum. Vaccin Immunother. 9 (1), 122–124. doi: 10.4161/hv.2231722317

 Kunkel, E. J., and Butcher, E. C. (2003). Plasma-Cell Homing. Nat. Rev. Immunol. 3 (10), 822–829. doi: 10.1038/nri1203

 Kuno, G. (2007). Host Range Specificity of Flaviviruses: Correlation With In Vitro Replication. J. Med. Entomol 44 (1), 93–101. doi: 10.1603/0022-2585(2007)44[93:hrsofc]2.0.co;2

 Kuno, G., Chang, G. J., Tsuchiya, K. R., Karabatsos, N., and Cropp, C. B. (1998). Phylogeny of the Genus Flavivirus. J. Virol. 72 (1), 73–83. doi: 10.1128/JVI.72.1.73-83.1998

 Kurane, I., Hebblewaite, D., Brandt, W. E., and Ennis, F. A. (1984). Lysis of Dengue Virus-Infected Cells by Natural Cell-Mediated Cytotoxicity and Antibody-Dependent Cell-Mediated Cytotoxicity. J. Virol. 52 (1), 223–230. doi: 10.1128/JVI.52.1.223-230.1984

 Laoprasopwattana, K., Libraty, D. H., Endy, T. P., Nisalak, A., Chunsuttiwat, S., Ennis, F. A., et al. (2007). Antibody-Dependent Cellular Cytotoxicity Mediated by Plasma Obtained Before Secondary Dengue Virus Infections: Potential Involvement in Early Control of Viral Replication. J. Infect. Dis. 195 (8), 1108–1116. doi: 10.1086/512860

 Lavelle, E. C., and Ward, R. W. (2022). Mucosal Vaccines - Fortifying the Frontiers. Nat. Rev. Immunol. 22 (4), 236–250. doi: 10.1038/s41577-021-00583-2

 Lazo Vazquez, L., Gil Gonzalez, L., Marcos Lopez, E., Perez Fuentes, Y., Cervetto de Armas, L., Brown Richards, E., et al. (2017). Evaluation in Mice of the Immunogenicity of a Tetravalent Subunit Vaccine Candidate Against Dengue Virus Using Mucosal and Parenteral Immunization Routes. Viral Immunol. 30 (5), 350–358. doi: 10.1089/vim.2016.0150

 Levine, M. M. (2003). Can Needle-Free Administration of Vaccines Become the Norm in Global Immunization? Nat. Med. 9 (1), 99–103. doi: 10.1038/nm0103-99

 Li, M., Du, C., Guo, N., Teng, Y., Meng, X., Sun, H., et al. (2019). Composition Design and Medical Application of Liposomes. Eur. J. Med. Chem. 164, 640–653. doi: 10.1016/j.ejmech.2019.01.007

 Lin, T. S., Chuang, C. C., Hsu, H. L., Liu, Y. T., Lin, W. P., Liang, C. C., et al. (2010). Role of Amphotericin B Upon Enhancement of Protective Immunity Elicited by Oral Administration With Liposome-Encapsulated-Japanese Encephalitis Virus Nonstructural Protein 1 (NS1) in Mice. Microb. Pathog. 49 (3), 67–74. doi: 10.1016/j.micpath.2010.04.002

 Lindenbach, B. D., and Rice, C. M. (2003). Molecular Biology of Flaviviruses. Adv. Virus Res. 59, 23–61. doi: 10.1016/s0065-3527(03)59002-9

 Liu, W. T., Lin, W. T., Tsai, C. C., Chuang, C. C., Liao, C. L., Lin, H. C., et al. (2006). Enhanced Immune Response by Amphotericin B Following NS1 Protein Prime-Oral Recombinant Salmonella Vaccine Boost Vaccination Protects Mice From Dengue Virus Challenge. Vaccine 24 (31-32), 5852–5861. doi: 10.1016/j.vaccine.2006.04.066

 Li, M., Wang, Y., Sun, Y., Cui, H., Zhu, S. J., and Qiu, H. J. (2020). Mucosal Vaccines: Strategies and Challenges. Immunol. Lett. 217, 116–125. doi: 10.1016/j.imlet.2019.10.013

 Li, P., Zheng, Q. S., Wang, Q., Li, Y., Wang, E. X., Liu, J. J., et al. (2008). Immune Responses of Recombinant Adenoviruses Expressing Immunodominant Epitopes Against Japanese Encephalitis Virus. Vaccine 26 (46), 5802–5807. doi: 10.1016/j.vaccine.2008.08.035

 Lowe, R., Barcellos, C., Brasil, P., Cruz, O. G., Honorio, N. A., Kuper, H., et al. (2018). The Zika Virus Epidemic in Brazil: From Discovery to Future Implications. Int. J. Environ. Res. Public Health 15 (1), 96. doi: 10.3390/ijerph15010096

 Luria-Perez, R., Cedillo-Barron, L., Santos-Argumedo, L., Ortiz-Navarrete, V. F., Ocana-Mondragon, A., and Gonzalez-Bonilla, C. R. (2007). A Fusogenic Peptide Expressed on the Surface of Salmonella Enterica Elicits CTL Responses to a Dengue Virus Epitope. Vaccine 25 (27), 5071–5085. doi: 10.1016/j.vaccine.2007.03.047

 Lycke, N. (2012). Recent Progress in Mucosal Vaccine Development: Potential and Limitations. Nat. Rev. Immunol. 12 (8), 592–605. doi: 10.1038/nri3251

 Mackenzie, J. S., Gubler, D. J., and Petersen, L. R. (2004). Emerging Flaviviruses: The Spread and Resurgence of Japanese Encephalitis, West Nile and Dengue Viruses. Nat. Med. 10 (12 Suppl), S98–S109. doi: 10.1038/nm1144

 Mangada, M. M., Endy, T. P., Nisalak, A., Chunsuttiwat, S., Vaughn, D. W., Libraty, D. H., et al. (2002). Dengue-Specific T Cell Responses in Peripheral Blood Mononuclear Cells Obtained Prior to Secondary Dengue Virus Infections in Thai Schoolchildren. J. Infect. Dis. 185 (12), 1697–1703. doi: 10.1086/340822

 Mangada, M. M., and Rothman, A. L. (2005). Altered Cytokine Responses of Dengue-Specific CD4+ T Cells to Heterologous Serotypes. J. Immunol. 175 (4), 2676–2683. doi: 10.4049/jimmunol.175.4.2676

 Mansfield, K. L., Johnson, N., Phipps, L. P., Stephenson, J. R., Fooks, A. R., and Solomon, T. (2009). Tick-Borne Encephalitis Virus - A Review of an Emerging Zoonosis. J. Gen. Virol. 90 (Pt 8), 1781–1794. doi: 10.1099/vir.0.011437-0

 Marquez-Escobar, V. A., Banuelos-Hernandez, B., and Rosales-Mendoza, S. (2018). Expression of a Zika Virus Antigen in Microalgae: Towards Mucosal Vaccine Development. J. Biotechnol. 282, 86–91. doi: 10.1016/j.jbiotec.2018.07.025

 Martinez, L. E., Garcia, G. Jr, Contreras, D., Gong, D., Sun, R., and Arumugaswami, V. (2020). Zika Virus Mucosal Infection Provides Protective Immunity. J. Virol. 94 (9), e00067–e00020. doi: 10.1128/JVI.00067-20

 May, F. J., Davis, C. T., Tesh, R. B., and Barrett, A. D. (2011). Phylogeography of West Nile Virus: From the Cradle of Evolution in Africa to Eurasia, Australia, and the Americas. J. Virol. 85 (6), 2964–2974. doi: 10.1128/JVI.01963-10

 Medin, C. L., and Rothman, A. L. (2017). Zika Virus: The Agent and Its Biology, With Relevance to Pathology. Arch. Pathol. Lab. Med. 141 (1), 33–42. doi: 10.5858/arpa.2016-0409-RA

 Mongkolsapaya, J., Dejnirattisai, W., Xu, X. N., Vasanawathana, S., Tangthawornchaikul, N., Chairunsri, A., et al. (2003). Original Antigenic Sin and Apoptosis in the Pathogenesis of Dengue Hemorrhagic Fever. Nat. Med. 9 (7), 921–927. doi: 10.1038/nm887

 Montecillo-Aguado, M. R., Montes-Gomez, A. E., Garcia-Cordero, J., Corzo-Gomez, J., Vivanco-Cid, H., Mellado-Sanchez, G., et al. (2019). Cross-Reaction, Enhancement, and Neutralization Activity of Dengue Virus Antibodies Against Zika Virus: A Study in the Mexican Population. J. Immunol. Res. 2019, 7239347. doi: 10.1155/2019/7239347

 Moore, S. M. (2021). The Current Burden of Japanese Encephalitis and the Estimated Impacts of Vaccination: Combining Estimates of the Spatial Distribution and Transmission Intensity of a Zoonotic Pathogen. PloS Negl. Trop. Dis. 15 (10), e0009385. doi: 10.1371/journal.pntd.0009385

 Musso, D., Bossin, H., Mallet, H. P., Besnard, M., Broult, J., Baudouin, L., et al. (2018). Zika Virus in French Polynesia 2013-14: Anatomy of a Completed Outbreak. Lancet Infect. Dis. 18 (5), e172–e182. doi: 10.1016/S1473-3099(17)30446-2

 Najahi-Missaoui, W., Arnold, R. D., and Cummings, B. S. (2020). Safe Nanoparticles: Are We There Yet? Int. J. Mol. Sci. 22 (1):385–385. doi: 10.3390/ijms22010385

 Nantachit, N., Sunintaboon, P., and Ubol, S. (2016). Responses of Primary Human Nasal Epithelial Cells to EDIII-DENV Stimulation: The First Step to Intranasal Dengue Vaccination. Virol. J. 13, 142. doi: 10.1186/s12985-016-0598-z

 Nasirudeen, A. M., Wong, H. H., Thien, P., Xu, S., Lam, K. P., and Liu, D. X. (2011). RIG-I, MDA5 and TLR3 Synergistically Play an Important Role in Restriction of Dengue Virus Infection. PloS Negl. Trop. Dis. 5 (1), e926. doi: 10.1371/journal.pntd.0000926

 Ngono, A. E., and Shresta, S. (2018). Immune Response to Dengue and Zika. Annu. Rev. Immunol. 36, 279–308. doi: 10.1146/annurev-immunol-042617-053142

 Nguyen, N. L., So, K. K., Kim, J. M., Kim, S. H., Jang, Y. S., Yang, M. S., et al. (2015). Expression and Characterization of an M Cell-Specific Ligand-Fused Dengue Virus Tetravalent Epitope Using Saccharomyces Cerevisiae. J. Biosci. Bioeng 119 (1), 19–27. doi: 10.1016/j.jbiosc.2014.06.005

 OhAinle, M., Balmaseda, A., Macalalad, A. R., Tellez, Y., Zody, M. C., Saborio, S., et al. (2011). Dynamics of Dengue Disease Severity Determined by the Interplay Between Viral Genetics and Serotype-Specific Immunity. Sci. Transl. Med. 3 (114), 114ra128. doi: 10.1126/scitranslmed.3003084

 Orenstein, W. A. (2015). Eradicating Polio: How the World's Pediatricians can Help Stop This Crippling Illness Forever. Pediatrics 135 (1), 196–202. doi: 10.1542/peds.2014-3163

 Pezzoli, L. (2020). Global Oral Cholera Vaccine Us-2018. Vaccine 38 Suppl 1, A132–A140. doi: 10.1016/j.vaccine.2019.08.086

 Pierson, T. C., and Diamond, M. S. (2020). The Continued Threat of Emerging Flaviviruses. Nat. Microbiol. 5 (6), 796–812. doi: 10.1038/s41564-020-0714-0

 Pierson, T. C., Fremont, D. H., Kuhn, R. J., and Diamond, M. S. (2008). Structural Insights Into the Mechanisms of Antibody-Mediated Neutralization of Flavivirus Infection: Implications for Vaccine Development. Cell Host Microbe 4 (3), 229–238. doi: 10.1016/j.chom.2008.08.004

 Pollard, A. J., and Bijker, E. M. (2021). A Guide to Vaccinology: From Basic Principles to New Developments. Nat. Rev. Immunol. 21 (2), 83–100. doi: 10.1038/s41577-020-00479-7

 Pompa-Mera, E. N., Yepez-Mulia, L., Ocana-Mondragon, A., Garcia-Zepeda, E. A., Ortega-Pierres, G., and Gonzalez-Bonilla, C. R. (2011). Trichinella Spiralis: Intranasal Immunization With Attenuated Salmonella Enterica Carrying a Gp43 Antigen-Derived 30mer Epitope Elicits Protection in BALB/c Mice. Exp. Parasitol 129 (4), 393–401. doi: 10.1016/j.exppara.2011.08.013

 Pontes, D. S., de Azevedo, M. S., Chatel, J. M., Langella, P., Azevedo, V., and Miyoshi, A. (2011). Lactococcus Lactis as a Live Vector: Heterologous Protein Production and DNA Delivery Systems. Protein Expr Purif 79 (2), 165–175. doi: 10.1016/j.pep.2011.06.005

 Rathore, A. P. S., and St John, A. L. (2020). Cross-Reactive Immunity Among Flaviviruses. Front. Immunol. 11. doi: 10.3389/fimmu.2020.00334

 Reyes-Sandoval, A., and Ludert, J. E. (2019). The Dual Role of the Antibody Response Against the Flavivirus Non-Structural Protein 1 (NS1) in Protection and Immuno-Pathogenesis. Front. Immunol. 10. doi: 10.3389/fimmu.2019.01651

 Reynolds, C. J., Suleyman, O. M., Ortega-Prieto, A. M., Skelton, J. K., Bonnesoeur, P., Blohm, A., et al. (2018). T Cell Immunity to Zika Virus Targets Immunodominant Epitopes That Show Cross-Reactivity With Other Flaviviruses. Sci. Rep. 8 (1), 672. doi: 10.1038/s41598-017-18781-1

 Rey, F. A., Stiasny, K., Vaney, M. C., Dellarole, M., and Heinz, F. X. (2018). The Bright and the Dark Side of Human Antibody Responses to Flaviviruses: Lessons for Vaccine Design. EMBO Rep. 19 (2), 206–224. doi: 10.15252/embr.201745302

 Rivino, L., Kumaran, E. A., Jovanovic, V., Nadua, K., Teo, E. W., Pang, S. W., et al. (2013). Differential Targeting of Viral Components by CD4+ Versus CD8+ T Lymphocytes in Dengue Virus Infection. J. Virol. 87 (5), 2693–2706. doi: 10.1128/JVI.02675-12JVI.02675-12

 Rodriguez-Barraquer, I., Costa, F., Nascimento, E. J. M., Nery, N. J., Castanha, P. M. S., Sacramento, G. A., et al. (2019). Impact of Preexisting Dengue Immunity on Zika Virus Emergence in a Dengue Endemic Region. Science 363 (6427), 607–610. doi: 10.1126/science.aav6618363/6427/607

 Ruiz-Olvera, P., Ruiz-Perez, F., Sepulveda, N. V., Santiago-Machuca, A., Maldonado-Rodriguez, R., Garcia-Elorriaga, G., et al. (2003). Display and Release of the Plasmodium Falciparum Circumsporozoite Protein Using the Autotransporter MisL of Salmonella Enterica. Plasmid 50 (1), 12–27. doi: 10.1016/s0147-619x(03)00047-7

 Ruiz-Perez, F., Leon-Kempis, R., Santiago-Machuca, A., Ortega-Pierres, G., Barry, E., Levine, M., et al. (2002). Expression of the Plasmodium Falciparum Immunodominant Epitope (NANP)(4) on the Surface of Salmonella Enterica Using the Autotransporter MisL. Infect. Immun. 70 (7), 3611–3620. doi: 10.1128/IAI.70.7.3611-3620.2002

 Ryzhikov, A. B., Goncharova, E. P., Bulychev, L. E., Sergeev, A. N., Dmitriev, I. P., Pliasunov, I. V., et al. (1998). Studying the Possibility of Respiratory Immunization Against Tick-Borne Encephalitis. Vestn Ross Akad Med. Nauk 4), 17–20.

 Sabin, A. B. (1952). Research on Dengue During World War II. Am. J. Trop. Med. Hyg 1 (1), 30–50. doi: 10.4269/ajtmh.1952.1.30

 Sakurai, F., Tachibana, M., and Mizuguchi, H. (2022). Adenovirus Vector-Based Vaccine for Infectious Diseases. Drug Metab. Pharmacokinet 42, 100432. doi: 10.1016/j.dmpk.2021.100432

 Sanchez Vargas, L. A., Adam, A., Masterson, M., Smith, M., Lyski, Z. L., Dowd, K. A., et al. (2021). Non-Structural Protein 1-Specific Antibodies Directed Against Zika Virus in Humans Mediate Antibody-Dependent Cellular Cytotoxicity. Immunology 164 (2), 386–397. doi: 10.1111/imm.13380

 Sanchez-Vargas, L. A., Anderson, K. B., Srikiatkhachorn, A., Currier, J. R., Friberg, H., Endy, T. P., et al. (2021). Longitudinal Analysis of Dengue Virus-Specific Memory T Cell Responses and Their Association With Clinical Outcome in Subsequent DENV Infection. Front. Immunol. 12. doi: 10.3389/fimmu.2021.710300

 Sanchez-Vargas, L. A., and Mathew, A. (2019). Peripheral Follicular Helper T Cells in Acute Viral Diseases: A Perspective on Dengue. Future Virol. 14 (3), 161–169. doi: 10.2217/fvl-2018-0197

 Sanchez Vargas, L. A., Mathew, A., and Rothman, A. L. (2020). T Lymphocyte Responses to Flaviviruses - Diverse Cell Populations Affect Tendency Toward Protection and Disease. Curr. Opin. Virol. 43, 28–34. doi: 10.1016/j.coviro.2020.07.008

 Saron, W. A. A., Rathore, A. P. S., Ting, L., Ooi, E. E., Low, J., Abraham, S. N., et al. (2018). Flavivirus Serocomplex Cross-Reactive Immunity is Protective by Activating Heterologous Memory CD4 T Cells. Sci. Adv. 4 (7), eaar4297. doi: 10.1126/sciadv.aar4297

 Schwaiger, J., Aberle, J. H., Stiasny, K., Knapp, B., Schreiner, W., Fae, I., et al. (2014). Specificities of Human CD4+ T Cell Responses to an Inactivated Flavivirus Vaccine and Infection: Correlation With Structure and Epitope Prediction. J. Virol. 88 (14), 7828–7842. doi: 10.1128/JVI.00196-14

 Sejvar, J. J. (2014). Clinical Manifestations and Outcomes of West Nile Virus Infection. Viruses 6 (2), 606–623. doi: 10.3390/v6020606

 Shah, S. Z., Jabbar, B., Ahmed, N., Rehman, A., Nasir, H., Nadeem, S., et al. (2018). Epidemiology, Pathogenesis, and Control of a Tick-Borne Disease- Kyasanur Forest Disease: Current Status and Future Directions. Front. Cell Infect. Microbiol. 8. doi: 10.3389/fcimb.2018.00149

 Shaw, W. R., and Catteruccia, F. (2019). Vector Biology Meets Disease Control: Using Basic Research to Fight Vector-Borne Diseases. Nat. Microbiol. 4 (1), 20–34. doi: 10.1038/s41564-018-0214-7

 Sim, A. C., Lin, W., Tan, G. K., Sim, M. S., Chow, V. T., and Alonso, S. (2008). Induction of Neutralizing Antibodies Against Dengue Virus Type 2 Upon Mucosal Administration of a Recombinant Lactococcus Lactis Strain Expressing Envelope Domain III Antigen. Vaccine 26 (9), 1145–1154. doi: 10.1016/j.vaccine.2007.12.047

 Slon Campos, J. L., Mongkolsapaya, J., and Screaton, G. R. (2018). The Immune Response Against Flaviviruses. Nat. Immunol. 19 (11), 1189–1198. doi: 10.1038/s41590-018-0210-3

 Solomon, T., and Vaughn, D. W. (2002). Pathogenesis and Clinical Features of Japanese Encephalitis and West Nile Virus Infections. Curr. Top. Microbiol. Immunol. 267, 171–194. doi: 10.1007/978-3-642-59403-8_9

 Steffen, T., Hassert, M., Hoft, S. G., Stone, E. T., Zhang, J., Geerling, E., et al. (2020). Immunogenicity and Efficacy of a Recombinant Human Adenovirus Type 5 Vaccine Against Zika Virus. Vaccines (Basel) 8 (2), 170. doi: 10.3390/vaccines8020170

 Stettler, K., Beltramello, M., Espinosa, D. A., Graham, V., Cassotta, A., Bianchi, S., et al. (2016). Specificity, Cross-Reactivity, and Function of Antibodies Elicited by Zika Virus Infection. Science 353 (6301), 823–826. doi: 10.1126/science.aaf8505

 Su, J., Li, S., Hu, X., Yu, X., Wang, Y., Liu, P., et al. (2011). Duck Egg-Drop Syndrome Caused by BYD Virus, a New Tembusu-Related Flavivirus. PloS One 6 (3), e18106. doi: 10.1371/journal.pone.0018106

 Tang, Y., Gao, X., Diao, Y., Feng, Q., Chen, H., Liu, X., et al. (2013). Tembusu Virus in Human, China. Transbound Emerg. Dis. 60 (3), 193–196. doi: 10.1111/tbed.12085

 Thomas, S. J., and Endy, T. P. (2011). Critical Issues in Dengue Vaccine Development. Curr. Opin. Infect. Dis. 24 (5), 442–450. doi: 10.1097/QCO.0b013e32834a1b0b

 Tinker, J. K., Yan, J., Knippel, R. J., Panayiotou, P., and Cornell, K. A. (2014). Immunogenicity of a West Nile Virus DIII-Cholera Toxin A2/B Chimera After Intranasal Delivery. Toxins (Basel) 6 (4), 1397–1418. doi: 10.3390/toxins6041397toxins6041397

 Tully, D., and Griffiths, C. L. (2021). Dengvaxia: The World's First Vaccine for Prevention of Secondary Dengue. Ther. Adv. Vaccines Immunother. 9, 25151355211015839. doi: 10.1177/25151355211015839

 Turell, M. J., Bunning, M., Ludwig, G. V., Ortman, B., Chang, J., Speaker, T., et al. (2003). DNA Vaccine for West Nile Virus Infection in Fish Crows (Corvus Ossifragus). Emerg. Infect. Dis. 9 (9), 1077–1081. doi: 10.3201/eid0909.030025

 Turtle, L., Bali, T., Buxton, G., Chib, S., Chan, S., Soni, M., et al. (2016). Human T Cell Responses to Japanese Encephalitis Virus in Health and Disease. J. Exp. Med. 213 (7), 1331–1352. doi: 10.1084/jem.20151517

 Ura, T., Okuda, K., and Shimada, M. (2014). Developments in Viral Vector-Based Vaccines. Vaccines (Basel) 2 (3), 624–641. doi: 10.3390/vaccines2030624

 van Eerde, A., Gottschamel, J., Bock, R., Hansen, K. E. A., Munang'andu, H. M., Daniell, H., et al. (2019). Production of Tetravalent Dengue Virus Envelope Protein Domain III Based Antigens in Lettuce Chloroplasts and Immunologic Analysis for Future Oral Vaccine Development. Plant Biotechnol. J. 17 (7), 1408–1417. doi: 10.1111/pbi.13065

 Vaughn, D. W., Whitehead, S. S., and Durbin, A. P. (2009). “Dengue,” in Vaccines for Biodefense and Emerging and Neglected Diseases. Eds.  A. D. T. Barrett, and L. R. Stanberry (Philadelphia elsevier: Academic Press).

 Vemireddy, S., Madhurantakam, P. P., Talati, M. N., and Sampath Kumar, H. M. (2019). Cationic pH-Responsive Polycaprolactone Nanoparticles as Intranasal Antigen Delivery System for Potent Humoral and Cellular Immunity Against Recombinant Tetravalent Dengue Antigen. ACS Appl. Bio Mater 2 (11), 4837–4846. doi: 10.1021/acsabm.9b00597

 Vemireddy, S., Preethi Pallavi, M. C., and Halmuthur, M. S. (2018). Chitosan Stabilized Nasal Emulsion Delivery System for Effective Humoral and Cellular Response Against Recombinant Tetravalent Dengue Antigen. Carbohydr Polym 190, 129–138. doi: 10.1016/j.carbpol.2018.02.073

 Wang, Y., Deng, H., Zhang, X., Xiao, H., Jiang, Y., Song, Y., et al. (2009). Generation and Immunogenicity of Japanese Encephalitis Virus Envelope Protein Expressed in Transgenic Rice. Biochem. Biophys. Res. Commun. 380 (2), 292–297. doi: 10.1016/j.bbrc.2009.01.061

 Wang, M., Jiang, S., and Wang, Y. (2016b). Recent Advances in the Production of Recombinant Subunit Vaccines in Pichia Pastoris. Bioengineered 7 (3), 155–165. doi: 10.1080/21655979.2016.1191707

 Wang, S., Liu, H., Zhang, X., and Qian, F. (2015). Intranasal and Oral Vaccination With Protein-Based Antigens: Advantages, Challenges and Formulation Strategies. Protein Cell 6 (7), 480–503. doi: 10.1007/s13238-015-0164-2

 Wang, J., Yang, J., Ge, J., Hua, R., Liu, R., Li, X., et al. (2016a). Newcastle Disease Virus-Vectored West Nile Fever Vaccine is Immunogenic in Mammals and Poultry. Virol. J. 13, 109. doi: 10.1186/s12985-016-0568-5

 Weiskopf, D., Angelo, M. A., de Azeredo, E. L., Sidney, J., Greenbaum, J. A., Fernando, A. N., et al. (2013). Comprehensive Analysis of Dengue Virus-Specific Responses Supports an HLA-Linked Protective Role for CD8+ T Cells. Proc. Natl. Acad. Sci. U.S.A. 110 (22), E2046–E2053. doi: 10.1073/pnas.1305227110

 Weiskopf, D., Bangs, D. J., Sidney, J., Kolla, R. V., De Silva, A. D., de Silva, A. M., et al. (2015). Dengue Virus Infection Elicits Highly Polarized CX3CR1+ Cytotoxic CD4+ T Cells Associated With Protective Immunity. Proc. Natl. Acad. Sci. U.S.A. 112 (31), E4256–E4263. doi: 10.1073/pnas.1505956112

 Wen, J., Tang, W. W., Sheets, N., Ellison, J., Sette, A., Kim, K., et al. (2017). Identification of Zika Virus Epitopes Reveals Immunodominant and Protective Roles for Dengue Virus Cross-Reactive CD8(+) T Cells. Nat. Microbiol. 2, 17036. doi: 10.1038/nmicrobiol.2017.36

 Work, T. H. (1958). Russian Spring-Summer Virus in India: Kyasanur Forest Disease. Prog. Med. Virol. 1, 248–279.

 World Health Organization (2013) Vaccine Safety Basics : Learning Manual. Available at: https://apps.who.int/iris/handle/10665/340576 (Accessed February 12 2022).

 Yadav, D. K., Yadav, N., and Khurana, S. M. P. (2014). "Vaccines: Present Status and Applications". Eds.  A. S. Verma, and A. Singh (San Diego, CA, US: Academic Press).

 Yeh, M. T., Bujaki, E., Dolan, P. T., Smith, M., Wahid, R., Konz, J., et al. (2020). Engineering the Live-Attenuated Polio Vaccine to Prevent Reversion to Virulence. Cell Host Microbe 27 (5), 736–751.e738. doi: 10.1016/j.chom.2020.04.003

 Yun, S. I., and Lee, Y. M. (2014). Japanese Encephalitis: The Virus and Vaccines. Hum. Vaccin Immunother. 10 (2), 263–279. doi: 10.4161/hv.2690226902

 Zakay-Rones, Z. (2010). Human Influenza Vaccines and Assessment of Immunogenicity. Expert Rev. Vaccines 9 (12), 1423–1439. doi: 10.1586/erv.10.144




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as potential conflicts of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Luria-Pérez, Sánchez-Vargas, Muñoz-López and Mellado-Sánchez. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb-12-887729-g001.jpg
Licensed vaccines

YF-VAX
STAMARil TICK-E-VAC
IC51. IXIARO TBEV DENGVAXIA
l 986 JEV 2012 DENV
TlCOVﬂC TBE-MOS(OW AI 414-2 N(EPU ENCEVIR SenTaiBao KD-287. ENCEVAK
TBEV TBEV JEV

1988 1990 1991 2001 2004 2009 2010 2015

1970 1980 [ 1990 | 2000 2005 2010 2015 m

200/ 2008 2009 2011 2015 20]6 2019 2020

VRC 302\(303 lGT DEN4 HBV 002 Chlmeerux-WNOZ 18 ENERVAC
ENV TBEV

ETRAVAX VYFOI

2010 DENV TIE DENV YRV

@ Whole Inactivated XRX-001 HydroVux—l)ﬂl I.S 570
@@ Live-Attenuated YRV
@ Recombinant Live-Attenuated '““ﬂiwmd WNV TDENV PW -
@ Recombinant Subunit
rWN/DEN4A30 VRC5283/VCR5288
8 DNA /WNV Zl((‘(l

Vaccines in clinical trials





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Mucosal Vaccination: A Promising Alternative Against Flaviviruses

      

        		

          1. Introduction

        

          		

            1.1 Flavivirus Overview

          



          		

            1.2 DENV

          



          		

            1.3 JEV

          



          		

            1.4 WNV

          



          		

            1.5 ZIKV

          



          		

            1.6 TBEV

          



          		

            1.7 YFV

          



          		

            1.8 KFDV

          



          		

            1.9 DTMUV

          



          		

            1.10 LIV

          



        



        



        		

          2. Immune Response to Flavivirus Infections

        

          		

            2.1 Flavivirus Cross-Reactive Antibody Responses

          



          		

            2.2 Flavivirus Cross-Reactive T cell Responses

          



        



        



        		

          3. Flavivirus Vaccines, Licensed or in Clinical Trials

        



        		

          4. Advantages of Mucosal Vaccines

        



        		

          5. Mucosal Vaccine Approaches Used Against Flavivirus

        

          		

            5.1 DENV

          

            		

              5.1.1 Subunits

            

              		

                5.1.1.1 Fusion proteins

              



            



            



            		

              5.1.2 Nanoparticles

            



            		

              5.1.3 Bacterial Ghost

            



            		

              5.1.4 Replication Vectors

            

              		

                5.1.4.1 Replicative Vector: Bacteria

              



              		

                5.1.4.2 Replicative Vector: Yeast

              



            



            



          



          



          		

            5.2 JEV

          

            		

              5.2.1 Inactivated Vaccines

            



            		

              5.2.2 Subunits

            



            		

              5.2.3 NPs

            

              		

                5.2.3.1 Liposomes

              



            



            



            		

              5.2.4 Replication-Defective Viral Vectors

            



          



          



          		

            5.3 WNV

          

            		

              5.3.1 Subunits

            



            		

              5.3.2 Fusion Protein

            



            		

              5.3.3 NPs

            



            		

              5.3.4 Viral Vectors

            



          



          



          		

            5.4 ZIKV

          

            		

              5.4.1 Attenuated Vaccines

            



            		

              5.4.2 Fusion Protein

            



            		

              5.4.3 Replication-Defective Virus

            



          



          



          		

            5.5 TBEV

          

            		

              5.5.1 Replicative Vector: Virus

            



            		

              5.5.2 Combined Strategies

            



          



          



          		

            5.6 DTMUV

          

            		

              5.6.1 Replicative Vector: Bacteria

            



          



          



          		

            5.7 LIV

          

            		

              5.7.1 Replicative Vector: Virus

            



          



          



        



        



        		

          6. Conclusion

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-12-887729-g004.jpg
Sapp,dad A3YULs (i

N\NhO\e inactivateq Virys

E) Bacterial vectors

C) Nanoparticles





OEBPS/Images/fcimb.2022.887729_cover.jpg
, frontiers ‘ Frontiers in Cellular and Infection Microbiology

Mucosal Vaccination: A Promising
Alternative Against Flaviviruses





OEBPS/Images/fcimb-12-887729-g002.jpg
Mucosal tissue Routes of
immunization
NALT P
& = Intranasal
Tonsils Yy -
Adenoids
Salivary glands
Cervical lymph nodes

BALT
Pulmonary
Bronchoalveolar
lymph nodes

GALT

Mesenteric
lymph nodes
Isolated lymph follicles
Peyer’s patches

Oral
(sublingual,
intragastric)

Genital tract-associated

lymphoid tissue Rectal

Vaginal

Inguinal lymph nodes





OEBPS/Images/logo.jpg
’ frontiers ’ Frontiers in Cellular and Infection Microbiology





OEBPS/Images/fcimb-12-887729-g003.jpg
Inductive sites

o® ".
Antigenl | r\‘..,’
| jaaststtipaosniay o ST i ot i
o QRN 0 000 0f8 Ho o000 Vg '

============================================

IFNy+ L4+ 117+ TGFB+ I35+
Tbet  GATA3  RORyt IL-10, Foxp3

@@ ‘ Treg)

I_I_I_I—I

Expan5|on of Th N
- effectorcells \
(Th1,Th2,Th17) |, ‘ Naive T
. andTregcells |

B S ——— 4

Homing to
mucosal surfaces

Dimeric ' # v, .
IgA i - \
n n %
W % ;il\\ 1/
W 4 28

lgG ©

Polymeric .
Ig receptor _i===

A A A
0000000000000000000\0000‘00000

ecretor 3;
S gt y ?g._g; g, ,%1{

Effector sites





OEBPS/Images/fcimb-12-887729-g005.jpg
Heterologous
antigen

Aa-Domain

Autotransporter |
system I

V ,—-
Salmonella
enterica





