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Recent events involving the global coronavirus pandemic have
focused attention on vaccination strategies. Although
tremendous advances have been made in subcutaneous and
intramuscular vaccines during this time, one area that has
lagged in implementation is mucosal immunization. Mucosal
immunization provides several potential advantages over
subcutaneous and intramuscular routes, including protection
from localized infection at the site of entry, clearance of
organisms on mucosal surfaces, induction of long-term
immunity through establishment of central and tissue-resident
memory cells, and the ability to shape regulatory responses.
Despite these advantages, significant barriers remain to
achieving effective mucosal immunization. The epithelium itself
provides many obstacles to immunization, and the activation of
immune recognition and effector pathways that leads to
mucosal immunity has been difficult to achieve. This review will
highlight the potential advantages of mucosal immunity, define
the barriers to mucosal immunization, examine the immune
mechanisms that need to be activated on mucosal surfaces, and
finally address recent developments in methods for mucosal
vaccination that have shown promise in generating immunity on
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Recent events involving the coronavirus pandemic have
focused attention on new vaccination approaches.’ This has pi-
qued interest in mucosal immunization, because it provides
numerous potential advantages over subcutaneous and intra-
muscular vaccination routes.” These major advantages include
immune responses composed of secretory antibodies and
tissue-resident effector- and long-lived memory T cells at
mucosal surfaces.” Because the mucosa is the port of entry
for most major pathogens ranging from respiratory viruses to
pathogens causing sexually transmitted and enteric diseases,
mucosal immunity is a major asset in blocking establishment
of initial infection and preventing transmission should infec-
tion be established.” The importance of the latter has been un-
derscored by the continued transmission of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) by infected
vaccinated individuals.®

Other less well-defined benefits of mucosal vaccination include
the induction of mucosal immunity at one site, producing immune
crosstalk that provides protection at distal mucosal surfaces.” In
addition, the constant exposure of mucosal surfaces—
particularly the respiratory and gastrointestinal tracts—to mi-
crobes and antigens from the environment makes these surfaces
valuable for shaping tolerogenic responses in autoimmune and
allergic disease.” Finally, mucosal vaccines, particularly oral
and intranasal vaccines, provide practical benefits including
ease of administration and greater global accessibility for low-
income countries.”

Unfortunately, although advances have recently been made in
subcutaneous and intramuscular vaccines, mucosal vaccines have
lagged in implementation. Mucosal vaccines have wide use and a
long history of efficacy in veterinary applications.'’ However,
there are only 9 approved mucosal vaccines for use in humans."’
Although all of these are effective, they involve older technology
using attenuated or inactivated pathogens. Eight are administered
orally, and only 1 (Flumist) is given intranasally.'' Importantly,
no new mucosal vaccine has been approved in the United States
in the last 10 years.

The paucity of mucosal vaccines is the result of several
significant hurdles facing effective mucosal immunization. The
mucosa contains a unique immune cell milieu that functions to
selectively identify pathogens within an environment that
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Abbreviations used
APC: Antigen-presenting cell
COVID-19: Coronavirus disease 2019
DC: Dendritic cell
ILC: Innate lymphoid cell
ILC1: Type 1 innate lymphoid cell
ILC2: Type 2 innate lymphoid cell
ILC3: Type 3 innate lymphoid cell
PAMP: Pathogen-associated molecular pattern
RSV: Respiratory syncytial virus
SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2
Trum cell: Tissue-resident memory T cell

promotes tolerance toward commensal organisms. To overcome
this requires different modes of immune activation that are not
directly translatable from parenteral vaccines.'” This review will
highlight the potential advantages of attaining mucosal immunity,
define the barriers to mucosal immunization, and examine the
unique immune processes that need to be engaged on mucosal
surfaces for effective immunity. We will then address approaches
that could improve the likelihood of achieving effective protective
immunity on mucosal surfaces. In this last regard, given there are
excellent recent articles that cover preclinical evaluations of these
technologies,’?""11 this review will focus on vaccine approaches
that have reached human clinical trials.

POTENTIAL ADVANTAGES OF TARGETING
MUCOSAL-SPECIFIC IMMUNITY

Mucosal surfaces are the entry point location of most
pathogens infectious to humans.*” Addressing infections at their
source has several advantages that cannot be achieved through
traditional immunization (summarized in Table I).

Protection from the acute effects of both bacterial
and viral infections could be enhanced through
mucosal immunity

As demonstrated by SARS-CoV-2, early infection of mucosal
surfaces can result in disruption of respiratory nasal and lung
epithelium.13 This disruption and the secondary inflammatory
response can lead to long-term damage even in individuals
who recover from acute infection.'* It is not clear how the re-
sulting chronic symptoms (“long COVID”), such as respiratory
insufficiency and loss of smell and taste, are prevented in break-
through infections with current intramuscular vaccines,'” but
given the pathophysiology these might be ameliorated by
mucosal vaccines. Besides pathogens that colonize the respira-
tory tract, there are pathogens that colonize the intestinal mu-
cosa and induce acute morbidity and even death simply from
disruption of epithelial function.'® This is demonstrated by bac-
teria such as Vibrio cholerae and enteropathogenic Escherichia
coli, as well as rotavirus.'”"'® In these situations, either local
epithelial damage or toxin production that disrupts epithelial
integrity leads to loss of fluids and local inflammation, which
makes maintaining fluid and electrolyte balance difficult.
A mucosal immune response composed of toxin-neutralizing
IgA and IgG antibodies and neutrophils that clear organisms

J ALLERGY CLIN IMMUNOL
JULY 2022

would be effective at reducing pathology and preventing sys-
temic infection.'”

Mucosal immunity reduces pathogen load on
mucosal surfaces

Another advantage of mucosal immune responses is that it
limits transmission and promotes pathogen clearance. Along
with specific antibodies, the induction of Tyl7 immune re-
sponses on mucosal surfaces can markedly improve the clear-
ance of pathogens.”” This can provide sterile immunity where
individuals do not carry pathogens that can be transmitted to
others. As now illustrated most clearly with coronavirus disease
2019 (COVID-19), individuals with personal protective immu-
nity can still infect others through SARS-CoV-2 aerosol from
their respiratory mucosa.”' Importantly, this transmission in-
fects others while suppressing a vaccinated person’s symptoms,
making it harder to identify infected individuals, which hinders
infection control.””

Although respiratory transmission is commonly seen with
viruses, such as influenza virus, SARS-CoV-2, and respiratory
syncytial virus (RSV), it is also observed with bacterial
infections. Pertussis can be spread through aerosols and has
been increasing in prevalence because current Bordetella
pertussis vaccines do not induce sterile immunity, resulting
in several serious outbreaks.”> Mucosal immunization is being
pursued to rid individuals of nasal carriage.” Infections from
organisms colonizing the gastrointestinal tract can be spread
through fecal-oral transfer if not completely cleared from the
intestines. This is observed with outbreaks of Clostridium diffi-
cile in health care facilities and enteropathogenic E coli in wa-
ter parks.”* The causes of recurrent urinary tract infections are
varied, but it is believed that chronic carriage of bacteria or
ineffectual mucosal immunity is a significant factor.”
Although environmental control may limit these outbreaks,
having an immune response that provides neutralizing mucosal
immunity and neutralizes bacterial/toxins would lead to
simpler and more effective control.

Mucosal immunization prevents reinfection
through long-term immune memory

Long-term immunity is enhanced through the induction of
antigen-specific, tissue- resident memory T (Tgrpy) cells.**® These
cells serve as sentinels in mucosal lymphoid tissue to provide
memory responses on rechallenge with infectious agents.
Although memory T cells can also be induced through other
routes of immunization, having these persistent T-cell popula-
tions in the epithelial barrier tissue positions them for an immedi-
ate memory response before central memory T cells can
arrive.**® This type of response along with the mucosal IgA it
generates is crucial in response to an infection such as HIV in
which the virus needs to be eradicated on the mucosal surface,
because once it gets into systemic lymph nodes it quickly mutates
to escape immune control.”’

Mucosal immunization may modulate adverse
immune responses

There has long been interest in using this approach as a means
of suppressing autoimmunity, often applying autoantigens to
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TABLE I. Theoretical advantages of mucosal immunization
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Result
of mucosal
immunization

Specific immune

mechanisms Result of immune activation

Diseases where potentially valuable Examples

Immune Induction of immune  Focusing of the immune
response cells with mucosal- response to areas of need
homes to targeting molecules
mucosal
surfaces

Unique types  IgA, IL-17, and Sterile immunity at mucosal
of immunity CD8 immunity surfaces, clearance of virally
produced on infected or transformed cells
mucosal
surfaces

Induction of Trum cells Long-term protection against
long-term recurrent disease
immunity

Regulatory Tissue-resident Downregulation of immune
immune regulatory T cells inflammation and shifting to
responses protective immunity

Rotavirus, COVID-19'%!%2!
Enteropathogenic E coli'®"’
Lung and colon cancer®®

Respiratory and genital viral infections
Enteric infections
Mucosal epithelial cancers

Influenza, COVID-19'*"
Herpes simplex 2''-*
Pertussis™

Lung and colon cancer®®

Respiratory viral and bacterial infections
Sexually transmitted disease
Mucosal epithelial cancers

Influenza, COVID-19'3:>12¢
HIV*

Urinary tract infections™
Allergic asthma, food allergym
Type I diabetes, multiple
sclerosis”®*’

Recurrent respiratory infections
Enteric infections

Urological infections

Allergies

Autoimmune disease

mucosal surfaces to induce tissue-resident regulatory T cells. This
would provide an antigen-specific suppression of autoimmunity.
Trials using myelin basic protein to suppress immunity in patients
with multiple sclerosis have yielded interesting findings but have
yet to show therapeutic value.”® Some of the results have indi-
cated that immune responses can be specifically modulated in pa-
tients. There have also been trials examining oral and nasal
immunization with several antigens in patients with type 1 dia-
betes, although again, no positive clinical outcome has been
observed.”

Mucosal immunization as an approach to modulate
allergic disease

A new area of interest in mucosal immunization of interest to
allergists is suppressing allergic disease. This involves antigen
application to the mucosa to suppress type Il immune responses or
redirect these immune responses to produce protective immunity.**
Although the first application of mucosal immunization involved
sublingual immunotherapy for treating respiratory allergic disease,
including rhinoconjunctivitis, much of the current focus is on food
allergy. Both oral and sublingual applications of food antigens have
been shown to induce specific immune unresponsiveness to the
food. However, this is short lived and ends rapidly after chronic
ingestion is discontinued.” The goal for mucosal immunization,
potentially combined with immunomodulation therapeutics,
would be to achieve long-term tolerance to the food.

BARRIERS TO EFFECTIVE MUCOSAL
IMMUNIZATION

A major hurdle limiting effective mucosal immunization is
the barrier that mucosal surfaces provide to prevent antigen
delivery and immune stimulation (Fig 1). These barriers have
evolved to protect the mucosa from infectious pathogens,
toxins, and other noxious agents.g"34 Therefore, it is no surprise
that most effective mucosal vaccines have been adapted from
infectious pathogens that have evolved to overcome these bar-
riers.'"'® To better pursue rational mucosal vaccine design,

one must first define epithelial barriers and understand potential
ways that they can be overcome.

Vaccine barriers on mucosal surfaces

Mucosal barriers include the mucus layer itself. This com-
plex mix of glycoproteins, proteoglycans, lipids, DNA, and
large protein polymers forms strands on surfaces that repel
foreign proteins and particles.”’ In addition, there are large
amounts of proteases and nucleases on the surface that pro-
mote degradation of genetic material and proteins in vac-
cines.”” Ciliary function also helps to clear vaccine particles
from mucosal surfaces, and in the gut, digestive enzymes
and low pH and mucus also degrade vaccine formulations. Us-
ing mucoadhesive components®” such as positively charged
polymers and lipids or using mucus-disruptive surfactants
could provide enhanced antigen uptake. Also, including pro-
teins or sugars, such as spike proteins or sialic acid residues,
which mediate high avidity, multivalent virus binding to
epithelial cells could provide the same type of interactions to
optimize vaccine delivery and efficacy.

Epithelial tissue prevents the interaction of
antigens and vaccines with the mucosal immune
system

The epithelial barrier normally is very effective in prevent-
ing the penetration of antigens to mucosal immune tissue.
Tight junctions between epithelial cells limit the access of
antigens through the epithelium.” These junctions prevent any
material over 30 nm in diameter from directly penetrating the
mucosal epithelium unless the surface is disrupted.3 * One
approach to overcome this barrier has been to use toxins or
other approaches to disrupt epithelium integrity. In addition,
although transcellular migration can occur, it is inefficient in
most cells without specific binding and internalization as
seen with viruses. In contrast, efficient transport of vaccine
and antigen can be achieved through direct sampling of the
lumen by dendritic cells (DCs) and M cells.” However, as dis-
cussed later, studies suggest that using these specialized cells
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Mucosal surface
Specific antibody from prior mfectlon/exposureo ©
RNAase, protease and mucous

Mucosal epithelium
Tight junctions, poor DC
uptake and activation

Mucosal-associated
lymphoid tissue

Poor activation of
lymphocytes,
immunosuppressive
regulatory mechanisms,
wrong immune phenotype
(hypersensitivity rather
than protection)

Vaccine with antigens
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Y Mucosal surface
4 Antigen encapsulation, epithelial
C iilliln adhesives and mucolytics

Mucosal epithelium
Toxins to disrupt epithelium, PAMP
agonists to activate DCs, target
M cells for antigen sampling and
uptake

Mucosal-associated
lymphoid tissue
Inclusion of cytokines to
augment immune
response, drive specific
immune phenotype

FIG 1. Barriers to mucosal immunization. There are several layers of barriers that uniquely challenge mucosal
immunization. These barriers can be conceptualized as associated with different components of the epithelial
anatomy. The barriers at each level of the mucosa are enumerated on the left side of the figure, with potential
approaches to overcome each impediment presented on the right side. ¢cDC, Conventional DC.

require either targeting molecules for M cells, or activation
signals to engage DCs.

Avoiding vaccine neutralization by preexisting secreted IgA
and cytotoxic T-cell-mediated immune responses is also critical
to effective mucosal immunization because this can prevent a
secondary response to the vaccine. This is especially important
with live virus vaccines such as Flumist or adenovirus vector
vaccines, where viral-mediated entry into antigen-presenting
cells (APCs) and/or replication are necessary for the vaccine to
work.” 7

Activating lymphoid tissues is a central challenge
for mucosal vaccines

The mucosal immune system is constantly exposed to
inhaled and ingested antigens, so it is biased toward tolero-
genic immunity to maintain homeostasis and prevent hyper-
active immune responses. Mucosal-administered antigens are
therefore inherently less immunogenic, and mucosal vaccines
must include danger signals such as pathogen-associated
molecular patterns (PAMPs) and/or cytokines to overcome
tolerogenic programming.”®*® The success of mucosal vac-
cines thus relies on adjuvants as part of novel delivery systems
to provide these signals, and several vaccine approaches now
use specific innate immune activation strategies to overcome
these challenges.

UNIQUE FEATURES OF THE INDUCTION OF
MUCOSAL IMMUNITY

Inducing mucosal immunity involves activating the largest
and most complex immune organ in the human body. Recent
research has better defined the distinct organization of

immune cells resident on the different epithelial surfaces
(Fig 2). Each of these immune regions—mouth, nares, gut,
rectum, urinary tract, and vagina—face unique challenges
in maintaining homeostasis amidst the constant exposure of
environmental antigens and commensal organisms, while
blocking infection by pathogens.'"'® Engaging these net-
works to achieve useful immune responses while not disturb-
ing its complex overall function is paramount to effective
mucosal vaccines.

Induction of immunity at different mucosal surfaces
Each mucosal surface consists of inductive and effector sites.
Inductive sites, or mucosa-associated lymphoid tissue (eg, gut-
associated lymphoid tissue and nasopharyngeal-associated
lymphoid tissue), contain T and B cells along with APCs,
macrophages, and DCs.'%**" The specialized peyer patches of
the gut-associated lymphoid tissue additionally contain phago-
cytic M cells, which transcytose molecules across the epithelial
barrier. Identification of non-self-microbial components as
danger signals occurs within these inductive sites through recog-
nition of PAMPs by the pattern recognition receptors of epithelial
cells and tissue-resident APCs—mainly DCs and macrophages.
These receptors include membrane-bound Toll-like receptors
and C-type lectin receptors, along with cytoplasmic nucleotide-
binding and oligomerization domain (NOD)-like receptors and
retinoic acid-inducible gene-I (RIG-I)-like receptors.*’"’
Although the PAMPs that are active on mucosal surfaces are
not qualitatively different than those involved in activating
pathways downstream of parenteral vaccines, the unique envi-
ronment of the mucosal surfaces suggests a difference in the
importance of these signals. Given the chronic exposure to
bacterial PAMPs, such as endotoxin, mucosal surfaces may be
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FIG 2. The optimal approach to activating mucosal-specificimmune responses by vaccines. When a vaccine
is placed on the mucosal surface, immune activation occurs through DC sampling and activation. This can
occur either through direct antigen sampling by DCs across the epithelium, DC sampling of infected or
dying epithelial cells, or through sampling of antigens passed across the epithelium by M cells. After that
first step, activating of PAMPs, along with retinoic acid pathways, can activate DCs to induce specific,
effector immunity (plus signs) involving cellular cytotoxicity and antibodies. In contrast to enhancing
pathways for protective immunity, those inducing hypersensitivity reactions (minus signs) including ILC2
and T2 lymphocytes should be suppressed. 487, Alpha 4 beta 7 integrin; CCR9, chemokine CC receptor 9;
NK, natural killer; RALDH, retinal dehydrogenase enzyme; TLR, Toll-like receptor.

less responsive to these signals.”®*” In contrast, given the many
viruses that enter through the mucosa, receptors for unique ge-
netic signatures and structures associated with RNA and DNA vi-
ruses would appear to be more important.*” Thus, although the
receptors and ligands of PAMPs are the same as in nonmucosal
structures, the environment alters the hierarchy of their
significance.

Activation of these receptors produces cytokines that trigger
lymphocyte maturation and induces migration to mucosal
effector sites such as the lamina propria of the gastrointestinal
tract and lymphoid tissue of the upper respiratory tract. Subse-
quently, Ty cells, cytotoxic T cells, and antibody-producing
plasma cells are engaged at these effector sites to induce specific
immunity to the antigen. These cells recruit additional APCs to
inflammatory sites to process antigens and prime effector T
cells.'"~?° This primary chain reaction—entry of pathogen recog-
nition by APCs, communication with specific lymphocytes lead-
ing to mounting of protective immune responses—occurs locally
in the subepithelium.

Despite these insights, mucosal vaccine development is
challenging due to our limited understanding of the complex
cellular interactions in the mucosal immune environment. In the
following section, we will focus on what is known regarding these
different immune cell types and their roles in mucosal immunity.
These features of each immune cell type are potential targets that
can be exploited for mucosal vaccine design.

Mucosal APCs

On initial pathogen encounter, epithelial cells process the
antigens and pass them on to tissue-resident APCs, which further
recruit additional APCs to inflammatory sites to sample the
antigens and prime effector T-cell immunity. DCs in the
mucosa particularly induce expression of specific chemokine
receptors and integrins on T cells to direct their migration to the
site of infection. Although mucosal conventional type 1 and 2 DCs
are present throughout the mucosa and are similar to DCs seen
elsewhere in the body,"' these APCs have unique functions in the
mucosa.

Mucosal conventional type 1 DCs expressing CD103 provide
cross-presentation to CD8™" T cells to mediate viral clearance;
however, in the gut microenvironment, these cells actively metab-
olize vitamin A to produce retinoic acid.**** Retinoic acid is a
crucial aspect of mucosal immune activation because retinoic
acid produced by DCs imprints CCR9 and o437 on T cells, pro-
moting T-cell homing to the epithelium in the gut and the activa-
tion of effector immune responses.’’ In the lung, conventional
DCs can induce Ty2 immunity toward inhaled allergens,
increasing lung inflammation and airway hypersensitivity (Fig
2).***" DC-activated T cells also migrate to mesenteric lymph no-
des to drive differentiation of FoxP3™" regulatory T cells.***’ The
complexity of these networks is unique to the mucosa and makes
orchestrating the optimal configuration of immune responses
challenging for any mucosal vaccine.



6 BAKER ET AL

In contrast to subcutaneous tissue, mucosal tissue-resident
macrophages also phagocytose microbes to clear them from
mucosal surfaces. However, these cells do not migrate to lymph
nodes or directly activate T cells. Macrophages can transfer
processed antigens to mucosal DCs, and this process appears
unique to the mucosa and pivotal in inducing gut Ty17 and IgA
responses.”****? Thus, delivering antigens to mucosal APCs
and activating homing responses in DCs and macrophages is an
important and unique aspect of mucosal immunization.

M cells

Given their unique functions, intestinal M cells and their
equivalents in the nasal mucosa would seem to be an important
target for antigen delivery.””” They act as portals to deliver an-
tigen to underlying immune cells for antigen presentation, but
this process has limitations. M cells do not sample regular anti-
gens or DNA in vaccines effectively, and although targeting is
possible through molecules such as lectins, bacterial toxins, and
certain viral proteins, this usually requires construction of conju-
gates between the antigen and delivery molecules. Mouse studies
suggest aging also degrades M-cell function, and M-cell antigen
sampling under certain conditions can also induce tolerance.”
Therefore, targeting M cells may be no better than using other
pathways to deliver antigens to mucosal DCs.

Innate lymphoid cells

Innate lymphoid cells (ILCs) are populations of immune cells
unique to mucosa. ILCs are lymphocytes that lack antigen-
specific receptors and instead respond to cytokines and danger
signals in the microenvironment. ILCs are found in abundance in
mucosal tissues and play crucial roles in inducing tolerance, as
well as in fighting various pathogens. The ILCs are divided into
type 1 ILCs (ILCls), type 2 ILCs (ILC2s), and type 3 ILCs
(ILC3s) on the basis of expression of transcription factors T-bet,
GATA3, and ROR-yt. ILC1s mainly produce IFN-y and TNF-a,
ILC2s induce IL-5 and IL-13, while ILC3s make IL-17 and IL-
22.”! Not surprisingly, ILC1s and ILC3s are important in mucosal
protection, and ILC2s are associated with allergy and chronic
inflammation. For example, during lung inflammation, ILC2s
can secrete IL-13 to promote DC migration to regional lymph no-
des to prime T cells to have a T2 phenotype.®!

Immune response polarization

Following innate pathway activation of APCs, naive T and B
cells are primed to skew the specific cellular immune profile. The
skewing of the cellular immune response can lead to enhanced
pathogen clearance or pathogenicity. Optimal mucosal immuni-
zation correctly polarizes lymphocytic responses for protective
immunity because preferential T2 or Treg-cell responses could
result in hypersensitivity or tolerance from a vaccine.' L1842 Ad-
juvants capable of skewing toward a Tyl response are crucial
particularly in preventing viral infections and may be helpful in
ameliorating Ty2-biased pathology such as that found in food al-
lergy or RSV infection.

Vaccine administration routes and adjuvants affect ILC
populations differently, and focusing on approaches that prefer-
entially induce ILC1s and ILC3s would be important in designing
a mucosal vaccine candidate.'"'® Adjuvants capable of skewing
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toward a Ty 1 response are crucial particularly in preventing viral
infections and may be helpful in ameliorating Ty;2-biased pathol-
ogy such as that found in food allergy or RSV infection. Several
approaches have been shown to provide specific mucosal protec-
tion by eliciting Ty 1 and Ty 17 cellular responses as well as tissue-
resident memory T-cell responses.”

Tissue-resident immune memory

As previously mentioned, Try cells are uniquely important to
mucosal immunity.”” Tgy cells in local tissues can rapidly be con-
verted into effector T cells when encountering a recalled infec-
tious agent. CD4" Tgry cells support antibody production
against bacterial pathogens, whereas CD8 Tgy cells use cellular
mechanisms to contain chronic and recurrent mucosal viruses.
There is also evolving evidence that these cells are important in
immune surveillance for mucosal cancers.

Although there is convincing evidence that these cells exist and
are important in humans, no specific methods have been identified
that can induce Try cells. This capability would be highly desir-
able because it could aid sterile immunity due to the ability of
Trum cells to respond quickly.4 Given the antigen/pathogen spec-
ificity, specific immune induction will be necessary, and the site of
memory response and generation of specific memory response
should be considered while developing a vaccine candidate. It
does appear that presentation on specific mucosal sites is impor-
tant to generating local Try, cells, and it is unclear that parenteral
vaccination can induce these cells.™

Mucosal antibody responses

IgA produced by local plasma cells is the principal antibody
found in mucosal secretions and acts as a primary defense in
countering the pathogen. Parenteral immunization has not
effectively induced secreted IgA responses, which are most
optimally induced through mucosal immunization strategies.
Recent advancements in mucosal vaccine design have led to the
development of adjuvants capable of inducing pathogen-specific
IgA production by engaging cells such as ILC3.”"* Although
IgG plays an important role in providing systemic protection
against pathogens, the secretion of antigen-specific IgA at the
mucosal surfaces could block pathogen entry and enhance
clearance.

PLATFORMS FOR THE INDUCTION OF MUCOSAL
IMMUNITY

There is no shortage of proposed approaches to overcome the
barriers confronting mucosal immunization and provide effective
immunity (summarized in Table IT). New mucosal vaccines fall
into 2 general areas: live attenuated and genetically modified or-
ganisms or synthetic systems to deliver antigens, DNA, or genetic
material. Although many approaches are in preclinical develop-
ment, the utility of these for human vaccination is not clear.
This is, in part, because animal models of mucosal immunization
(other than primates) have not been predictive of success in hu-
mans, potentially related to differences in microbiota.”

Live attenuated organisms
Since the classic work of Sabin on oral polio vaccine, mucosal
immunization with live attenuated vaccines has shown promise.”®
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Technology

Advantages

Limitations

Efficacy

Safety

New methods of producing
live attenuated viral
vectors

Live attenuated viral vectors
with transgenic expression

Natural polymeric complexes

(chitosan)

Synthetic polymers
complexes (PEG, PLGA)

Virus-like particles

Liposomes

Emulsions

Genetic codon
deoptimization can control
expression, improve safety

Proven technology in
injectable vaccines.
Genetic engineering well
worked out

Chemistry used in injection
vaccines. Shown to prevent
nuclease and protease
degradation

Mucoadhesive. Proven to
stabilize genetic material.
Chemistry well defined.
Proven utility in injectable
vaccines

Defined chemistry. Uniform
structures readily
conjugated to antigens

Well-defined technology.
Extensively studied and
used for drug delivery in
humans

Easily produced, combine
readily with proteins. Can

Stability of expression
control not tested in
humans

Prior immunity to virus can
prevent immunization

Not very immunogenic. Must
be combined with immune
system activation
molecules to induce an
immune response

Disrupted by biological
components in serum. Not
very immunogenic

Not very immunogenic. Often
must be conjugated with
toxins to enhance
immunogenicity

Not mucoadhesive. Disrupted
by biological components
in serum. Not very
immunogenic

No data with genetic vaccines

Unknown. In human testing

Mixed data suggesting some

immunogenicity in nasal
applications in humans

Some failures as an injectable
vaccine. No data yet from

human studies

Pending in phase I trials

Pending in human mucosal
applications. Proven in
injectable applications

Pending in phase I trials

Phase I data show some
immune response

Animal studies encouraging

Human phase I studies
encouraging

Appears good in early-stage
human studies

Excellent in human injection
studies. Awaiting results
from nasal immunization
but no trial stopped for
safety issues

Appears good in early-stage
human studies

No evidence of toxicity in 2
phase I studies

be designed to be
mucoadhesive and
disruptive to epithelial
cells

PEG, Polyethylene glycol; PLGA, poly(lactic-co-glycolic acid).

Attenuated organisms have provided the only viable oral and
mucosal vaccines currently approved for human use.'' These or-
ganisms have evolved to overcome mucosal barriers, whereas the
mucosal immune system has evolved to recognize and protect
against these pathogens.™”'*?® These approaches inherently
overcome the epithelial barriers because they have evolved to effi-
ciently infect epithelial cells, which leads to DC and M-cell up-
take and the production of PAMP agonists, which induce
protective mucosal immune responses.42

Current approved vaccines uniformly seek to develop immunity
to the organism used for the attenuated vaccine. A nasal vaccine is
available based on attenuated organisms for influenza,”’ and atten-
uated live virus vaccines for RSV,*® parainﬂuenza,5 %69 and meta-
pneumo viruses®' are in early-stage clinical trials and have
shown acceptable safety and evidence of immunogenicity. It is
likely that this approach will continue to be important as a means
for new vaccine development.

Reactogenicity and safety have been the major concerns for
attenuated live virus vaccines because they are essentially causing
low-grade infections. Fever and malaise are common with these
vaccines, and caution has been particularly high with viruses that
cause severe disability and death. In particular, as background
infections became less common, illness from vaccine strain
organisms became a much larger issue.®?

To resolve these issues, promising results have been shown
with new methods of inactivation such as genetic codon

deoptimizing®™ that can potentially generate live attenuated vi-

ruses with higher safety profiles. A live attenuated SARS-CoV-
2 vaccine (COVI-VAC) based on this approach demonstrated a
good safety profile in animals and is currently in human trials,
although the results are not yet available.®

Attenuated respiratory viruses as vaccine vectors

A new approach evolved from research stimulated by the
COVID-19 pandemic involves using attenuated respiratory
viruses as vectors to immunize against third-party antigens where
the vector has been genetically programmed to express an
exogenous antigen. This is similar to the concept of the parenteral
COVID-19 vaccines based on adenovirus-derived vectors engi-
neered to express the SARS-CoV-2 spike protein.' These vaccines
have shown good safety and efficacy, and because of the environ-
mental stability of adenovirus, have less stringent storage
requirements.

Attenuated viral vectors also are able to efficiently infect host
respiratory cells, resulting in transduced expression of the exoge-
nous antigen in the same cell types that are typically infected by the
natural target pathogen. Accordingly, this has the potential to
induce the types of immune responses more relevant to respiratory
pathogens. However, much like injection applications of these
technologies, preexisting immune response to the viral vector could
significantly reduce the efficacy of this technology.>’
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Nine different nasal vaccines expressing SARS-CoV-2 spike
protein based on recombinant virus technology are in clinical
trials. These include vaccines based on engineered human® and
chimpanzee® adenoviruses, parainfluenza®’ and influenza vi-
ruses,’® Newcastle disease virus,”” and RSV.”’ Although safety
has been very good with these vaccines, several have been with-
drawn from development because of poor immunogenicity.
Therefore, the value of this approach as an effective human
mucosal vaccine is yet to be proven.

Currently approved oral, live virus vaccines are being exam-
ined as platforms to deliver third-party antigens. Rotavirus
vaccines have been a great advance in preventing infant mortality
from infection-induced diarrhea in the developing world.”" Simi-
larly, oral polio vaccine, which effectively targets M cells, has
proven to be crucial to preventing paralysis.’® These oral vaccines
are easily used because they do not require injection and do not
need stringent storage conditions. They have had minimal toxicity
other than rare cases of intussusception with rotavirus vaccine.”'
Both viruses are now being examined as potential platforms for
the development of other vaccines because they are also efficient
at M-cell targeting and could be transmissible, expanding
vaccination.”” "

Synthetic materials as a basis for recombinant
protein and mRNA-based mucosal vaccines

Given the challenges of producing consistent virus-based
vaccines, there is enthusiasm for using synthetic carriers to
develop recombinant protein and mRNA-based mucosal vac-
cines. This type of approach has been remarkably successful for
injectable vaccines. Virus-like particles made from recombinant
protein subunits have created breakthroughs in prophylactic
formulations for hepatitis B, human papilloma virus, herpes
zoster, and COVID-19.”* However, there are significant chal-
lenges when adapting these approaches to mucosal immuniza-
tion, and these formulations usually require some type of
adjuvant system in injectable applications. There is a phase I clin-
ical trial using a nasally applied COVID-19 protein: one using the
spike receptor binding domain in conjunction with hepatitis B nu-
cleocapsids, whereas the other used recombinant spike pro-
teins.””’®  Both  also  tried intranasal/intramuscular
administration, and although these approaches are well tolerated,
conclusions on efficacy await larger trials.

Naturally occurring polymers

Natural polymers, such as chitosan, have been used com-
plexed with protein and peptide antigens or nucleic acids for
human injectable vaccines.”” Given the positive charge on this
material, it binds well to phospholipids in mucus and cell mem-
branes and can protect vaccines from protease and nuclease ac-
tivity. The safety profile of injectable vaccines made with
chitosan and similar polymers looks safe with mild reactions.
Unfortunately, its ability to elicit effective immune responses
has been varied in human studies as compared with animal
models, and most believe it needs to be chemically modified
or combined with pattern recognition receptor agonists to elicit
effective immunity.””"’® The phase I trial involved intranasal
Norwalk virus VLP-combined chitosan with MonoPhosphoryl
Lipid (MPL) A and reported this material to be safe,
immunogenic, and well tolerated.”
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Liposomes

Liposomes are bicomponent oil and water mixtures extensively
used as drug and gene delivery systems.”” They have well-defined
lipid bilayers and are useful in solubilizing hydrophobic mole-
cules because the interior of the structure is oil based. Liposomes
can be manufactured in ways that could make them mucoadhe-
sive, but, in most applications, the particles are too large for effi-
cient DC uptake.®' New formulations may resolve this issue.
A phase I trial using influenza virus antigens in a liposome formu-
lation was conducted in 200 individuals in the early 2000s, but no
results have been reported from that study.82

Emulsions

Emulsions involve simple lipid and water interfaces that are
stabilized with surfactants. These are small particle-size droplet
structures. These formulations are attractive because they can
associate with and stabilize with either charged or hydrophobic
materials. Emulsions are crucial to many of the vaccine formu-
lations used for intramuscular immunization, but these materials
have just recently been adapted to nasal administration. Formu-
lations can be engineered to be strong adjuvants as well as provide
mucus adhesion and enhanced uptake in DCs. Phase I clinical
trials with whole-killed influenza virus® and recombinant
anthrax-protective antigen" have shown some evidence of immu-
nogenicity and excellent tolerability but are too preliminary to
define efficacy.

SUMMARY AND FUTURE STEPS

As outlined above, vaccine administration at mucosal sites
continues to be challenged by several complicating factors.
Despite these hurdles, there remain many reasons to develop
effective mucosal vaccines. New applications are being theorized
that would increase the value of mucosal immunization. For
example, mucosal immunization may be particularly effective in
inducing immunity to epithelial cancers. Head and neck, lung,
gastric, cervical, and bladder epithelia cancers are now major
targets for immunotherapy.®” Combining immunization with im-
mune checkpoint inhibitor therapies may improve outcomes of
tumor immunotherapy.®*®*’ In particular, the concept of a combi-
nation of mucosal tumor vaccines, checkpoint inhibitor therapies,
and alterations of the microbiome of the gut is an intriguing
approach to broaden the efficacy of immunotherapy for mucosal
cancers.*

Mucosal vaccine development will be aided by advances in
understanding of the mechanisms required for immunity at
mucosal surfaces and trafficking of tissue-resident cells between
mucosal compartments. In recent years, fundamental advances in
research on innate immunity facilitated the development of novel
mucosal adjuvants. These include potentially nontoxic forms of
bacterial enterotoxins (mCT and mLT).%"" Despite these ad-
vances, untoward reactions still occur. For example, intranasal
administration of an mLT LTK3 adjuvanted intranasal influenza
vaccine caused transient peripheral facial nerve palsy (Bell’s
palsy) in some vaccine recipients.” 2

The safety concerns with live attenuated vaccines and
biologically derived adjuvants will continue to drive the
development of less toxic, synthetic systems for vaccine
delivery. Collaborations between bioengineering and immu-
nology disciplines can mature platforms for mucosal antigen
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delivery, which include liposomes, emulsions, polymeric
nanoparticles, and microneedle patches.8"93'97 Most of these
approaches have demonstrated efficacy in preclinical models
but are not yet in human trials.

Next-generation vaccines also need to focus on both the
magnitude and the polarization of the induced immune response.
This includes optimizing the combination of antibodies, cyto-
kines, and T-cell types to prevent disease. Because adjuvants
activate many innate signaling pathways, careful selection will be
needed to avoid toxicity. Rational vaccine design is especially
important in the development of vaccines for pathogens where
traditional approaches have not been successful.”

Other factors offer promise for the development of successful
mucosal vaccines. The combination of parenteral and mucosal
prime-pull strategies is an interesting future direction for
enhancing mucosal immune responses following injectable
vaccines, as well as combining the specific cellular immune
responses induced by parenteral and mucosal administration.””
Focus should also be directed at responses in specific populations
(newborns and the aged, those with abnormal immunity, etc),
which are key to addressing those individuals who respond poorly
to current vaccines. Limits in our understanding of immune mech-
anisms of sterilizing immunity toward pathogens that enter at
mucosal surfaces also remain a major gap in knowledge.

New mucosal vaccine development requires a complex
approach that evaluates both immunogenicity and reactogenicity.
Despite this complexity, these vaccines have the potential to
improve current applications, provide new vaccines against
pathogens currently without adequate protection, and extend the
utility of vaccines to diseases such as cancer and allergies. The
effort will require but also merits the type of investment that
resulted in the parenteral COVID-19 vaccines.
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