WEALTY 4
of %,

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

/ HHS Public Access

Author manuscript
j J Control Release. Author manuscript; available in PMC 2017 October 28.

Published in final edited form as:
J Control Release. 2016 October 28; 240: 394-413. doi:10.1016/j.jconrel.2016.02.014.

Mucosal Vaccine Delivery: Current State and a Pediatric
Perspective

Akhilesh K. Shakyal, Mohammed Y. E. Chowdhury!, Wengian Tao?, and Harvinder S. Gill1."
1Department of Chemical Engineering, Texas Tech University, Lubbock, Texas 79409, USA

Abstract

Most childhood infections occur via the mucosal surfaces, however, parenterally delivered
vaccines are unable to induce protective immunity at these surfaces. In contrast, delivery of
vaccines via the mucosal routes can allow antigens to interact with the mucosa-associated
lymphoid tissue (MALT) to induce both mucosal and systemic immunity. The induced mucosal
immunity can neutralize the pathogen on the mucosal surface before it can cause infection. In
addition to reinforcing the defense at mucosal surfaces, mucosal vaccination is also expected to be
needle-free, which can eliminate pain and the fear of vaccination. Thus, mucosal vaccination is
highly appealing, especially for the pediatric population. However, vaccine delivery across
mucosal surfaces is challenging because of the different barriers that naturally exist at the various
mucosal surfaces to keep the pathogens out. There have been significant developments in delivery
systems for mucosal vaccination. In this review we provide an introduction to the MALT, highlight
barriers to vaccine delivery at different mucosal surfaces, discuss different approaches that have
been investigated for vaccine delivery across mucosal surfaces, and concludes with an assessment
of perspectives for mucosal vaccination in the context of the pediatric population.
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1. INTRODUCTION - THE NEED FOR MUCOSAL VACCINATION

Majority of the pathogens invade via the mucosal surfaces such as those of the respiratory,
reproductive and the gastrointestinal tracts. This is because these surfaces come in direct
contact with the air, water, food, and the environment, and thus form an opportunistic portal
for bacterial and viral infections. For example, infectious diseases resulted in the death of
about 6.3 million children who were under the age of 5, worldwide in 2013, and the leading
causes of death were pneumonia, diarrhoea and malaria each contributing 14.9%, 9.2%, and
7.3%, respectively [1]. Sub-Saharan Africa contributed roughly half of these under-5 deaths,
and southern Asia almost a third. The delivery of vaccines across mucosal surfaces has the
potential to stimulate synthesis of pathogen-specific mucosal immune responses [2-4], but
the conventional systemic delivery of vaccines against infectious diseases using a needle and
syringe is unable to induce a strong mucosal immune response. Mucosal immune responses
are important because the pathogen-specific antibodies that are stimulated by mucosal
vaccination get secreted into the mucus where they can neutralize the pathogens even before
they can cause infection. Thus, success in generating this first-line of defense on the mucosal
surfaces will represent a major advance in vaccinology, and has the potential to improve
childhood vaccinations and reduce mortality. Furthermore, delivery of vaccines to mucosal
surfaces can also induce systemic immunity similar to that induced by the conventional
needle and syringe based vaccination.

In addition to extending the body’s immune protection to mucosal surfaces, mucosal vaccine
delivery has other advantages. Importantly, mucosal vaccine delivery does not require
needles and syringes, and is therefore inherently needle-free. Being needle-free, mucosal
vaccinations can result in a pain free approach of vaccine delivery. Because pain from
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needle-injections and the ensuing fear is a significant challenge in pediatric vaccinations,
mucosal vaccinations offer a very appealing alternative for the children and the parents alike
[3]. Mucosal vaccines could also be self-administered, and therefore, could be provided in
the comfort of one’s home, which would also reduce the burden on the healthcare
professionals. Being a needle-free delivery approach, mucosal vaccination should also be
able to address another major problem associated with needle-based injections, i.e., of
needle reuse. In the year 2000, an estimated 40% of the 16 billion injections administered
worldwide were from reused needles, which led to an estimated 21 million, 2 million, and
260,000 new cases of hepatitis B, hepatitis C, and HIV infections, respectively [5]. While
not all these injections were vaccine-related, mucosal vaccination can still help to reduce this
burden. Furthermore, mucosal vaccination can also reduce incidents of needle-stick injuries
amongst the health care workers, and reduce sharp waste.

Mucosal vaccination is however, challenging. The numerous natural defense mechanisms of
the host at mucosal surfaces, such as the acid and enzyme-rich environment of the stomach,
and the mucus layer that coats all mucosal surfaces, actually work against successful
delivery of vaccines across these surfaces. In this review we provide a brief discussion of the
mucosa-associated lymphoid tissue (MALT) to help familiarize the readers regarding the
immune system that processes vaccine antigens upon mucosal delivery, different barriers to
mucosal vaccine delivery, and the different approaches that have been investigated to deliver
vaccines across different mucosal surfaces. Different adjuvants that have been investigated in
the context of mucosal vaccination are also discussed. The review concludes with a
perspective on pediatric mucosal vaccination. While the vaginal and rectal routes for
mucosal vaccination are important, especially with respect to sexually transmitted diseases
and for diseases that typically affect females, however, these routes of mucosal vaccination
are not included in this review. This is because the vaginal route is only applicable to
females, and the rectal route for vaccination has poor acceptability due to resistance against
it’s use in some ethnic groups and cultures. As a result, these routes offer a more specialized
vaccine development program. In this review, we have focused on more widely applicable
mucosal vaccination routes.

2. LICENSED MUCOSAL VACCINES APPROVED FOR HUMAN USE

Out of more than 25 diseases that have preventable vaccines, just five have mucosal
vaccines, while the rest are delivered using needle and syringe. The diseases with mucosal
vaccines are listed in Table 1. Out of the five, four are delivered via the oral route and one is
delivered via the intranasal route. These five vaccines are discussed below especially with
respect to safety considerations.

The cholera vaccine Dukoral® is a mixture of inactivated Vibrio choleraand cholera toxin B
subunit (CTB). Presence of CTB allows the vaccine to provide short term protection against
enterotoxigenic Escherichia coli (ETEC), however, to preserve CTB in the stomach’s acidic
environment the vaccine is mixed with a basic solution (sodium bicarbonate) just prior to
oral uptake. The other two cholera vaccines do not contain CTB and thus can be ingested
without mixing with sodium bicarbonate. Cholera vaccines are considered to be safe [6].
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Mucosal influenza vaccine has been used in the Russian Federation for more than 50 years,
and a variant of the formulation was first approved for use in the US in 2003. The vaccine
comprises of live attenuated influenza virus (LAIV), and is delivered by spraying as a mist
in the nasal cavity. The virus is capable of replicating in the cooler environment of the nasal
cavity, but not in the warmer temperature of the body in the deeper parts of the respiratory
tract. This vaccine is not recommended for children under the age of 2 years due to
increased risk of wheezing. The virus is known to shed from the nasal cavity of children
after vaccination for up to 21 days (mean 7-8 days), however, this shed-virus has not been
found to be of concern [7]. Asthma is also a contraindication for this vaccine.

Oral polio vaccine (OPV) comprises of live attenuated polioviruses obtained by the passage
of wild-type strains in non-human cells. These attenuated virus strains have significantly
reduced neurovirulence and transmissibility. OPV is administered as two drops (about 0.1
ml) into the mouth. From a safety perspective, OPV is associated with rare vaccine-
associated paralytic poliomyelitis (VAPP) and the emergence of vaccine derived polioviruses
(VDPVs). VAPP occurrence rate is about 2—4 cases per million birth cohort per year.
VDPVs can actually arise due to prolonged incubation and replication of the vaccine strain
in a vaccinee, and could lead to transmission of the disease in the community [8].

Rotavirus vaccine consists of human or human-bovine live attenuated rotavirus strains. The
vaccine is administered orally. A previous rhesus rotavirus reassortant vaccine
(RotaShield®) was found to have high (1:10,000) risk of intussusception, which is a serious
and potentially lethal condition arising from intestinal invagination, leading to blockage,
bleeding, vomiting, and pain. Even the Rotarix® and RotaTeq® vaccines have a risk of
causing intussusception, however it is lower than that of RotaShield®, and the benefit of the
two vaccines outweighs their risk [9]. As reported in the product inserts of Rotarix® and
RotaTeq®, it has also been found that vaccine-rotavirus is shed from the vaccinee’s stools,
and can cause infection, especially in immunocompromised individuals or those on
immunosuppressants.

The typhoid vaccine comprises of attenuated strain Sa/monella typhi. The formulation
comprises of an enteric-coated capsule that contains lyophilized bacteria. The vaccine is
very well tolerated. Vaccine organisms are shed from vaccinees, however secondary
infection has not been documented [10].

In general, the approved mucosal vaccines are not recommended for use in infants, except
the rotavirus vaccine, which can be administered at the age of 6 weeks, and the oral polio
vaccine, which can be given at birth. Other vaccines are recommended for humans above the
age of 2 years. A typical reason for this age limit is the lack of safety data of the attenuated
strains in infants. Live attenuated virus can replicate in mucosal epithelia at the site of
delivery, and to create attenuated strains that are also safe for use in infants is often
challenging. As seen from OPV, potential to regain virulence by the vaccine strain can be a
safety hazard. Furthermore, choice of strain used to create the vaccine can have unforeseen
effects as was seen in the case of rhesus rotavirus strain used in RotaShield®, which caused
high incidence of intussusception. Clearly, the ability to use mucosal vaccines in infants is a
high priority to help reduce childhood deaths, which are predominantly caused by pathogens
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associated with mucosal entry [1]. The use of non-viral vaccines can offer a safer alternative,
however, delivery of non-viral vaccines is more challenging [2, 11], because unlike
attenuated viruses, they cannot simply infect the mucosal epithelial cells to produce an
immune response.

3. THE IMMUNOLOGICAL DEFENSE AT THE MUCOSAL SURFACES AND
THE MUCOSA-ASSOCIATED LYMPHOID TISSUE (MALT)

To combat infection, mucosal surfaces are equipped with physical, chemical and
immunological defense mechanisms [12]. In particular, mucosal tissues comprise of a highly
compartmentalized and specialized immune system in the form of MALT. MALT helps to
induce pathogen-specific immune responses, and in the secretion of immunoglobulin A
(IgA) at mucosal surfaces to protect against infection [2, 12]. IgA is the predominant
immunoglobulin isotype in most mucosal secretions except the urogenital secretions in
which IgG is found in a higher proportion. IgA can exist in monomeric or polymeric forms.
IgA found in the serum is typically monomeric while that in the mucosal secretions is
dimeric. IgA, which is secreted into the mucus is produced locally by the plasma cells at the
mucosal surfaces. After release from the plasma cells, the dimeric form of 1gA attaches to
the polymeric immunoglobulin receptor (plgR) located on the basolateral surface of mucosal
epithelial cells, and is then transcytosed to the apical surface and secreted in to the mucus
[13, 14]. During transcytosis a portion of plgR is cleaved while the remaining portion stays
attached to IgA and is called the secretory component (SC). SC is a distinctive feature of
mucosal secretory IgA (slgA), and is not found in systemically circulating IgA (monomeric
or polymeric). The protective role of sIgA is mediated by the binding of sIgA to the
pathogen or toxin. Attachment of sIgA to the pathogen or toxin can either form a shell
around it, preventing its interaction with the mucosal epithelial cells, or can form a partial
barrier-shell, in which case the pathogen may bind to the epithelial cell surface but its uptake
is inhibited. Multiple mechanisms including steric hindrance, agglutination, neutralization
and mucus trapping are believed to be involved in the protective role of slgA. Furthermore,
the slgA-antigen complex can be ‘reverse-transcytosed’ by the microfold (M) cells for
presentation and processing by the antigen presenting cells (APCs) that reside in the space
just beneath the M cells, leading to an adaptive immune response against the antigen. Figure
1A shows a cartoon representation of the slgA complex, and its secretion into the mucus is
depicted in Figure 1B.

sIgA inhibits microbial colonization and invasion by direct neutralization [15]. It can also
capture microbial toxins or viruses in the lamina propria, subsequently leading to their
excretion by intracellular cycling [16]. Induction of IgA is dependent on activated Th cells,
which secrete the transforming growth factor (TGF-g), interleukin =10 (I1L-10) and IL-4
cytokines to promote the switching of B cells to produce IgA, along with differentiation into
IgA producing B cells [17]. Additionally, secreted cytokines from mucosal T cells (IL-4,
IL-10 & TGF-B) and epithelial cells (IL-10 & TGF-p) cooperate to promote maturation of
IgA producing B cells [18, 19]. Oral mucosal immunization also induces systemic 1gG
response by activating IgG-producing B cells in the mucosa, which can migrate to bone
marrow due to surface expression of L-selectin [20]. Drainage of activated dendritic cells
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(DCs) from mucosal site to lymph nodes and the spleen can also lead to stimulation of a
systemic immune response. Cytotoxic T lymphocyte (CTL) response is also decisive for the
clearance of microbes from the mucosa, and it has been observed that live or attenuated
microbes are able to induce this response at mucosal sites. Some microbe-based adjuvants
such as cholera toxin (CT) or heat labile enterotoxin (LT) are also able to induce CTL
responses when administered orally with antigens [21].

To successfully design a mucosal vaccine delivery system, it is important to understand how
antigens are naturally processed at the mucosal surfaces. The MALT is a secondary
lymphoid tissue distributed across the mucosal surfaces. A functional unit of the MALT is
considered to be a lymphoid follicle, which often comprises of: (i) a top covering of
epithelial cells with a population of specialized cells to uptake antigen from the
environment, (ii) a sub-epithelial region consisting of DCs to process the antigen brought in
from the environment, and (iii) a zone rich in immune cells such as follicular dendritic cells
(FoDCs), B and T cells to induce an antigen-specific immune response, including IgA-
secreting B cells [12]. The MALT at different mucosal surfaces is briefly discussed below.

3.1 Gut-associated lymphoid tissue (GALT)

GALT is known to typically consist of organized lymphoid tissues in the form of Peyer’s
patches (PPs) and solitary lymph nodules, where most of the IgA responses are initiated.

3.1.1 Peyer’s patches (PPs)—PPs are located on the anti-mesenteric side of the small
intestine, and are often arranged at regular intervals in the duodenum, jejunum, and ileum
[22]. Figure 2A shows a PP comprising of 12 lymphoid follicles located on the anti-
mesenteric side, while Figure 2B shows the lymphoid follicle domes as seen from the
luminal side of a gerbil intestine. The individual lymphoid follicles are seen surrounded by
intestinal villus. There are more than 200 PPs in an average human adult [23].

The lymphoid follicle can be divided into three main parts: the epithelium at the top, the sub
epithelium dome, and the germinal center in the basal part. The epithelium covering the
dome of lymphoid follicles is called the follicle associated epithelium (FAE), which like the
gut epithelium is single cell thick. FAE largely comprises of columnar epithelial cells,
specialized cells called the microfold (M) cells, and intraepithelial lymphocytes (IELs) [24].
M cells constitute about 5-10 % of the FAE in humans and mouse [25]. M cells use
transcytosis to transport pathogens and foreign molecules from their apical lumen-facing
side to their basal part. It is important to note that M cells do not have a mucus layer on their
apical side. This feature allows M cells to more efficiently sample antigens from the luminal
space. As seen in Figure 2C, the basal side of M cells has pockets formed from invaginated
membranes, which house DCs. These DCs take up transported pathogens and molecules,
and help to orchestrate the adaptive immune response. This close proximity of DCs to M
cells is especially noteworthy, because it allows the DCs to rapidly process the transcytosed
antigens, and to present the antigenic peptides to B and T cells to induce antigen-specific
immune responses. The germinal center contains a network of FoDCs, and is also rich in B
cells. In the germinal center class switching of B cells into IgA-producing cells occurs [24].
These antigen-specific IgA producing B cells can then migrate into the intestinal lamina
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propria to secrete IgA, which is then transported by epithelial cells into the mucosal
secretions as sIgA (see Figure 1B). The space between adjacent follicles in the PPs is called
intrafollicular region (IFR). This space is rich in T cells and DCs, and helps to orchestrate
the overall adaptive immune response in the PPs.

In between epithelial cells and/or M cells are found IELs, which are predominantly T cells.
IELs extend their appendages out into the intestinal lumen to directly sample antigens. They
do not form tight junctions with epithelial cells or M cells. In normal human jejunum the
average number of 1ELs is about 20 IELs/100 epithelial cells [26]. The exact function of
IELs is not known, however they are thought to be involved in repair and turnover of
epithelium, IgA class switching and secretion, and cytotoxicity against pathogens [27].

3.1.2 Solitary lymph nodes—In addition to PPs, an average human contains about
30,000 individual lymph nodes distributed along the gastrointestinal tract [23]. Similar to a
PP lymph node, each solitary lymph node can uptake the antigen from the luminal side
through M cells, and the DCs residing on the basal side of M cells can process it to induce
an antigen specific immune response. In contrast to PPs, the solitary lymph nodes are rich in
DCs and B cells but have very few T cells.

3.2 Nasopharynx-associated lymphoid tissues (NALT)

In certain species such as rodents, NALT is found as a pair of lymphoid aggregates at the
entrance of the nasopharyngeal duct [29]. NALT is also found in non-human primates but
they are more numerous and are located on both the lateral and septal walls of the
nasopharynx. Similar to PPs, NALT is present as an organized structure consisting of a
lymphoid epithelium with M cells [22]. The germinal centers are more diffuse as compared
to PPs, and unlike PPs NALT has an equal proportion of B and T cells.

In humans however, an organized NALT like that of PPs is not seen. Instead, several
lymphoid tissues including two palatine tonsils, two tubal tonsils, an adenoid and a lingual
tonsil are anatomically arranged to form the Waldeyer’s ring (Figure 3) [28]. Because of
their anatomical positioning, these lymphoid tissues sample antigens from food, water and
air and help to maintain immunity and tolerance [28, 29]. The tonsils are covered by a
squamous epithelium. To increase surface area for antigen interaction, the surface
invaginates into valleys called crypts where M cells are located [22, 30]. The crypts have an
estimated epithelial surface area of about 295 cm?2, which is in addition to the approximately
45 cm? of epithelium covering the oropharyngeal surfaces. The M cells from human tonsils
after adenectomy have been found to be similar to M cells in PPs. M cells transport the
antigen to DCs, macrophages and B cells for processing and presentation. Consequently,
activated antigen-specific CD4+ T cells, interact with B cells, which develop into IgA
secreting cells. IgA then forms into sIgA and is transported to the effector sites [31, 32].
sIgA is able to neutralize toxins and can eliminate bacteria or viruses, thus preventing their
entry into the body and from reaching the internal organs. Studies have shown that, excretion
of slgA is dependent on these areas and tonsillectomy has been associated with decreased
immunity [32, 33].
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3.3 Bronchus-associated lymphoid tissues (BALT)

Presence of BALT in animals varies by species. For example cats and dogs normally don’t
have BALT while rabbits, rats and guinea pigs possess BALT [22]. BALT is a cluster of
lymphocytes entangled in a reticular network of stromal cells and lies under the epithelium
that lacks cilia. BALT may also be found in airway bifurcations, where it is placed to trap
inhaled antigens [34, 35]. Since, BALT requires additional architectural changes to facilitate
leukocyte entry and exit, and lymphocytes in BALT cannot infiltrate the airway epithelium,
BALT is not completely analogous to PPs or NALT. It is also not clear that antigen gets to
BALT due to transfer across the epithelium by M cells. However, some studies reveal that
DCs either directly migrate to the epithelium or enter afferent lymphatics that lead to BALT
[34, 36, 37]. Unlike GALT, BALT is not universally present in all humans [29]. It was
documented that healthy adult humans without pulmonary disease do not have BALT [38].
However BALT was found in children who had died of trauma, and in lung tissues from
human fetuses [39]. It has been seen that BALT can be induced by infection in lungs. For
example BALT has been seen with high-frequency in lung samples from choriomeningitis
infected fetuses [40], and in lung cancer patients [41].

4. MUCOSAL VACCINE DELIVERY - ROUTES AND BARRIERS
4.1 ORAL VACCINATION

The oral route of vaccine delivery is highly preferred because it is painless, safe and does not
need trained personnel for administration. However oral vaccination is expected to be less
effective because vaccines degrade as they pass through the harsh environment of the
gastrointestinal tract prior to reaching the intestinal epithelium.

4.1.1 Barriers to oral vaccination—For oral vaccination, the acid- and enzyme-rich
conditions in the stomach form the major physiological barrier to vaccine delivery because
exposure to such harsh conditions can result in antigen breakdown. Further, mucus, a
viscous and sticky layer of glycoproteins called mucins, coats the epithelial cells. This
mucus layer offers a protective function by acting as a physical barrier between epithelial
cells and infectious pathogens. It can also contain competitive binding sites to entrap
microbes, and can contain sIgA that can bind to and neutralize pathogens [12, 42]. However
structurally, the intestinal epithelium, which is single-cell thick, represents the largest and
most crucial barrier against the entry of foreign molecules. The epithelium acts as a selective
barrier and allows only absorption of nutrients and electrolytes but stays impermeable to
large molecules, intra-luminal toxins or microbes. The epithelium maintains its selectivity
through formation of tight junctions, which mechanically connect the adjacent cells at their
membranes, and seal the intracellular spaces [43]. The tight junction maybe thought of as a
‘stitch’ created between cell membranes of two adjacent cells through the interaction of
membrane proteins of the two cells. The tight junctions are the rate limiting barrier for
intestinal permeability. Multiple enzymes secreted by the cells of the mucosal epithelium
can also degrade antigens. Indigenous microbes that colonize the mucosal surfaces establish
a strong foot hold to either the mucosal epithelial cells or the mucus, and therefore, they
offer resistance against colonization. These indigenous microbes also offer resistance to
direct interaction of the antigen or its delivery system with the epithelial cells. Figure 4A
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provides a cartoon representation of the oral route of vaccine delivery and summarizes the
major delivery barriers.

Foreign molecules are either pinocytosed by the epithelial absorptive cells, or as discussed
above, phagocytosed or transcytosed by M cells [44]. It is important to note that M cells are
not covered by a mucus layer, and this facilitates their antigen uptake function. Alternatively,
columnar epithelial cells also have the potential to present antigens, and have been shown to
induce stimulation of suppressor cells [45]. DCs of the epithelial layer can also extend
dendritic cell-like processes to capture delivered antigens directly [46]. A receptor CX3CR1
is involved in the dendrite formation in DCs [47]. Following antigen uptake, B and T cells
help in induction of mucosal immune responses. Sensitized B and T lymphocytes at the
mucosa, leave the site and drain to other selected mucosal sites through lymph circulation.
Secreted chemokines in the local microenvironment direct the expression of site specific
integrins (homing receptors) and addressins (complementary mucosal tissue receptors) of the
mucosal lymphocytes, which in turn control their migration to other mucosal sites [48].
Overall, this suggests that there is a common mucosal immune system where activated
lymphocytes at one site can extend immunity to other remote mucosal tissues. Indeed, it has
been found that immunization through a mucosal route can stimulate mucosal immune
responses both locally and at other mucosal surfaces; and also that different mucosal routes
preferentially induce stronger responses at some distant mucosae than at others [49-51].

Oral vaccines face similar intestinal milieu as do infecting microbes; such as getting diluted
before absorption at the mucosa, getting degraded by proteases or nucleases present in the
stomach and mucus, or getting excluded by the biological epithelial cell tight-junction
barrier. Therefore, a comparatively larger amount of vaccine is needed for oral vaccination to
produce an effective immune response that is comparable to other routes. However, it is hard
to quantify the exact amount of vaccine dose that crosses the mucosa. In general, oral
mucosal vaccines are likely to be effective if they are given repeatedly in higher doses or if
they are designed to structurally mimic the microbes [52]. Ideally, an oral mucosal vaccine
should be able to adhere to the intestinal mucosa or selectively target the M cells. For
example, a microbe-based vaccine such as the live attenuated polio vaccine selectively binds
to the M cells and crosses the mucosa to interact with B cells of the lymphoid tissues [53].
However, as discussed above, vaccines based on live-attenuated pathogens can have
limitations related to safety in infants, and thus either non-infectious vectors, or non-living
or recombinant subunit vaccines are more attractive, albeit, difficult to deliver. Multiple
approaches can improve delivery of vaccines orally, such as by delivering them through
microbial or plant based carrier systems, or encapsulating them in microparticles [54],
nanoparticles [55], or liposomes [56]. Some of these systems are discussed in the later
sections.

4.2 INTRANASAL VACCINATION

The nasal route is a major site of pathogen entry and due to its unique physiological
characteristics and immunological features it is a promising alternative form of mucosal
vaccination. The nasal cavity consists of four areas front to back: the nasal vestibule, atrium,
respiratory region, and the nasophaynx [57]. The immune response to nasally-delivered
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vaccines is mediated by the nasal associated lymphoid tissue (NALT) in some animals like
rodents, or the Waldeyer’s ring in humans and some other animals like horses [58]. Nasal
vaccination has several interesting properties, such as ease of accessibility, highly vascular
mucosa, larger surface area for absorption and antigen uptake, and potential for self-
administration.

4.2.1 Barriers to intranasal vaccination—The efficiency of transport and uptake of
most soluble antigens is limited in the nasal cavity due to it’s anatomical features and
physiological characteristics. Different regions of the nasal cavity are shown in Figure 4B.
The most anterior part of the nasal passage, the vestibule contains nasal hair, and comprises
of stratified, squamous and keratinized epithelium. This region is least preferable for vaccine
delivery. Just posterior to the vestibule is the atrium, which serves as the transition region.
The anterior portion of the atrium consists of stratified squamous epithelium while its
posterior part is made of pseudostratified columnar epithelial cells with microvilli. This
region leads into the respiratory region, which consists of pseudostratified columnar
epithelial cells that can be either ciliated or non-ciliated. The epithelial cells of the
respiratory region possess tight junctions [57], which dramatically reduce the permeability
of macromolecules across the epithelium. A thin layer of mucus also coats the nasal
epithelium. Subunit antigens with little to no affinity for the nasal epithelium are generally
poorly immunogenic and can be cleared rapidly by mucociliary clearance [59]. Furthermore,
the stability of soluble antigens is affected by nasal enzymes and local pH [60]. Altogether,
approaches have to be taken into consideration to increase the nasal residence time and to
improve the stability of nasally administered vaccine formulations. Properties of the delivery
system co-administered with the antigen have been utilized to exert one or more functions,
such as mucoadhesiveness, antigen protection, permeation and penetration enhancement,
specific inductive-site targeting, and adjuvant effect. Figure 4B provides a cartoon
representation of the nasal route of vaccine delivery and summarizes the major delivery
barriers.

4.3 ORAL CAVITY VACCINATION

As compared to the traditional mucosal routes (oral & nasal), oral cavity has been less
explored for the delivery of mucosal vaccines, however it has been widely investigated for
delivery of small molecular weight drugs in to the bloodstream [61, 62]. For mucosal
vaccination, the oral cavity is of great interest as a novel route for vaccine delivery because it
is easily accessible, and has a milder environment that does not significantly degrade the
vaccine antigen as compared to the gastrointestinal tract milieu.

4.3.1 Barriers to oral cavity vaccination—Oral cavity vaccination can be performed
either via the buccal (cheek lining) or sublingual (ventral surface of tongue or floor of mouth
below the tongue) or gingival (gums) mucosae of the mouth or the inner surfaces of the lips.
The buccal, inner lip surfaces, and sublingual mucosae have a non-keratinized epithelium
while the gum mucosa is covered with keratinized epithelium similar to that of the skin [63].
The tongue mucosa is both keratinized and non-keratinized. Keratinized surfaces offer
greater resistance to molecular uptake than the non-keratinized surfaces. Generally, the
epithelium consists of superficial, intermediate and basal layers of cells. The cells of the
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superficial and intermediate layers are compact and flattened and provide transport
resistance, while the intermediate layer also contains cellular lipids, which play a crucial role
in controlling permeability of molecules across the mucosae. Unlike the intestinal
epithelium, oral cavity mucosa does not have M-like cells, nevertheless there are many
lymphoid tissues in the naso-oro-pharyngeal cavities. As discussed above, several lymphoid
tissues including two palatine tonsils, two tubal tonsils, an adenoid and a lingual tonsil are
anatomically arranged to form the Waldeyer’s ring (Figure 3). These lymphoid tissues,
especially the lingual (tongue) tonsil can sample vaccine antigens delivered to the oral cavity
mucosae to induce an immune response. Furthermore, the oral cavity epithelium is rich in
dendritic cells, especially Langerhans cells (LCs), which are considered to be potent APCs,
perhaps even more potent than the cutaneous LCs [64—-67]. Therefore efficacy of vaccination
through oral cavity mucosae depends on permeability of the mucosa, which is influenced by
thickness and degree of keratinization of the epithelium. With regard to permeability,
sublingual mucosa is more permeable than the buccal and gum mucosa, and therefore the
sublingual method has been more widely studied for vaccine administration [68]. Antigen-
loaded DCs drain from the sublingual mucosa to local lymph nodes where they prime both B
and T lymphocytes. The activated lymphocytes can then leave the site of antigen
presentation, enter blood circulation and seed other selected mucosal sites where they can
regulate differentiation and maturation of B and T (Thl & Th2) cells [69]. Figure 4C
provides a cartoon representation of the oral cavity as a route of vaccine delivery and
summarizes the major delivery barriers.

4.4 CUTANEOUS VACCINATION

Skin is not a typical mucosal surface, and yet it is a unique route to achieve both systemic
and mucosal immune responses.

4.4.1 Barriers to vaccination through the skin—Anatomically, skin is composed of
three major layers; the epidermis, the dermis and the hypodermis. The epidermis comprises
of the outermost stratum corneum layer and the underlying viable epidermis. The stratum
corneum is packed with dead keratinocytes and lipid molecules, and is the principal barrier
for delivery of large vaccine molecules into the skin. The stratum corneum layer is typically
10-15 pum thick. Stratum corneum can be disrupted or ruptured by several mechanical and
chemical methods [70, 71]. The viable epidermis and dermis layers contain the immune
responsive cells such as skin residing DCs, LCs, T lymphocytes, NK cells, macrophages,
and the mast cells [72]. To get an effective immune response, an antigen must be delivered
into the viable epidermis so that it can interact with the resident immune responsive cells.
Thus, unlike systemic delivery of drugs through the skin where the drug molecules must
diffuse across the epidermis for absorption into blood circulation, for vaccine delivery, it is
sufficient to introduce the antigens just within the viable epidermis layer.

The mechanism by which skin immunization induces mucosal immune response together
with systemic response is not well known, although migration of DCs and LCs from the skin
to mucosal lymphoid tissues can help explain the mucosal response observed in different
mucosal samples such as the saliva, stools, intestinal washes and vaginal washes [73].
Furthermore, Chang et al., have shown that immunization via the skin leads to emergence of
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LCs in the mesenteric lymph node (MLN) of the mice, and depletion of langerin+ cells
(langerin is a marker for LCs) reduces intestinal IgA response. They also showed that skin-
based vaccination induces antigen-specific IgA antibody-secreting cells that express CCR9
and CCR10 in the small intestine in a retinoic acid-dependent manner. The intestinal IgA
antibody response was found to be impaired in PP and MLN null mice, but not in just PP
null mice. Their findings thus suggest that MLN is important for cross-talk between the skin
and the oral mucosa, and that LCs play a key role in this process [74]. Figure 4D provides a
cartoon representation of the skin as a route of vaccine delivery and summarizes the major
delivery barriers.

5. MUCOSAL VACCINE DELIVERY SYSTEMS

Because each mucosal surface possess its own unique set of delivery-barriers, different
delivery strategies have been designed to deliver vaccines across them. However, a common
theme behind the design of the different delivery systems is to increase delivery of the
antigens across the mucosal surface while protecting it from degradation and/or clearance in
the local environment of the mucosa. Often, the delivery system is designed to exploit a
unique characteristic of the mucosal surface to improve vaccine delivery. For example, for
vaccine delivery using the gastrointestinal route, the natural ability of M cells to uptake
antigens has been exploited to increase delivery efficiency. As with the conventional
parenteral vaccination using needle and syringe, different adjuvants (substances added to the
formulation to enhance the immune response) have also been studied in the context of
mucosal vaccine delivery. In the following sections, different mucosal vaccine delivery
systems are summarized. A more detailed summary of mucosal adjuvants is given later.

5.1. Live bacteria and viruses

Certain bacteria and viruses can naturally infect mucosal epithelial cells, and therefore, they
are exploited as a vehicle to deliver vaccines at different mucosal surfaces. Different
strategies exist by which live bacteria or viruses are used for vaccine delivery: (i) the
bacteria or virus responsible for a particular disease can be attenuated (live but with limited
infectious ability) and used as a vaccine, (ii) a bacteria or virus generally regarded as safe
can be recombinantly engineered to express the antigenic protein of a pathogen and used as
a vaccine, or (iii) a live bacteria or viruse generally regarded as safe can be genetically
engineered to harbor and deliver the DNA expressing the vaccine antigen in to the body for
in situ expression. Live attenuated vaccines have the advantage of mimicking natural
infection and presenting antigens to APCs in their native structure, and can lead to induction
of efficient and long-lasting immune responses [75, 76].

Live attenuated or recombinant bacterial strains such as £. Coli, Salmonella, and
Lactobacilli, or viruses like adenoviruses have been utilized as a carrier for antigen delivery
to gut associated lymphoid tissues (GALT) [77, 78]. However, the induced immune response
is often predominantly against the carrier vectors and not the delivered antigen [78]. This
phenomenon was recently observed in a human clinical trial that used salmonella typhoid
vector to deliver an HIV gene expressing the gag protein [79]. In this study, although
antibodies against the bacteria were seen, but they were not detected against gag.
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There are only two intranasal vaccines approved for human use, both of which are based on
live attenuated influenza virus (LAIV) with reduced virulence. The FDA-approved
FluMist™ and European Medicines Agency-approved Fluenz™ contains live attenuated
influenza strains H3N2, HIN1 and two influenza B strains [80], which confer better cross-
protection and enhanced efficacy with increased level of nasal sigA antibodies and cell-
mediated T cell responses [75, 81]. However, safety concerns are associated with improper
attenuation, which can cause infection after vaccine administration, and LAIV also poses
risk to the immunocompromised population and children [82]. Many studies have also
focused on increasing the immunogenicity of subunit vaccines through the intranasal route
using live intracellular bacterial vectors such as Shigella spp. [83], Lactobacillus spp. [84,
85], Salmonella spp. [86], and Listeria spp. [87].

The oral cavity has also been targeted using live vectors. A live attenuated vaccinia virus
expressing HIV antigen was recently used via the sublingual route in macaques [88]. In
another study influenza A/PR/8/34 virus (H1N1) virus was applied sublingually and was
shown to impart protection against lethal influenza virus challenge in a mouse model [89].

As noted above, the safety of live vectors is a critical design feature and a constraint in the
design and development of vaccine candidates.

5.2 Polymeric particles

Micro- and nano-particles encapsulated or decorated with the vaccine antigen can be used to
deliver vaccines to mucosal surfaces. The particles can offer protection to the encapsulated
antigens and control their release, their surfaces can be functionalized with ligands to help
target them to specific cells to enhance uptake, or they can enhance mucoadhesion. Both
synthetic and natural polymers have been exploited to make particles for mucosal vaccine
delivery. While in depth reviews of particles for mucosal vaccination can be found elsewhere
[90-92], a brief overview is provided below.

5.2.1 Synthetic polymers—~For oral vaccination, particle size affects the immune
response, and it has been observed that smaller particles induce higher antibody titers than
larger particles [55]. Particles (1-2 um) have been shown to be effective in inducing an
immune response because the particles can be selectively taken up by the M cells and can be
actively transported across the epithelium [93]. They can also selectively target either M
cells or other intestinal cells such as enterocytes by use of targeting moieties or by
incorporating mucoadhesive polymers [55]. Different lectins, bacterial adhesins, and RGD
analogs have been used to target M cells and the oral epithelial cells [55]. Nanoparticles
based on polylactic acid (PLA) or poly(lactic-co-glycolic acid) (PLGA) polymers have been
extensively explored for oral vaccination with a variety of antigens like bovine serum
albumin [94], inactivated bacteria [95], their toxoids [96], and DNA [97]. PLGA and PLA
are known to be biocompatible and biodegradable. Vaccine loaded PLGA nanoparticles
effectively induce systemic and mucosal immune responses. For example, oral vaccination
with poly(vinyl alcohol)-co-PLGA based nanaoparticles encapsulating tetanus toxoid
induced serum IgG and IgA immune responses at a considerably higher level than the
intraperitoneal route [96]. However, the possibility of antigen denaturation during synthesis
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of PLGA particles (due to high temperature and exposure to organic solvent) should be
taken into consideration during design of PLGA-based vaccines. Larger particles (20 um)
are also taken up by the villous of epithelium, but with reduced frequency [98]. Figure 5A
provides an illustration of PLGA particles used for vaccination.

In rodent studies it has been shown that polymeric particles can be taken up by NALT
resulting in immune responses against the encapsulated antigens [99, 100]. The effect of
particle size has not been systematically studied for nasal vaccination. Carr et al. showed
that polystyrene microparticles with a diameter of 1 um can adhere to NALT and improve
particle uptake by intranasal administration [99]. Lemoine et al. noted that uptake of
polymeric particles by NALT appeared to be crucial for enhancement in the immune
response [101]. In their study, nasally administered PLGA particles with a diameter of 220
nm or 8 um did not reach the NALT in mice, and consequently the nasal wash IgA and
serum IgG levels were not enhanced compared to soluble antigen. For nasal vaccination,
several studies have pointed that nano-sized particles were more rapidly taken up by nasal M
cells [102, 103]. Mansoor et al. showed that calves administered intranasally with PLGA
nanoparticles encapsulating bovine parainfluenza 3 virus (BPI3V) antigen in the presence of
pre-existing anti-BPI3V antibodies generated greater mucosal IgA antibodies compared to
commercial LAIV vaccine [104]. This finding further suggests that nanoparticles with
negative zeta potential minimize nonspecific cellular uptake resulting in enhanced local
mucosal immune response. Nevertheless, intranasal delivery of the cationic PLGA particles
encapsulating foot and mouth disease (FMDV) capsid protein have also been shown to
enhance protective immunity against FMDV [105]. Thus, it seems that charge around
polymeric particles is not critical to assess its ability to enhance the immunogenicity of the
antigen. Intranasal immunization with PLA microspheres encapsulating F1 and V subunit
antigens of Yersinia pestis along with adjuvant CTB induced superior systemic and mucosal
immunity in comparison with free F1 and V subunit antigen, and resulted in 80% protection
from lethal challenge [106]. Particle carriers can be modified with molecules to increase
their stability in vivo. Copolymer of PLA attached with hydrophilic polyethylene glycol
(PLA-PEG) has been evaluated as a potential carrier for vaccine antigen. The PEG covering
on PLA overcomes its hydrophobic nature to improve intranasal delivery. Vila et al.
compared the behavior of PLA-PEG nanoparticles encapsulating tetanus toxoid protein with
PLA nanoparticles [107]. It was illustrated that PLA-PEG particles are more stable and able
to cross the rat nasal epithelium, resulting in significantly higher antibody levels and a long-
lasting immune response. This finding is in agreement with the concept of mucus
penetrating particles [108, 109] that have an inert surface formed by PEG. The mucous
penetrating PEG-coated particles are more stable in mucosal fluids and can facilitate
transport of encapsulated antigen to induce stronger immune responses.

Polyanydride-based particles are biodegradable and biocompatible, and have recently been
used for mucosal vaccination in addition to their use for vaccination via other parenteral
routes [110]. Ulrey et al. showed that a single intranasal dose of recombinant protein F1-V
encapsulated in polyanydride particles could induce long-lived protective immunity in mice
against Yersinia pestis, which can causes pneumonic plague, a severe respiratory disease
[111]. Figure 5B provides an illustration of polyanhydride nanoparticles used for
vaccination.
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5.2.2 Natural polymers—Chitosan is a mucopolysaccharide, which is closely related to
cellulose. It is obtained by deacetylation of chitin, the major compound of exoskeletons in
crustaceans. Chitosan is biodegradable and biocompatible. After oral administration,
chitosan is digested by chitinases and is safe even at high doses (mouse LD50: 16 g/kg),
while exposure of rat nasal mucosa to 0.5% (w/v) chitosan solutions for over 1 h caused no
significant changes in mucosal cell morphology [112]. The characteristic absorption-
promoting effect of chitosan can improve the mucosal immune responses by enabling uptake
of the antigen. It is found to activate the macrophages and lymphoid tissues, thereby it is
capable of inducing strong systemic and mucosal immune responses against the antigens
[90]. Chitosan and its derivatives have been explored for delivery via the oral, intranasal and
pulmonary routes [113]. With ovalbumin as a model antigen, Kobayashi et al. studied the
safety and effectiveness of chitosan and its derivatives as mucosal adjuvants via the
intranasal route in BALB/c mice, polymeric Ig receptor knockout (plgR-KO) mice, and
cynomolgus monkeys (Macaca fascicularis) [114]. Vicente et al. also showed that chitosan
nanocapsule co-delivery system with hepatitis B surface antigen induced balanced humoral
and cellular immune responses in mice after intranasal vaccination [115]. Lubben et al. used
chitosan microparticles for oral delivery of diphtheria toxin (DT) and demonstrated
induction of serum IgG equivalent to the intramuscular injection, and additionally, sIgA in
fecal matter [116].

Alginate is an anionic polysaccharide. It is a biocompatible, biodegradable and a
mucoadhesive polymer [117]. Although many polymers have been attempted, the
characteristically stronger binding affinity of alginate with chitosan makes it an attractive
adjuvant and vaccine delivery system [118]. Alginate (with or without chitosan)
nanoparticles have been demonstrated to be an efficient mucosal delivery system for
successful induction of systemic and mucosal immunity in different animal models with a
variety of antigens [119-121].

Another promising mucosal delivery system that has been recently reviewed by Wang et al.
is the polyacryl starch microparticles [122]. It not only protects the protein antigens from
degradation, but also helps to facilitate the release of the encapsulated antigen and to boost
the immune response upon oral and intranasal administration in mice [123]. Studies showed
that, oral delivery of polyacryl starch microparticles with different antigens could induce
stronger systemic and mucosal antibody responses in mice [124-126]. Other starch
derivatives including diethyl aminoethyl dextran [127] have also been reported as mucosal
vaccine delivery particles.

Poly-gamma-glutamate (-y-PGA) is another delivery vehicle for recombinant protein
antigens. Gamma-PGA is a capsular polymer secreted by Bacillus subtilis, is generally
regarded as a safe, edible substance, and is naturally degraded by y-glutamyl transpeptidase,
which is widely distributed throughout the body. It has an ability to self-assemble and can
form biodegradable nanoparticles that have been reported to have an adjuvant effect when
delivered orally through stimulation of TNF-a [128]. It has also been demonstrated that
upon mixing low-molecular weight chitosan (polycationic) with high-molecular weight -y-
PGA (anionic), y-PGA/chitosan nanoparticles are formed that are effective in delivering
peptides, proteins, and other large molecules [129, 130]. Figure 5C provides an illustration
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of y-PGA/chitosan nanoparticles used for vaccination. Recently Noh et al. manufactured a
mucoadhesive containing -y-PGA, 3-O-desacyl-49-monophosphoryl lipid A (lipidated-MPL-
A molecule) and QS21 and showed enhanced immune responses, and broad protection
against divergent influenza subtypes [131].

Hyaluronic acid is another natural polymer that has been reported as a safe, biocompatible,
biodegradable, and a hydrophilic mucosal delivery vehicle [132]. This mucoadhesive
polymer is a natural component of the cartilage and comprises of repeating disaccharide
units of D-glucoronic acid and N-acetyl-D-glucosamine. It has been reported that influenza
hemagglutinin (HA) adjuvanted with LT and delivered using an esterified hyaluronic acid
microsphere system, induced potent immune response in mice, rabbits and small-pigs [133].

5.3 Inorganic particles

Inorganic materials such as silica, platinum, silver and gold are also known to form particles.
These particles have also been assessed as vaccine delivery candidates [134]. For example,
Wang et al. [135] have used silica nanoparticles formulated with bovine serum albumin for
oral vaccination and they demonstrate that the formulation could induce mucosal and
systemic antigen-specific antibody response. Gold nanoparticles (AuNPs) have attracted
much research interest in the medical field because of their controlled shape and optical
properties. In our laboratory, we have developed a candidate intranasal universal influenza
vaccine comprising of AuUNPs conjugated with a 23 amino acid long ectodomain of the
membrane ion channel protein (M2e) of the influenza virus. Our studies show that
attachment of M2e to the AuNP surface increased immunogenicity of M2e, however,
addition of CpG as an adjuvant to the formulation was critical in conferring full protection to
the mice against lethal influenza challenge [136]. Our continuing studies further found a
critical role of excess soluble M2e antigen in generating the desired levels of antibody
response for protection against influenza virus challenge [137]. This finding indicates that in
addition to M2e immobilized on AuNPs, presence of free soluble antigen in the formulation
somehow induces a stronger antigen-specific antibody response. Figure 5D provides an
illustration of gold nanoparticles, and Figure 5E provides an illustration of silica
nanoparticles.

5.4 Liposomes

Liposomes are micron- or nano-sized vesicles comprising of a lipid bilayer and an aqueous
core, and they have been extensively explored for mucosal vaccine delivery. The vaccine
antigen if hydrophilic can be incorporated in to the aqueous core or it can be incorporated in
the lipid bilayer through a lipophilic anchor and oriented inwards or outwards. Alternatively,
a hydrophobic antigen could be entrapped in the lipid bilayer. In addition, multi-lamellar
vesicles comprising of multiple lipid bilayers can also be designed to encapsulate both
hydrophilic and hydrophobic biomolecules [141]. Liposomes can be designed to have
different sizes, surface charges, and permeability, to carry a wide spectrum of biomolecules.
Their surface can also be modified through attachment of polymers to improve their in vivo
stability and for slow release of the antigen. For example, surface modification through
attachment of a mucoadhesive polymer such as chitosan can increase their stability as well
as mucoadhesive property for their absorption at the intestinal surface [142].
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An interesting variation of the liposomal delivery system is the viral-liposome fusion
structure, which utilizes viral proteins to enhance transport of liposomes. For example,
Kaneda reported the development of a novel liposome-sendai virus fusion nanoparticle by
fusing inactivated sendai virus with liposomes containing DNA [143]. This fusogenic
structure exhibited enhanced DNA delivery than the liposome alone. Later, they fused sendai
virus to a liposome containing HIV gp160 protein. Intranasal vaccination of mice with this
fusogenic nanoparticle induced systemic IgG response and slgA in saliva, nasal wash, fecal
matter, and vaginal wash [144].

Liposomes have also been used for oral vaccination. Liposomes for oral vaccination must be
relatively more stable so as to survive the hostile environment of the stomach. Minato et al.
showed that multi-lamellar vesicles stabilized with PEG are more effective than the
liposomes without PEG in inducing mucosal sIgA against ovalbumin encapsulated in the
liposomes [145]. Ligands can also be attached on their surface to provide them the ability to
target different cells. In another study, mannose, a lectin binding molecule that was linked to
PEG was incorporated into liposomes encapsulating ovalbumin as an antigen and MPL-A as
an adjuvant, and were delivered orally [138]. Figure 5F provides an illustration of these
liposomes used for vaccination. These liposomes were found to be stable and could
significantly induce systemic IgG and mucosal slgA antibodies against ovalbumin.
Liposomes with PEG have also been used for sublingual vaccination [146]. Detailed reviews
on liposomes for vaccine delivery including the challenges they face for scale-up are
discussed elsewhere [91, 147, 148].

5.5 Virus like particles

A major challenge that needs to be addressed for a successful mucosal vaccine is to improve
the poor and insufficient immunogenicity of soluble protein antigens. Virus like particles
(VLPs) are self-assembled viral envelopes albeit without the genetic material of the virus,
and thus do not exhibit viral replication and infection [149]. These self-assembled particles
can have a protein or lipid-based envelope, and can be genetically engineered to display a
high density of vaccine subunit molecules on their surface. Because VLPs are particulate in
nature, they have been shown to be advantageous in the presentation of soluble epitope
proteins on their surface, and in eliciting potent immune responses. Successful oral mucosal
vaccination through VLPs or small vesicles that structurally mimic the pathogens and
therefore can be easily phagocytosed by M cells or other APCs has also been shown [150,
151].

For nasal vaccination against pandemic influenza virus, VLPs can be engineered to contain
various subtypes of influenza antigen to confer heterosubtypic protection. Kim et al.
designed a tandem repeat of influenza A universal antigen peptide M2e (M2e5x) derived
from human, swine, and avian influenza A viruses and incorporated it into VLPs [152].
Schwartzman et al. reported that a pre-pandemic influenza VLP vaccine including four
VLPs individually displaying 1918 H1 subtype or low pathogenicity avian influenza H3, H5,
or H7 HA subtypes [153], could induce cross-protection without the requirement of
antigenic matching to the influenza virus challenge-strain. Hepatitis B virus core protein
(HBc) is a non-infectious carrier protein with high immunogenicity, and can self-assemble
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into VLPs. In the pioneering work of Neirynck et al., fusion of a single copy of M2e, a
potential universal influenza antigen but with poor immunogenicity, to HBc protein provided
90-100% protection against a lethal virus challenge [154]. They compared intraperitoneal
and intranasal routes and concluded that the intranasal route of immunization was more
promising than the intraperitoneal injection. These M2e—-HBc VLPs were further
investigated and continuing studies confirmed potential of using HBc as a protein carrier to
induce efficient protective immunity against influenza virus in mice [155, 156]. Up to three
copies of the M2e peptide were attached at the N-terminus of HBc, which further improved
the immune response and provided complete protection. Bessa et al. assessed another
intranasal M2e—VLP vaccine derived from incorporation of M2e into RNA phage QB [157].
They showed that intranasal administration of VLPs can induce efficient B cell responses
(antibody-based response) as evidenced by the presence of high numbers of germinal centers
and memory B cells in the spleen, and plasma cells in the bone marrow. Kang et al. have
prepared VLPs containing HA of the highly pathogenic H5N1 influenza virus. They have
shown that intranasally immunized mice could be protected against a lethal challenge and
that the immunization could induce systemic immune response and IgA response in nasal
and lung washes [139]. Figure 5G provides an illustration of these influenza VLPs used for
vaccination. Other VLPs have also been evaluated for intranasal delivery, such as Norwalk
virus (NV) [158]. NV VLPs have been shown to induce both systemic and mucosal
immunity against Norwalk virus infection in the presence of an adjuvant.

When given sublingually, a human papillomavirus type 16 L1 virus like particle induced
considerable systemic 1gG and mucosal IgA response similar to the nasal route, but superior
to other routes (intravaginal, intramuscular and transdermal) [44]. In another study,
sublingual vaccination with an influenza H5N1 vaccine based on virosomes with 3°, 5°-
cyclic diguanylic acid (c-di-GMP) as an adjuvant induced systemic IgG and nasal IgA
response lower than the nasal route, but the systemic IgG response was comparable to the
intramuscular route [159]. An in depth review of VLPs for mucosal vaccination can be
found elsewhere [160].

5.6 Pollen grain shells for oral vaccination

Pollen grains are hollow microcapsules with an outer shell, which houses the male gamete.
The outer shell is tough and can withstand the harsh environment of the stomach [161, 162],
and despite having a relatively large size (tens of um in diameter) it has been found that
Lycopodium clavatum (clubmoss) spores and Secale cereale (rye) pollen grains can cross the
intestinal barrier as intact particles [163, 164]. Recently, we have shown that lycopodium
spores can be chemically cleaned to remove the native plant proteins and other
biomolecules, and the resulting empty shell can be filled with proteins of interest [140]. We
have subsequently shown that a formulation comprising of ovalbumin-filled lycopodium
spores can induce efficient anti-ovalbumin systemic and mucosal antibody responses. The
study also demonstrated that lycopodium spores could be seen within the intestinal wall of
the mice, suggesting a mechanism by which even larger particles can cross the mucosal
epithelial cells. Structurally, lycopodium spores have surface features that can help them to
adhere to the intestinal mucosa (unpublished data), following which they can potentially
either release antigen for uptake by M cells, or the IELs can directly sample surface-
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adsorbed antigen. Figure 5H provides an illustration of lycopodium spores used for
vaccination.

5.7 Terrestrial plants and algae for oral vaccination

Plant cells are an attractive platform to deliver vaccines through the oral route because their
tough cell wall can protect the encapsulated antigen from the harsh conditions in the
stomach, but upon digestion in the intestine by microbes the encapsulated antigen can be
released to stimulate an immune response [165]. Thus, in an effort to simplify production
and delivery of vaccines orally, there has been a significant effort to produce transgenic
terrestrial plants that can express vaccine antigens and can be directly eaten to deliver the
vaccines [166]. Crops such as rice, maize and soybean have been used as expression vectors
and as an edible delivery system because they offer advantages of low cost of production,
easy scale up, and can prevent chances of microbial contamination. For instance, a rice-
based oral vaccine expressing CTB subunit in the rice seed was shown to have long term
stability including protection of the expressed antigen from pepsin digestion under in vitro
conditions. Moreover, CTB was readily taken up by the M cells when rice was fed to mice,
resulting in induction of antigen specific mucosal immune response with neutralizing
activity [167]. With a development history of more than twenty years, the hepatitis B vaccine
is perhaps the longest-studied terrestrial plant-based vaccine [168].

Unicellular green algae also possess a tough cell wall, and have other attractive features over
terrestrial plants that make them attractive for oral vaccine delivery. Unicellular algae have a
simpler process to perform genetic modification, they can be grown in bioreactors and thus
do not require extensive land and cultivation infrastructure like the terrestrial plants do, they
can be grown all year round as compared to crops that are often seasonal, and algae can be
cultured at a much faster rate with better control over growth conditions as opposed to plants
[169]. Dreesen et al. have shown that a unicellular green algae Chlamydomonas reinhardtii
can stably express the D2 fibronectin-binding domain of Staphylococcus aureus fused with
CTB, and upon oral delivery of a lyophilized form of this algae to mice, serum IgG and fecal
matter IgA could be induced against D2 and CTB [170]. The oral dose also protected 80%
of the vaccinated mice against a lethal dose of S. aureus. The lyophilized vaccine, which was
stored at room temperature for 1.5 y performed equally well as the freshly lyophilized
vaccine.

5.8 Microneedles for skin and oral cavity vaccination

Microneedles are micron-sized needles, which can penetrate the stratum corneum layer of
the skin to directly deliver the antigen into the viable epidermis and dermis regions [171-
175]. The viable epidermis is rich in LCs, which are potent APCs. LCs form an extensive
network in the top layers of the epidermis, and act as sentries to process antigens that
penetrate the skin. Figure 6 shows LCs forming a network in the epidermal sheet of a mouse.
Microneedles are able to directly target LCs for antigen delivery. Because of their small size,
microneedles are painless when inserted in to the skin, and have potential for self-
administration [176]. Microneedles can be made of metals such as stainless steel or
polymers or silicon, and can be fabricated in the form of patches containing tens or hundreds
of microneedles. Figure 7A shows a solid microneedle patch made of stainless steel.
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Antigens can be coated on microneedles (Figure 7B), encapsulated in the polymer matrix
(Figure 7C), or delivered via hollow microneedles [177]. Microneedle-based immunization
via the skin can induce systemic and mucosal immune responses against the antigen. For
instance, mice immunized via the skin with HI\Vgp140 and MPL-A as an adjuvant using
dissolving microneedles elicited antigen specific systemic IgG and high level of IgA in
vaginal washes, which were responsible for protection against HIV infection [178]. In
another study, mice vaccinated via the skin with microneedles coated with recombinant
trimeric soluble hemagglutinin (HA3) induced considerably higher immune response than
the control mice, and vaccinated mice were protected from lethal challenge with influenza
virus. Moreover, a greater IgA response in serum and vaginal washes was observed in
microneedle-vaccinated mice [179]. Wang et al. showed that delivery of an M2e—flagellin
fusion protein into mice skin using coated microneedles induced robust serum 1gG
antibodies and sIgA in lung washes [180].

We have recently developed a new oral cavity vaccine delivery approach that uses minimally
invasive and painless microneedles [181]. Three different antigens, ovalbumin (as model
antigen), E2V3 (nanoparticles with repeats of variable region 3 of HIV envelope), and gp160
DNA were coated on micron-size needles and inserted into mucosal tissues (lip and tongue)
of rabbits. Figure 7D illustrates a solid stainless planar device with five microneedles coated
with sulforhodamine, a fluorescent dye. Figure 7E and 7F illustrate insertion of these arrays
into the lower inner lip mucosa of a rabbit and the dorsal surface of rabbit tongue,
respectively. Coated microneedles have the ability to deliver the vaccine antigens directly in
to the mucosa with high efficiency. With microneedles, antigen specific systemic 1gG and
secretory IgA in saliva was stimulated, and in contrast only systemic response was seen with
intramuscular injections of the same antigens. No significant difference was observed in
antibody response when microneedles were inserted only in the lips or the tongue region
[181]. Recently microneedles composed of liposomes were also inserted in to the oral cavity
mucosa of mice and was shown to induce robust serum 1gG, and sIgA in the saliva, intestinal
wash and vaginal wash [182].

5.9 Other vaccine delivery systems for the oral cavity

Mucosal vaccines delivered through the oral cavity can be classified into live attenuated
microbes (wild type virus, recombinant virus & bacteria) [183-185], inactivated viruses
[186], and subunit vaccines [187]. Microbe-based vaccines are able to induce broad-
spectrum immunity sublingually unlike the subunit vaccines, for which poor antigen-specific
immune responses are observed. For sublingual vaccination, adjuvants, especially microbe-
based toxins such as CT and LT enterotoxins have been found necessary to induce strong
antigen-specific systemic and mucosal antibodies [68]. For instance, HA, a subunit influenza
vaccine induced low systemic IgG and HA titers with undetectable IgA response after three
sublingual doses, however when LTK3 (inactivated mutant of heat labile enterotoxin of £.
colf) was added as a mucosal adjuvant, considerably improved systemic 1gG and mucosal
IgA in nasal wash and saliva was observed as compared to the intramuscular route [188].
Other adjuvants such as CpG [189], cyclic diguanylate [159], poly (inosinic:cytidylic) (poly
(1:C)) [190], MPL-A [190], vitamin D3 [191], peptidoglycans [191], chitosan [190], and -y-
PGA [191] have also been explored in mice for oral cavity vaccination.
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Typically, sublingual vaccines are administered in the form of droplets by placing the
vaccine formulations under the tongue for a short time to enable absorption or uptake by the
mucosa. Often, as is the case with sublingual allergy immunotherapy (SLIT), glycerol is
added into the formulation to increase viscosity, which helps to increase allergen retention
time under the tongue [192, 193]. Another delivery technology based on temperature
responsive polymer gels has been studied for sublingual vaccination. This formulation is a
liquid at room temperature, but gels upon contact with the warmer oral mucosa, resulting in
higher retention time (>20 min) of the vaccine, and preventing rapid clearance and
degradation of the vaccine from the oral cavity mucosal site [194]. Sublingual vaccination
with an inactivated polio vaccine formulated with a temperature responsive gel elicited both
serum IgG and mucosal IgA, while intramuscular vaccination yielded only serum IgG, and
non-detectable IgA in mucosal secretions of saliva and fecal matter [194]. Presence of saliva
needs to be accounted in oral cavity mucosal vaccine delivery because saliva can destabilize
and digest the antigen. Excessive saliva can also dilute the antigen dose or cause it to be
swallowed before absorption at the mucosa, a phenomenon termed as “saliva washout” [61].
Therefore, drying of oral cavity is recommended in some vaccine formulations before
applying to the oral cavity. Extended release films and tablets have also been explored to
improve sublingual or buccal vaccination by improving contact time of the antigen with the
mucosa [195]. For instance, a mucoadhesive two-layer tablet with different protein-releasing
rates was tested in mice for sublingual immunization. The tablet with faster antigen release
rate was more favorable in inducing an immune response as compared to the extended
release formulation, but was comparable to the control group (ovalbumin in solution with
CT) [196].

5.10 Other vaccine delivery systems for the skin

Use of enterotoxins as adjuvants to induce effective systemic and mucosal responses towards
vaccine antigens applied to the skin is well established. For example, Glenn et al. have
shown that application of an aqueous solution containing CT or LT with or without DT as an
antigen on intact shaved skin in mice for 2 h induced 1gG serum response towards the
adjuvant and the antigen. Noticeably, IgA antibodies against DT were not detected in lung
wash and fecal matter when CT was not used as an adjuvant [197]. Presence of CT in the
vaccine formulation acts as an adjuvant to induce strong IgG and IgA response in the serum
as well as in other mucosal secretions such as the vaginal wash and saliva [198].

Gene gun is another approach that has been widely used for skin vaccination, and is an
effective route for DNA vaccines. It induces protective antibody and CTL responses [199].
For example, gold nanoparticles coated with a DNA vaccine expressing gag-pol-env of the
simian immunodeficiency virus (SIV) upon delivery into the epidermis of rhesus macaques
using a gene gun activated serum 1gG, and IgA in rectal washes and the intestinal secretions.
CTL response was also seen, and the vaccination provided significant protection against
mucosal challenge with SIV [200]. Gene gun based skin vaccination has also shown
promising results at a clinical level in terms of requirement of a low dose of DNA in contrast
to the intramuscular route. One to four microgram of an influenza DNA vaccine delivered
through the skin was sufficient to induce high antibody levels with 100% incidence in the
human subjects [201]. In a clinical study, human subjects vaccinated with influenza and
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challenged with a dose of H3 influenza virus gave around 53% protection against the
respiratory infection [202].

Other approaches such as tape stripping, lasers, thermal ablation, chemical enhancers, and
microdermabrasion have been developed for drug delivery in to the skin. These methods
disrupt the stratum corneum layer and help to deliver the antigen into the skin, and they have
also been investigated for delivery of antigens across the skin [203-205].

6 ADJUVANTS FOR MUCOSAL ROUTES

Adjuvants are commonly used in a vaccine formulation to solve the problem of low
immunogenicity of recombinant protein antigens [206]. Mucosal vaccines typically require
adjuvants to help stimulate stronger systemic and mucosal immune responses [3, 207].
When formulated with the antigen, adjuvants are an important factor that help to boost the
immune response towards the antigen and can thus improve the efficacy of the vaccine [208,
209]. The various delivery systems discussed above, especially particulate systems offer an
inherent adjuvant effect. This is because particles can non-specifically stimulate the APCs,
such as macrophages and DCs. Furthermore, the particulate systems that slowly release
antigen, and the mucoadhesive formulations that allow increased contact time of the antigen
with mucosal surfaces could both act as an adjuvant through ‘antigen persistence’ or the
‘depot effect’.

As discussed above, the MALT system consists of immune cells including macrophages,
DCs, B-cells, and T-cells underlying the epithelial cells. Stimulation of these immune cells
at the same time as antigen delivery across the mucosal surfaces has the potential to increase
the immune responses produced against the antigen. Evidence also suggests that the
epithelial cells are not passive, and they can also be stimulated to secrete factors such as pro-
inflammatory cytokines at their basolateral surface to activate the underlying immune cells
[210]. Furthermore, IELs that sample antigens in the mucosal space could also be potentially
directly stimulated by adjuvant molecules. Different molecules have been evaluated as
mucosal adjuvants in this context, and a brief overview is given below.

The most well-studied and potent mucosal adjuvants are CT, LT, and DT. These bacterial
toxins exert an adjuvant effect and are considered to be a ‘gold standard’ for mucosal
adjuvants. However, due to their harmful toxic effect, they are not suitable for clinical
applications. To avoid the toxicity and to explore their adjuvanticity to co-administered
antigens, different approaches have been studied. Examples include, site directed
mutagenesis like generation of mutants that are less toxic, and linking of other proteins or
peptides to disrupt the active site of the toxin [211, 212].

Another group of adjuvants often used for mucosal vaccination are those that bind to
pattern-recognition receptors (PRRs). PRRs are receptors found on (or within) cells that can
detect presence of microbes by recognizing features that are associated with microbes and
are conserved. These conserved features are called pathogen-associated molecular patterns
(PAMPs). Few examples of PAMPs include flagellin and CpG DNA. Activation of PRRs is
followed by an initial innate response including release of inflammatory cytokines,
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interferons and chemokines. The most familiar PRRs are the toll-like receptors (TLRS),
which are involved in the recognition of viruses and bacteria [213]. TLRs are
transmembrane signaling proteins expressed by mammalian cells and have the capability to
bind ligands of varied molecular nature [210]. Till now, 10 TLRs in humans and 13 in mice
have been identified [213]. A secondary benefit of using a TLR antagonist as an adjuvant is
that the immune response can also be skewed towards either Th2 or Th1 dominance.

The epithelial cells of the gut have been shown to express TLR-2, 4, 5, and 9 in mice [214],
and TLR-2, 3, 4, and 5 in humans [215]. Chabot et al. have shown in mice that TLR2 and
TLR4 agonists can enhance particle uptake, and the TLR2 agonist can also induce migration
of DCs in to the FAE [214]. Thus, TLR-based adjuvants could help to enhance effectiveness
of mucosal vaccines. Some of the TLR agonists that have been investigated as mucosal
vaccine adjuvants are summarized below.

MPL-A, a TLR4 agonist is the first and only FDA-approved adjuvant other than alum. MPL-
A and alum are combined to form the adjuvant system AS04, and it is currently used for
Cervarix™ (a human papillomavirus vaccine) and Fendrix™ (a hepatitis-B vaccine)
vaccines by Glaxo-SmithKline. MPL-A is isolated from the lipopolysaccharide of
Salmonella Minnesota R595. MPL-A has most of the immunostimulatory properties of the
parent lipopolysaccharide but without any toxicity [210]. Generally, AS04 boosts the
antibody titers by about 10 to 20 fold when compared to the vaccine alone, and induces the
production of 1gG2a Abs (Th1l dominance) in mice [216, 217]. Vaccine trials in humans
have found that the level of safety profile of AS04 is similar to that of alum [217, 218].

TLR9 antagonist, CpG has been relatively well studied among the ligands of the 13 TLRs
because of its generally high efficacy and synthetic nature. In general, CpG up-regulates the
expression of MHC class Il molecules, directly activates monocytes, macrophages and DCs
and it is capable of inducing B cell proliferation and differentiation. Moreover, it can
stimulate Thi1-biased cytokine profile of type 1 interleukin-12 (IL-12), TNF-a, and IFN-y,
with a predominant 1gG2a titer in serum, and CTLs [219-223]. In our studies, co-
administration of CpG as an adjuvant with AuUNPs conjugated with M2e peptide led to
generation of a balanced Th1/Th2 immune response, as compared to Th2-dominant
immunity in the no-adjuvant group [136]. A recent study showed that sublingual vaccination
with clade C gp140 HIV-1 envelope protein adjuvanted with a-galactosylceramide (potent
stimulator of natural Killer T cells) and CpG, significantly induces neutralization activity
against Tier 1 and Tier 2 SHIVs [224].

TLR3 ligand poly(l:C) is a synthetic analog of dsSRNA, which is found in many viruses. It
not only interacts with TLR3 but also with other receptors like retinoic acid inducible gene I,
melanoma differentiation-associated gene 5, and double-stranded RNA-dependent protein
kinase. Thus, the adjuvanticity of poly(1:C) cannot be uniquely ascribed to TLR3 activation
[225, 226]. However, poly(I:C) induces the production of inflammatory cytokines and type |
IFNs through the activation of NF-xB, MAP kinases, and IRF3. TLR3 agonists stimulate
DC maturation and antigen cross-presentation in the context of MHC class | molecules. As a
result poly(1:C) improves the generation of CTLs [227, 228]. Sloat et al. reported that, by
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using poly(l:C) as an adjuvant for intranasal vaccination with anthrax biantigen and
triantigen, a strong immune response against all antigens could be induced [229, 230].

TLRS5 ligand, flagellin is also a mucosal adjuvant. Flagellin is a structural component of the
flagellar filament of bacteria, and possesses unique signaling characteristics. While other
TLRs use multiple adaptor molecules and redundant signaling pathways, flagellin is the only
reported TLRS5 ligand which uses only MyD88 as the cytoplasmic adaptor molecule for
TLRS. Furthermore, it is important to note that TLR5 is located only on the basolateral side
of the epithelial cells. This prevents stimulation of TLR5 by commensal bacteria, and TLR5-
activation occurs only from invading bacteria [231-233]. The adjuvant effect of flagellin has
been tested intranasally for many vaccines such as against influenza virus [234, 235], tetanus
toxin [236], malaria [237], Schistosoma mansoni [238], and HIV [239].

Even TLR7/8 agonists, the imidazoquinolines, such as imiquimod or gardiquimod, have
been shown to induce mucosal immune responses when co-delivered with hepatitis B
surface antigen in chitosan nanocapsules upon intranasal vaccination in mice [115].

Other adjuvants that have been shown to work mucosally are cytokines and chemokines. The
most important of these are from the IL-1 superfamily including IL-1a/p, IL-18, and 1L-33.
A study showed that intranasal administration of influenza subunit vaccine with IL-1 family
cytokines increased IgA and 1gG antibodies [240]. Other pro-inflammatory cytokines, like
IL-6, IL-12, and IL-15, have also been found to act as mucosal adjuvants, inducing CTL
responses and vaccine-specific IgA antibodies [241]. Furthermore, chemokines, like MCP-1,
MIP-1a, MIP-1B, SLC/CCL19, SLC/CCL21 and MIP-2 can also induce mucosal IgA
secretion and CTL responses [241-244] when delivered with antigens.

Besides bacterial enterotoxins, TLR ligands, and cytokines/chemokines, other molecules
have been recently reported as mucosal adjuvants. Among them are -y-PGA, a-
galactosylceramide - a CD1d ligand, and Iscomatrix (colloidal, spherical structures,
comprising of saponin such as Quil A, cholesterol and a phospholipid), which have been
used in different vaccine studies [131, 245-247]. Furthermore, a mast cell activating
compound C48/80 has been shown to be a safe and effective nasal adjuvant in mice [248,
249]. Water soluble vitamin E derivative (d-a-tocopheryl polyethylene glycol 1000
succinate) is also suggested as a promising nasal vaccination potentiator [250]. Lipid-based
and archaeal lipid mucosal vaccine adjuvants, and several fungal or bacterially-derived small
molecules are also being actively researched and have been recently used to enhance sIgA
induction [251].

7. PERSPECTIVES FOR PEDIATRIC MUCOSAL VACCINATION AND
CONCLUSION

The current needle-based delivery of vaccines is effective but the protection kicks in after the
pathogen has gained a foothold by infecting the mucosal host cells. The mucosal route of
vaccination has the potential to take the vaccine-induced protection to a new level by
developing an active front line of defense at the mucosal surfaces. This line of defense could
neutralize pathogens even before they can cause infection. As discussed above, a significant
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amount of work has been done to develop mucosal vaccines, however, the FDA-approved
mucosal vaccines are few. In the following section we provide a perspective on the
development of mucosal vaccines with a focus on the pediatric population.

7.1 Competence of the mucosal immune system of humans at birth — is it ready for
mucosal vaccination?

At birth in humans, the essential components of the mucosal system are developed and can
respond to antigenic stimulation. The development of the GALT occurs /n utero. Figure 8
summarizes the development of GALT during gestation. The PPs can be seen as early as
week 11 of gestational age, and at the time of birth there are about 80-120 PPs with at least
five lymphoid follicles with germinal centers. By day 200 of gestation, SC is expressed in
the gastrointestinal and respiratory epithelium. At birth, a normal full-term infant does not
have IgA antibodies. This is a result of the unresponsiveness of the infant’s mucosal immune
system due to hormonal influences during birth, immaturity of APCs, and
immunosuppressive-effect of maternal 1gG antibodies. However, the immune system is
capable of mounting a rapid immune response as demonstrated by studies of fetuses getting
intrauterine infections and prematurely-born infants who get pulmonary infections [252,
253]. The Waldeyer’s ring, which is the human equivalent of the NALT is also present at the
time of birth, and it’s formation occurs during organogenesis in a fetus. The primary follicles
are seen in tonsils at 16 weeks of gestation. The formation of germinal centers in tonsils,
indicative of B cell activation by exogenous antigens is seen shortly after birth, and terminal
differentiation of activated B cells into extrafollicular plasma cells can be seen 2 weeks post
birth [254]. Thus, the human infant is born with a functional mucosal immune system, and
can be stimulated by vaccine antigens delivered via the mucosal surfaces.

7.2 Considerations for pediatric mucosal vaccination

In the pediatric population, the oral, the nasal, the oral cavity, and the skin appear to be the
most practical routes of vaccination. Certainly, the vaccination systems applied to each route
must also be minimally invasive and easy to administer. In the context of the oral route, it
must be kept in mind that in the period immediately after birth the gastrointestinal
permeability in infants is higher than that in adults [255]. At birth, the infant’s mucosal
immune system is rapidly stimulated and the mucosal epithelium tarts to close. Ingestion of
colostrum is seen to promote maturation of the intestinal membrane. The intestinal
membrane closes in about 48 h [252]. Other mucosal membranes also close rapidly. This
early window when the mucosal membranes are more permeable could be an opportunistic
moment to deliver the vaccines orally, however, care needs to be taken so as to not induce
autoimmunity, hypersensitivity, or food enteropathies. Additional studies in animal models
could help to understand this aspect further by delivering vaccines right at birth, and then
evaluating the immune responses and assessing long term safety. More neonatal mucosal
vaccination studies are anyway needed because most of the mucosal vaccination studies
have been performed in adult animals, and fewer studies have been performed in neonatal
mice [257, 258].

To induce vigorous systemic and mucosal immune responses, a combination of different
mucosal routes of vaccination might be needed. Typically the nasal and skin-based
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vaccinations provide high serum IgG titers, however, the oral route can provide lower serum
IgG titers. On the other hand, oral vaccination can induce stronger slgA titers in the
intestinal secretions. Thus, a combination of different routes of vaccination might offer a
synergistic effect, increasing both systemic and mucosal antibodies over the individual
routes. Indeed, using CT as an adjuvant and CTB as the antigen, John et al. have shown that
immunization via the skin (intact skin applied with immunization solution) induced higher
serum IgG against CTB than the oral delivery of the immunization solution, however, a
comparable IgA response in fecal matter was seen from both routes of vaccination. But
when the mice were orally primed and boosted via the skin, a more prominent serum IgG
and oral 1gA response was seen [259]. In fact, initially priming the immune system via the
intramuscular route and providing later boosts via the mucosal routes may also provide
synergistic effects in enhancing mucosal immune responses. This strategy although not
ideal, could still have potential for clinical implementation, wherein the first dose of the
vaccine to the infant is given parenterally, and subsequent doses are given via a mucosal
route.

Toxin-based adjuvants such as CT and LT are often used in pre-clinical mucosal vaccine
formulations. While they provide proof-of-principle, however, due to their toxicity, their
approval for human use is unlikely. It is therefore important to evaluate other safer but
perhaps less potent adjuvants for mucosal vaccination. Different adjuvants could be
combined to evaluate their synergistic effects in mucosal vaccines. Because adjuvants form a
critical component of mucosal vaccine formulations, a safe yet potent adjuvant cocktail is
needed.

The economic considerations to introduce mucosal vaccines in place of existing needle-
based vaccines should be very carefully considered. This is because the cost of development
and the clinical trials may drive the cost of the mucosal vaccine to be higher than the
existing vaccine. In this regard, the cost of formulation and the delivery system will also be
critical. If a mucosal vaccine delivery platform can be developed that can be simply mixed
with the vaccines that are already being produced by the vaccine manufacturing companies,
then the existing infrastructure for vaccine production could be utilized. Instead of
packaging the vaccines in vials or syringes, the delivery system (such as a nanoparticle that
hypothetically enhances intestinal permeability) could be simply added to the vaccines to
form a mucosal vaccine formulation.

Furthermore, sIgA is thought to be an important effector of mucosal immunity. However, the
mechanisms of mucosal immunity are not very well known. Systematic studies are therefore
needed that can examine the importance of sIgA in vaccine design, and evaluate their
correlate of protection for mucosal vaccines. In addition to sIgA, IgG can be found in mucus
secretions, and can also play a role in the clearance of pathogens. Besides humoral
immunity, the role of cellular immunity and innate immune factors needs to be investigated
to better understand the mechanism of protection from mucosal vaccination.

Overall, mucosal vaccine design and delivery involves multiple complex questions,
including choice of route, selection of delivery carriers, and selection of adjuvants. Although
much has been learnt about the mucosal immune system in the past few decades, significant
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knowledge gaps still exist. For future studies, it will be important to more thoroughly
evaluate the different mucosal vaccination routes. It is possible that prime-boost strategies
that involve different mucosal surfaces might actually offer a superior immune response
compared to a single mucosal route of vaccination. More creative synergetic use of
nanotechnology and recombinant technology might also help to design the next generation
of mucosal vaccines.
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Figure 1.
Secretory immunoglobulin A (slgA). (A) Cartoon representation of sIgA. sIgA is a complex

consisting of two IgA molecules, the J-chain, and the secretory complex. The J-chain helps
to form a stable dimer of the two IgA molecules, while the secretory component is attached
to the dimer during secretion of sIgA into the mucus. (B) Cartoon representation of the

secretion process of IgA into the mucus as slgA. Plasma cells located in the lamina propria
secrete dimeric IgA, which then binds to polymeric immunoglobulin receptor (plg receptor)
located on the basolateral side of the epithelial cells. The plg receptor-dimeric IgA complex

J Control Release. Author manuscript; available in PMC 2017 October 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Shakya et al.

Page 42

gets transcytosed towards the apical side where the extra cellular domain of the plg receptor
is cleaved to form the secretory component of the sigA complex. The secretory component
from the mucus can also get recycled back. Figure 1B adapted with permission from
publisher of [13].
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Peyer’s patches (PPs). (A) A PP consisting of 12 lymphoid follicles (f) as seen in a gerbil
intestine. (B) Lymphoid follicles in a gerbil intestine lined by intestinal villi. The large arrow

points to the lymphoid follicle dome. (C) Schematic of a PP showing M cells and the
different immune cell populations. Note the absence of mucus on top of M cells.

T: T cells, B: B cells, DC: dendritic cells, IEL: intraepithelial lymphocyte, FoDC: follicular
dendritic cell, IFR: intra-follicular region. Figures 2A and 2B adapted with permission from

publisher of [23]
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Figure 3.
Lymphoid tissues of the Waldeyer’s ring and their histological sections. Sections show

crypts (white indentations in histology sections) that increase surface area available for
direct antigenic uptake and stimulation. Adapted with permission from publisher of [28]
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Mucosal routes of vaccination and the major delivery barriers.
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= Different mucosal vaccine delivery systems. (A) Scanning electron micrograph of
poly(lactic-co-glycolic acid) microparticles [94], (B) scanning electron micrograph of
polyanhydride nanoparticles [111], (C) transmission electron micrograph of chitosan : poly-
v-glutamic acid nanoparticles [129], (D) transmission electron micrograph of gold
nanoparticles [136], (E) transmission electron micrograph of silica nanoparticles [135], (F)
transmission electron micrograph of mannose and monophosphoryl lipid A decorated

E cationic liposomes [138], (G) transmission electron micrograph of influenza virus-like

g particles [139], (H) scanning electron micrograph of lycopodium spores (pollens) [140].
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Figure 6.
Langerhans cells in mouse skin. (A) Stereomicrograph of a mouse epidermal sheet that was

separated from the whole mouse skin by incubating in ethylenediaminetetraacetic acid, and
separating the sheet under a dissection microscope. (B) Micrograph of a mouse epidermal
sheet showing Langerhans cells after performing standard immunohistochemistry with anti-
CD1a antibody and diaminobenzidine stain to identify Langerhans cells. (C) Zoom-in
showing typical Langerhans cell morphology.
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Figure 7.

Microneedle devices. (A) Photograph of a stainless steel microneedle patch resting on a
fingertip, (B) Stereomicrograph of a stainless microneedle patch with microneedles coated
with fluorescent ovalbumin, (C) Stereomicrograph of a polymer microneedle patch (image
courtesy of Georgia Institute of Technology, (D) Stereomicrograph of a planar stainless steel
microneedle patch coated with sulforhodamine, (E) A planar microneedle patch being
inserted into the inner surface of the lower lip of a rabbit, (F) A planar microneedle patch
being inserted into the dorsal surface of a rabbit tongue.
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Figure 8.
In utero developmental timeline of the human mucosal immune system. At birth, for a full-

term neonate, all components of the mucosal immune system are mature. (1) M-cells, (2)
Peyer’s patches that contain lymphoid aggregates, (3) interstitial lymphocytes, and (4)
intraepithelial lymphocytes. Adapted with permission from [256]
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Table 1

Mucosal vaccines licensed for human use

Disease (example of licensed vaccine)

Delivery route

Live or Inactivated

Cholera (Dukoral®, Shanchol™, and mORC-Vax™) Oral Inactivated

Influenza (FluMist™) Intranasal Live attenuated
Poliomyelitis (Biopolio™ B1/3, and other oral polio vaccines - OPVs) | Oral Live attenuated
Rotavirus (Rotarix® and RotaTeq®) Oral Live attenuated
Typhoid (Vivotif®) Oral Live attenuated
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