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Foreword

We have witnessed great progress in the delivery of biopharmaceuticals in the
past few decades, empowered by multidisciplinary interactions in biomaterial
science, polymer science, protein and peptide chemistry, recombinant biotech-
nology, isolation/purification and processing technology, formulation technology,
nanotechnology including aerosol and micro/nanoparticle research, and many more.
Delivery science involves transdermal, oral, intravenous/arterial/subcutaneous, pul-
monal/tracheal, nasal, ocular, vaginal, vesical, cavitary and enteric routes, and more
directly target-oriented arterial infusion of nanomedicines warrants both better de-
livery and marked clinical efficacy, and lesser adverse effect. Transmucosal delivery
plays a very important role in biopharmaceutical delivery and this work covers the
state-of-the art of the science and technology involved.

Nasal, buccal, pulmonary, ocular, vaginal and enteric routes have become more
popular recently. For any of these routes of biopharmaceutical drug administration,
multi-disciplinary factors or components need to be well considered. As drug action
becomes more direct, adverse effects could be so as well. For instance, the presence
of a surface-active agent or permeability enhancer that might facilitate the interac-
tion with dendritic cells or immune cells more effectively might result in different
outcome than without detergent. There was an incidence of an allergic reaction in a
soap preparation, in which a portion of hydrolyzed wheat protein was used as foam
stabilizer [1]. This protein fragment effectively penetrated epidermis in the presence
of detergents, and it became the cause of allergic reaction in some users with fatal
accidents.

Progress in nanotechnology—including more diverse requirements in nano-
medicine—such as sustained release, stealth character, long plasma half-life, with
receptor binding probes, or biocompatibility and yet efficient cell uptake, need to
be achieved to fulfill the needs of pharmacological properties that would ultimately
benefit patients. In cases of cancer and inflammation, we can take advantage of the
enhanced vascular permeability or extravation property of nanoparticles (by EPR
effect) at the diseased site. This effect can be further enhanced by modulating vas-
cular mediators such as nitric oxide releasing agents or by elevating blood pressure.
Conventional low molecular weight (MW) anticancer drugs rarely exhibit intratu-
moral drug accumulation more than 2-fold of plasma level. Thus, systemic toxicity
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is unavoidable at the therapeutic dose of low MW drugs. These inherent drawbacks
of low MW drugs could be solved by using nanomedicines. This pathophysiological
uniqueness of the targeted lesion may be utilized in many clinical settings.

In considering many of these strategies, chemical and physical properties are
important components to make optimization for appropriate biopharmaceutical
formulation. Chemistry can offer polymers, macromolecular biomaterials or bioad-
hesives that fit the objectives for a given biopharmaceutical delivery in vivo. In this
book, a wide range of these issues are discussed, and many state-of-the-art science
and technology in mucosal biopharmaceutical drug delivery can be found as a useful
sources of reference for present and future investigations.

Reference
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Preface

Recent years have seen the rise of biopharmaceuticals as promising tools in the treat-
ment, prophylaxis and diagnosis of multiple diseases. With more than 300 molecules
approved worldwide (while others are on late stages of development) and an estimated
global market of over US$ 166 billion by 2017 [1], biopharmaceutical medicines are
now an important part of the armamentarium of modern therapeutics [2-3]. The term
“biopharmaceuticals” (often used interchangeably with “biologics” or “biological
products”) is widely used, but its definition has been often neglected and a topic of
discussion [4]. For the purpose of this book, biopharmaceuticals are broadly defined
as molecules with inherently biological origin and/or manufactured using biotech-
nological techniques that usually comprise the use of living organisms, cells or their
components. This class of pharmaceuticals is fairly heterogeneous and includes dif-
ferent molecular entities such as protein- and peptide-based molecules (antibodies,
hormones, toxins, enzymes, growth factors, among others), and genetic material
(plasmid DNA, small interference RNA, ribozymes, aptamers, among others).

Even if parenteral routes are typically considered for their administration, the mu-
cosal delivery of biopharmaceuticals may present important advantages that make
it preferential, namely by providing direct access to target sites, abbreviating pa-
tient compliance issues, mimicking physiological processes, enhancing safety, and
allowing taking advantage of the distinctive characteristics of the mucosal immune
system. However, frequent unfavorable physical-chemical properties of these active
biomolecules lead to reduced stability in different biological fluids and poor per-
meability. This poses an important hurdle to their mucosal administration and the
attainment of significant bioavailability values. In particular, challenges in develop-
ing adequate materials and delivery systems that allow the use of biopharmaceuticals
in daily life are huge [5].

Accumulated knowledge and achievements in developing successful biopharma-
ceutical delivery systems that may explore the mucosal pathway to exert local effects
or enter the bloodstream are emerging. This book aims at providing a concise and
up-to-date overview of the biological features justifying the use of different human
mucosa as delivery routes for biopharmaceuticals, the technological strategies that
have been adopted so far regarding the optimization of mucosal potentialities, as
well as the challenges that arise with the advent of new biopharmaceutical drugs

vii
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and alternative means of administration. These exciting and innovative topics are
addressed in their different perspectives by some of the most important academic
authorities and industrial experts in the field. The work is divided into four parts.
The first section of this book addresses general aspects of the biology of mucosal
tissues and their unique aspects towards beneficial or deleterious interaction with
biopharmaceuticals and their delivery systems. The second section is dedicated to
the different delivery strategies that have recently been investigated for different mu-
cosal sites. The third section describes the development and clinical applications,
either factual or potential, of particular pharmaceutical delivery systems/products
enclosing biopharmaceuticals for mucosal delivery. Special focus is set on the most
successful case studies of recent years, namely by some of those directly engaged
in developing such solutions in a concise and practical way. The last section briefly
centers on pertinent aspects about the regulatory, toxicological and market issues of
biopharmaceuticals intended for mucosal administration.

We hope that scientists and researchers in the fields of drug delivery, materials
and biomedical sciences and bioengineering, as well as professionals in the pharma-
ceutical, biotechnology and health-care industries will find in this work an important
compendium of fundamental concepts and practical tools for their daily research and
activities. In particular, extensive emphasis on case studies of successfully developed
and some already marketed systems/products for mucosal delivery of biopharma-
ceuticals was pursued. Also, focus on regulatory issues makes this book a valuable
tool for decision-makers in the pharmaceutical industry and in regulatory bodies
worldwide.

January 2014 José das Neves
Bruno Sarmento
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Biology of Mucosal Sites



Chapter 1
Concepts in Mucosal Immunity
and Mucosal Vaccines

Simona Gallorini, Derek T. O’Hagan and Barbara C. Baudner

1.1 Introduction

Mucosal surfaces of the digestive, respiratory, and reproductive systems, with a
combined surface area of about 400 m2, are the primary site for transmission of nu-
merous viral and bacterial diseases. Therefore, mucosal tissues are in a constant state
of alert, but also adapted to the presence of foreign microorganisms and their prod-
ucts. Most foreign antigens in the intestine are derived from food and the commensal
microbial flora; both generally do not trigger defensive immune responses in spite
of the fact that such antigens regularly enter the mucosa. This is because mucosal
antigen-presenting cells (APCs), lymphocytes, and even the epithelium itself play
important but poorly understood roles in modulating immune responses to incoming
antigens. Indeed, a major role of the mucosal immune system is the downregulation
or suppression of immune responses to food antigens and commensal bacteria. The
exact sites or mechanisms of this oral tolerance are still controversial and have been
reviewed elsewhere [ 1-2]. As aresult, vaccines that would produce vigorous immune
responses if injected into a sterile environment, such as muscle, might be “ignored”
when given mucosally where the tissue is constantly exposed to microorganisms.
Overall, mucosal respiratory and gastrointestinal infections kill five million chil-
dren under age five in developing countries and cause more than ten billion disease
episodes each year. This has a tremendous negative impact on global health and
overall economic development [3]. Similarly, there is a great need for vaccines that
can protect against human immunodeficiency virus (HIV) and other sexually trans-
mitted infections that affect millions of adults and adolescents. It is highly probable
that an infection with mucosal pathogens by and inter-person transmission can be
effectively controlled by mucosal vaccines, provided these vaccines are rationally
designed and formulated to be administered through an appropriate route. However,
the nature of the pathogen and of the target mucosal tissue will determine whether

S. Gallorini (<) - D. T. O’Hagan - B. C. Baudner
Vaccine Research, Novartis Vaccines and Diagnostics Srl,
Via Fiorentina 1, 53100 Siena, Italy

e-mail: simona.gallorini @novartis.com

J. das Neves, B. Sarmento (eds.), Mucosal Delivery 3
of Biopharmaceuticals, DOI 10.1007/978-1-4614-9524-6_1,
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Fig. 1.1 Mucosal
immunization induces
systemic and mucosal
immune responses. Mucosal
immunization at one mucosal
site can induce specific
responses at distant sites
through an immunological
intranet—common mucosal
immune system

Mucosa-associated lymphoid tissue
(MALT)

Local mucosal immune response

YN

Common mucosal Systemic
immune response  immune response

the vaccine should be given mucosally or parenterally to be efficacious. Parenteral
vaccines induce good systemic immune responses but only limited mucosal immune
responses [4-5]. Mucosal vaccination more efficiently elicits mucosal immune re-
sponses at the most common sites of infectious agents entry and additionally elicits
systemic immune responses (Figs. 1.1 and 1.2), thereby resulting in two layers of
host protection [6-7].

A mucosal vaccination route seems to be critical for protection against non invasive
infections at mucosal surfaces and infections that involve pathogens which remain
on the apical (luminal) side of mucosal epithelia, i.e., at sites that are poorly acces-
sible to antibodies transudating from blood, and where blood-derived monomeric
immunoglobulin G (IgG) or immunoglobulin A (IgA) are insufficiently concen-
trated on the apical cell surface (due to the lack of receptor-mediated transport)
or are unstable to function in the external mucosal environment. Cholera and nonin-
vasive enterotoxigenic Escherichia coli (ETEC) are typical examples of infections
in which vaccine-induced protection appears to be mediated mainly, if not exclu-
sively, by locally produced secretory IgA (S-IgA) antibodies and is associated with
immunological memory [7].

On the other hand, when infections occur at mucosal surfaces, like the respiratory
and urogenital tract, which are more permeable to transudation by serum antibod-
ies, or when mucosal pathogens are able to quickly enter the blood for systemic
spread, a parenteral route of vaccination most likely will be effective [8]. Compared
to the parenteral route, needle-free vaccine administration has many advantages, as
for example the potential to improve safety for the vaccinator, vaccinee, and com-
munity. A primary safety concern is the risk of transmission of infectious diseases
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Fig. 1.2 Advantages and
drawbacks of mucosal
vaccination

PROS’

Non-invasive delivery method

Increasing patient convenience
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No disease transmission

Induction of mucosal and systemic
immune responses
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(proteolytic degradation / mucociliary clearance)
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Special administration devices
(nasal / pulmonary delivery)

Mucosal tolerance

Challenges regarding accurate dosing

between patients or between patients and healthcare providers. In both the devel-
oped and developing world, the administration of vaccines poses an occupational
risk, through needle-stick injuries. Another advantage of needle-free vaccine deliv-
ery is an expected increase in compliance with recommended vaccination schedules.
Poor compliance with schedules is often due to parental concern regarding the num-
ber of vaccine injections administered to children and to “needle phobia,” which is
common in both adults and children. Several recent studies have addressed fear of
injections and methods to minimize pain associated with vaccines. The use of certain
methods of needle-free vaccine delivery is expected to decrease pain and suffering,
including actual injection site pain, anticipatory and perceived pain, and local side
effects from injections. Needle-free vaccine delivery may increase the ease of vac-
cine delivery. Administering vaccine without the use of a needle and syringe means
less healthcare training needed to give vaccines. Increasing the speed of vaccine
delivery, while not compromising on safety, has obvious advantages. Decreasing
the time required for each individual to be vaccinated means less healthcare worker
person-time is required to complete vaccination of the same number of individuals
(Fig. 1.2). Generally, needle-free vaccines are more stable in storage and have the
potential to avoid cold chain, thus reducing cost for storage. For these reasons, needle-
free vaccine delivery is supported by many prominent public health organizations,
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including the World Health Organization, the Global Alliance for Vaccines and Im-
munization, and the Centers for Disease Control and Prevention. Importantly, the
design of mucosal vaccines is related to the understanding of mucosal immunity and
the mechanism that regulates its induction.

1.2 Mucosal Immunity: ‘“Theory-Examples”

Mucosal surfaces of the gastrointestinal and respiratory tracts represent the principal
entry site of a large number of viral and microbial pathogens. To protect mucosal sites
from pathogen invasions, the aerodigestive tract is equipped with multiple physical,
biochemical, and immunological barriers. Mucosal surfaces of the respiratory, gas-
trointestinal, and urogenital tracts are separated from the outside world by delicate
epithelial barriers. Epithelia and their associated glands (such as the salivary glands)
produce nonspecific or innate defenses including mucins and antimicrobial proteins
[9]. Nevertheless, foreign antigens and microorganisms frequently breach the epithe-
lial barrier, and mucosal tissues are sites of intense immunological activity. Epithelial
cells are active participants in mucosal defense. They function as sensors that de-
tect dangerous microbial components through pattern-recognition receptors such as
Toll-like receptors (TLRs) [10]. They respond by sending cytokine and chemokine
signals to underlying mucosal cells, such as dendritic cells (DCs) and macrophages,
to trigger innate, nonspecific defenses and promote adaptive immune responses [11].

The immunological barrier consists of both innate and acquired immunity, with the
latter characterized by the initiation of antigen-specific immune response in mucosa-
associated lymphoid tissues (MALTSs) including the gut-associated lymphoid tissue
(GALT), the nasopharynx-associated lymphoid tissue (NALT), and the bronchus-
associated lymphoid tissue (BALT) [12—14]. In particular, Peyer’s patches (PPs) and
NALT are thought to be representative MALT in the gastrointestinal and respiratory
tract, respectively (Fig. 1.3).

Additionally, isolated lymphoid follicles (ILFs), which are located throughout the
intestine, have been identified and characterized as an additional organized lymphoid
tissue in the digestive tract [15]. These tissues contain an interfollicular area that is
abundant in T lymphocytes and in high endothelial venules (HEVs), as well as a
germinal center (GC), characterized by a dense network of follicular DCs, providing
a source of antigen-primed IgA-committed B cells. They also are overlaid by a
follicle-associated epithelium (FAE) that is specialized for uptake of antigens and
microbes from the lumen, and this effectively localizes such uptake to sites where
incoming antigens and pathogens can be efficiently processed and presented for
induction of appropriate immune responses [ 16—18]. FAE contains antigen-sampling
microfold (M) cells (Fig. 1.4), allowing selective transport of antigen from the lumen
to underlying APCs such as DCs and macrophages [19].

In addition to M cells, DCs in the lamina propria extend their dendrites into
the lumen and sample antigens (Fig. 1.5) [10, 20-23]. It is not clear whether this
mechanism is constitutively active or is induced in response to signals from epithelial
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Fig. 1.3 Antigen-specific immune responses are initiated in organized mucosa-associated lym-
phoid tissues (MALTSs) and include nasopharynx-associated lymphoid tissue (NALT), bronchus-
associated lymphoid tissue (BALT), and gut-associated lymphoid tissue (GALT)

cells that have been in contact with pathogens or high numbers of nonpathogenic
bacteria in the lumen. Based on these anatomical and histological characteristics
of MALT, it has been generally considered that MALTSs act as inductive tissues for
the generation and priming of antigen-specific T- and B-cell responses, and that
they communicate with effector tissues (e.g., intestinal lamina propria and nasal
passages) via an immunological intranet known as the common mucosal immune
system (CMIS) [24-25].
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Fig. 1.5 Specialized
dendritic-cell subsets in the
lamina propria extend Antigen
dendrites between the tight
junctions of intestinal
epithelial cells to sample the
antigen in the lumen

Lumen

Dendritic cells

An important characteristic of the mucosal adaptive immune response is the lo-
cal production and secretion of dimeric or multimeric IgA antibodies that, unlike
other antibody isotypes, are resistant to degradation in the protease-rich external
environments of mucosal surfaces. The epithelial polymeric immunoglobulin recep-
tor (pIgR) mediates transport of dimeric IgA across epithelial cells to the lumen
(Fig. 1.6) [26]. S-IgA has multiple roles in mucosal defense [27]; e.g., it promotes
the entrapment of antigens or microorganisms in the mucus, preventing direct contact
of pathogens with the mucosal surface, a mechanism that is known as “immune ex-
clusion.” Alternatively, S-IgA of the appropriate specificity might block or sterically
impede the microbial surface molecules that mediate epithelial attachment [28]. Lo-
cal IgG synthesis also can occur in the mucosal tissues following the administration
of antigen or vaccine to mucosal surfaces [29]. This IgG, as well as S-IgA, could
play a significant role in blocking infection. Intact IgG in mucosal tissues, whether
locally produced or from serum, can potentially neutralize pathogens that enter the
mucosa and prevent systemic spread.

In addition to serum IgG and mucosal IgA antibodies, mucosal immunization can
stimulate cell-mediated responses, including CD4% Th cells and CD8* cytotoxic
T lymphocytes (CTLs). CTLs in mucosal tissues cannot prevent pathogen entry,
but they might have a crucial role to eliminate intracellular pathogens [30] and in
clearance or containment of mucosal viral infections as demonstrated in mice for
resistance to mucosal HIV viral transmission [31]. Most T cells in the lamina propri-
aare effector memory T cells, and only low numbers of naive T cells are found there
[30]. Although the function of these memory T cells in mucosal tissues is not fully un-
derstood, all the major effector and regulatory CD4 ™ T-cell subsets are present. The
stimulation of the mucosal immune system at one mucosal site can lead to mucosal
immunity in the local, as well as distal, mucosal surfaces. The immunization at one
mucosal site can induce specific responses at distant sites because of the expression
of mucosa-specific homing receptors (site-specific integrins) by mucosally primed
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lymphocytes and complementary mucosal-tissue specific receptors (addressins) on
the vascular endothelial cells [7]. For example, nasal vaccination is effective at in-
ducing systemic and mucosal immunity in the respiratory and genital tracts [32—33].
There are studies in which antigen stimulation of the PP in the gastrointestinal tract
(GIT) produced S-IgA-producing B cells not only in the intestine, but also in the
bronchi and genitourinary tract [34-35].

This interconnected network is important because protective immunity (for in-
stance, against sexually transmitted diseases) could be induced in segregated mucosal
sites in a practical way, such as by sublingual (s.l.) or intranasal (i.n.) immuniza-
tion, and without hampering cultural or religious barriers. At the same time, because
chemokines, integrins, and cytokines are differentially expressed among mucosal
tissues, within the mucosal immune system, a degree of compartmentalization is
still present linking specific mucosal inductive sites with particular effector sites
(e.g., the gut with the mammary glands and the nose with the respiratory and genital
mucosae) (Table 1.1).

1.3 History of Mucosal Vaccines

First, reports of a mucosal vaccination practice date back to the fifteenth century
in China, when healthy people acquired immunity to smallpox either by sniffing
powdered smallpox pustules or by inserting them into small cuts in the skin (a
technique called variolation), or finally by the oral administration of fleas from cows
with cowpox [36-38]. In Europe, the scientific era of mucosal vaccinology started in
the early eighteenth century with the introduction of the skin inoculation of cowpox
pus to prevent smallpox, and the first clinical investigations were conducted in 1796
by the English Edward Jenner [39]. Two centuries later, in the early 1960s, the Sabin
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Table 1.1 Certain immunization routes are more effective at stimulating immunity within specific
compartments of the MALT. Intranasal vaccination is preferred for targeting the respiratory, gastric,
and genital tracts; oral vaccination is effective for immunity in the gut; the sublingual vaccination
is effective for eliciting a broad panel of immune response; rectal immunization is best for the
induction of colon and rectal immunity and to some extent genital tract immunity; intravaginal
vaccination is the most effective for antibody and T-cell immunity in the genital tract. (Data adapted
from [8])

Immunization Systematic Mucosal immune response

route immune

response

Blood Respiratory ~ Stomach Small Colon Rectum Reproductive

tract intestine tract

Oral + — + +++ ++ +— —
Nasal +++ ++ - - — — ++
Pulmonary +++ +++ — — — — ++
Sublingual +++ +++ + +++ NA NA +++
Vaginal +/— - - - - - ++
Rectal +/— - - - ++ +++ -
Transdermal — +++ +++ NA + + NA NA
NA not applicable

oral polio vaccine (OPV) became available and brought mucosal immunization to
prominence (Table 1.2). OPV proved to be superior in administration, eliminating the
need for sterile syringes and making the vaccine more suitable for mass vaccination
campaigns, by playing an essential role in the global eradication of polio. The first
oral rotavirus vaccine, Wyeth’s RotaShield, was approved in August 1998 in the
USA; however, after several cases of intussusception, the vaccine was withdrawn
from the US market only a year later in October 1999. After this first drawback,
two rotavirus vaccines, “RotaTeq” (Merck & Co) and “Rotarix” (GlaxoSmithKline),
were approved in 2006. Additional oral vaccines are available against typhoid fever
(Ty21a) “Vivotif” (Crucell), Cholera “Dukoral” (Crucell 1992) and Vibrio cholerae
“Orochol” (Crucell 1994).

In 2000, an i.n., virosomal influenza vaccine was launched in Europe (however,
withdrawn in 2002 due to association with facial paralysis). Since 2003, FluMist [40],
an i.n. life cold-adapted influenza vaccine, is the first approved in the USA. In the
last 10 years, many studies were done in the field of improved vaccine delivery and
led to the approval of Instanza in 2009, the first intradermal microinjection influenza
vaccine (Table 1.2). When compared with most licensed injectable vaccines, it is
interesting to note that currently there are no pure subunit vaccines formulated and
licensed for mucosal administration. The majorities of marketed mucosal vaccines
are either attenuated or inactivated microorganisms which can survive intestinal
degradation by virtue of having, for example, digestion-resistant bacterial cell walls.
The most successful products include the OPYV, the two rotavirus vaccines, as well
as vaccines against typhoid fever and cholera (Table 1.3).



1 Concepts in Mucosal Immunity and Mucosal Vaccines 11

Table 1.2 History of mucosal vaccination

|vacgine |

16t First attempts of vaccination against smallpox through skin puncturing or oral administration
I - century

1796 Edward Jenner demonstrates smallpox vaccination through cutaneous administration

1961 Sabin oral poliovirus (OPV) reaches the market

1992 Oral vaccines against Salmonella Typhi , Vibrio cholerae

and Cholera (all Crucell) are approved

“RotaShield “ (Wyeth' s) first oral rotavirus vaccine was approved - withdrawal in 1999

2000 First intranasal Influenza vaccine “Nasalflu “ (Berna Biotech) is launched - withdrawal in 2002

2003 “FluMist™ (Med| ) first ir | | influenza vaccine approved in the US

2006 Oral rotavirus vaccines “RotaTeq” (Merck) and “Rotarix “ (GlaxoSmithKline) were approved

2009 “Instanza” (Sanofi Pasteur ) the first intradermal microinjection influenza vaccine is approved in Europe
2010 “NasoVac “(Serum Institute of India Ltd) nasal-spray Influenza vaccine (swine flu) launched in India

Table 1.3 Licensed mucosal vaccine

Pathogen Vaccine - Composition Immunization  Trade Name
Route (Company)

Poliovirus Live attenuated vaccine (OPV) Oral Various

Cholera CT-B/Killed whole-cell cholera Oral Dukoral (Crucell)
vaccine

Vibrio cholera CVD 103-HgR, live attenuated V. Oral Orochol (Crucell)
Cholerae 01 strain

Salmonella typhi Ty21a live attenuated vaccine Oral Vivotif (Crucell)

Rotavirus Live attenuated monovalent Oral RotaTeq (Merck),
human rotavirus strain Rotarix (GSK)

Influenza type A Live attenuated cold-adapted Intranasal Flu-Mist

and B virus influenza virus reassortant strain (MedImmune)

Attenuated live vaccines mimic natural infection. The ability of a live mucosal
vaccine to propagate and colonize the mucosa of vaccinees enables it to persist for
a relatively long period of time, thus allowing ample opportunity for immune stim-
ulation. Further advantages of live-attenuated vaccines include the expression of a
broad cocktail of antigens (proteins, polysaccharides, glycolipids) and immunomod-
ulating nucleic acid sequences, including antigens which are only produced under
in vivo conditions, the expression of native antigens, their correct post-translational
modification, and their long-term expression. While these vaccines are stable and
efficacious, there is an inherent safety risk, particularly for older products that were
developed by passaging the vaccine organism in culture until it lost its pathogenicity.
The example of the Sabin polio vaccine has shown that live-attenuated pathogens can
occasionally mutate back into pathogenic forms able to cause disease [41]. While
vaccine design for injected formulations has moved on to safe and efficacious split-
and subunit vaccines over recent decades, these strategies are difficult to apply for
mucosal administrations since the new subunit vaccines based on highly purified



12 S. Gallorini et al.

recombinant proteins are poorly immunogenic and mobilize insufficient immune
responses for protective immunity. Moreover, the effectiveness of the subunit vac-
cines is troubled due to several physiological and immunological barriers like low
pH or proteolitic enzymes. As a result, many companies are currently investigat-
ing technologies to protect antigens from digestive degradation and to increase their
immunogenicity.

Adjuvants might be an answer to these needs. Adjuvants are components added
to vaccines to increase the immunogenicity to the target antigen. In particular, de-
livery systems can help to overcome mucosal barriers, by protecting the vaccine
from proteolytic enzymes and the harsh local mucosal environment. Adjuvants
often possess intrinsic immunopotentiating activity and/or can be customized to-
wards a given immunological profile by the appropriate combination of delivery
systems with immunopotentiating compounds that specifically activate cells of the
immune system [42]. Advanced approaches consist of antigen delivery within a stable
“capsule,” which can contain various encapsulation materials such as poly-lactic-co-
glycolic acid (PLGA), polystyrene, carboxymethylcellulose, polyethylene glycol
(PEG), polydimethylaminoethyl methacrylate, or liposomes [36]. Other approaches
for mucosal vaccine delivery include starch microparticles, virus-like particles, or
microspheres with pH-dependent antigen release.

Nevertheless, only few adjuvants are currently approved for human use and none
of them for mucosal vaccine delivery, thus there is the need for the development of
effective and safe adjuvants that in addition to humoral immunity can stimulate cel-
lular or mucosal immunity, or combinations thereof, depending on the requirements
for protection against the specific disease.

Recent data from humans and experimental models have shown that the choice of
adjuvant can dramatically affect not only the immediate immune response but also the
long-term protective effect of a vaccine. Also, the quality of the immune response—
especially the development of high-affinity B-cell clones, long-lived memory B cells
and plasma cells—can be influenced by the choice of adjuvant [43].

1.4 Potential Routes for Mucosal Vaccine Delivery:
Challenges and Strategies

The compartmentalization of mucosal immune responses imposes constraints on the
selection of vaccine administration route. Traditional routes of mucosal immuniza-
tion include oral and nasal routes. Other routes recently investigated are the s.1.,
vaginal, and rectal routes (Fig. 1.7).
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Fig. 1.7 Routes of immunization and correlated mucosal tissue
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1.4.1 Oral Route—Intragastric

The oral route of administration enables the direct introduction of antigens into the
inductive sites of the GALT [44—-45] and thereby the elicitation of both mucosal and
systemic humoral immune responses and cell-mediated immune (CMI) responses,
depending on the vaccine strain. However, in order to reach the gut and trigger a
mucosal immune response, an oral vaccine must be able to resist the proteolytic
degradation in the stomach and intestine. As a result, most marketed orally delivered
vaccines are live-attenuated microorganisms which can survive intestinal degradation
by virtue of having digestion-resistant bacterial cell walls and are primarily directed
against intestinal or respiratory pathogens, which enter the body through mucosal
surfaces. The most successful products include the oral Sabin polio vaccine, as well
as the two rotavirus vaccines RotaTeq (Merck & Co) and Rotarix (GlaxoSmithK-
line) and oral vaccines against V. cholerae Dukoral and Orochol (both Crucell) and
Salmonella typhi Vivotif (Crucell).

These live-attenuated pathogen-based vaccines are associated with a risk of recon-
verting into their pathogenic forms, therefore able to cause disease. The example of
the Sabin polio vaccine has shown that live-attenuated pathogens can occasionally
mutate back into pathogenic forms causing a polio outbreak in Haiti and the Do-
minican Republic in 2000, which in some cases resulted in paralysis [36]. Another
example is the rotavirus vaccine, RotaShield, for which several cases of intussuscep-
tion, a situation in which one part of the intestine prolapses into another intestinal
section, were reported, which led to the withdrawal of RotaShield from the US mar-
ket in 1999. Importantly, this kind of safety risk has decreased substantially since
live-attenuated strains can be developed by targeted genetic engineering instead of
laboratory passaging.

A different approach to reduce the safety risks associated with live-attenuated
vaccines is the use of entirely inactivated pathogens. While these do not share the
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risk of reactivation, their efficacy has always been doubted by experts [36]. Never-
theless, several oral vaccines based on inactivated pathogens have been developed
and are marketed locally in various countries. These include, among others, a killed,
whole-cell cholera toxin (CT) recombinant B subunit vaccine developed in Sweden
(WC/BS); a simpler version of the cholera vaccine without the recombinant B sub-
unit, manufactured in Vietnam (biv-WC); as well as Russian tableted cholera bivalent
vaccine with Ogawa and Inaba antigens (Microb, Saratov) [36].

Also, the use of attenuated viral or bacterial vectors, which have been genetically
modified to express recombinant antigens either through insertion of the antigen into
a plasmid or its integration into the host chromosome, was explored for vaccine
antigen delivery. The vector protects the antigen from degradation in the stomach
and intestine and facilitates delivery to the APCs in the GALT. Various species have
been studied as vectors for orally delivered vaccines, including Salmonella spp.,
Shigella flexneri, Listeria monocytogenes, V. cholerae, Yersinia enterocolitica, Bor-
detella pertussis, and Bacille Calmette—Guerin [46], as well as several viral vectors
like adenovirus-5 vector. While attenuated pathogen vectors provide an efficacious
trafficking system of antigens to the GALT, their development is associated with
significant challenges. The use of live-attenuated viruses or bacteria is associated
with potential safety risks, and furthermore, in preclinical development of some
vectors, such as Salmonella, no suitable animal model exists for these exclusively
human pathogens [47]. In addition, the immunogenicity of vector-based vaccines is
sometimes suboptimal, requiring a high dose of bacteria to penetrate the host cells
effectively and stimulate a sufficient immune response. A further challenge is the
genetic design of the antigen expression system.

Finally, particularly for viral vectors, stability can be an issue. As of 2009, the two
most advanced candidates for viral and bacterial vectors in oral vaccine delivery are
adenovirus and Salmonella enterica serovar typhi, with various companies including
Emergent Biosolutions, Vaxart, and Barr developing oral vaccines based on both
approaches. Vaxart has developed an oral delivery system based on a nonreplicating
chimeric adenovirus-5 vector, engineered to express various antigens, and a TLR3
ligand as a vaccine adjuvant. The viral vector is then administered in an enterically
coated formulation to withstand degradation in the stomach.

Challenges associated with oral vaccine delivery are the poor transport of antigens
across the intestinal epithelium to reach the underlying GALT and the induction of
oral tolerance [48] instead of protective immunity by the GALT. Moreover, protein
antigens not only have to survive the low gastric pH and degradation by proteolytic
enzymes present in the GIT, they often have to circumvent the interference by the
lactogenic immunity, such as neutralizing antibodies and milk factors. For this reason,
the oral route for vaccine delivery is the most challenging and the most difficult to
achieve, and progress in oral vaccine development has been rather slow.

More recent developments in the sector have focused on subunit vaccines, which
are delivered orally by means of encapsulation and often contain targeting molecules
or adjuvants in order to guarantee sufficient immunity. The encapsulation of vaccine
antigens in biodegradable particulate delivery systems can protect antigens from di-
gestive enzymes and the maternal immunity. Uptake of these particulate delivery
systems by the epithelium is rather poor and although modification of their size,
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surface charge, or hydrophobicity can increase the efficiency of epithelial uptake,
surface decoration of the antigen-loaded particulates with targeting ligands, specific
for epithelial receptors, could further enhance the uptake and transepithelial trans-
port of antigens [49-50]. Moreover, this could potentially overcome the induction
of tolerance since receptor-mediated endocytosis mostly induces antigen-specific
mucosal immune responses. In addition, the incorporation of mucosal adjuvants in
particulate delivery systems could lead to a more potent activation of the innate and
adaptive immune system.

A better understanding of the intestinal mucosa and its role in the overall immune
system and of the molecular and cellular pathways will, therefore, be crucial for
the future development of improved oral vaccines. For instance, it is already known
that S. typhi bacteria pass through M cellsto cause a systemic disease [51]; human
immunodeficiency virus-1 (HIV-1) is endocytosed and transcytosed by M cells of
mice and rabbits [52]. Owen et al. inoculated V. cholerae into the intestinal lumen
and observed by transmission electron microscopy that they were phagocytosed by
M cells into vesicles which were released from the basolateral membrane to the
underlying lymphocytes and macrophages of the PPs [53]. Cationized ferritin (CF)
has been used to investigate uptake and transport by M cells in comparison with
absorptive enterocytes [54]; and even inert particles have been shown to be taken up
from the intestinal lumen specifically by M cells [55]. Since such inert substances
as latex microparticles and CF are taken up by M cells, this indicates that specific
receptor binding is not required for uptake. This means that antigens adsorbed onto
microparticles might mimic the route by which many intestinal pathogens naturally
infected the body.

1.4.2 Intranasal Route
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Nasal vaccination has several interesting advantages; the nose is easily accessible
and the nasal cavity is equipped with a high density of DCs that can mediate strong
systemic and local immune responses against pathogens that invade the human body
through the respiratory tract [9, 56]. Local immunity in the upper airways, as well

as systemic immunity, is mainly mediated by the lymphoid tissue referred to as
NALT. The uptake of nasally administered vaccines is probably mediated by M
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cells, which can transport particulate antigens to the NALT by transcytos is [57].
Alternatively, live-attenuated vaccines trigger an immune response by mimicking
natural infection. Furthermore, the enzymatic activity in the nose is relatively low
[58], which is favorable for antigen stability at the administration site.

In general, i.n. vaccination is an attractive approach, as much lower antigen and
adjuvant doses are required compared with oral vaccination. Thus, nasal immuniza-
tion is an effective method for stimulating both mucosal and systemic immunity.
As a consequence, many companies have embarked on the development of nasally
delivered vaccines, primarily against respiratory pathogens which naturally infect
the body through the upper respiratory tract, including influenza, respiratory syn-
cytial virus, or parainfluenza virus. However, although research and development
of nasal vaccines has gained momentum over the last few years, only one nasally
delivered vaccine, AstraZeneca’s FluMist, is currently approved in humans, reflect-
ing the substantial challenges for i.n. vaccine delivery. Intranasal administration of a
live-attenuated influenza virus vaccine (FluMist; MedImmune) has proven effective
at protecting against seasonal infection, and it even provides cross protection against
drifted influenza virus strains. A promising strategy in HIV-1 vaccine development
has been suggested by a study in which rhesus macaques were intranasally vaccinated
with a virosome-coupled trimeric gp41 protein, which elicited strong protective IgA
antibody responses in the genital tract and also prevented the transmission of infec-
tion [59]. Most candidates in the sector are still based on live-attenuated pathogens,
an approach that is associated with safety risks, particularly in immunocompromised
populations.

The most important obstacle for nasal vaccines is the limited time a vaccine
persists in the nose before it is evicted, a process referred to as mucociliary clearance.
Consequently, a vaccine has to be taken up very rapidly by the nasal mucosa in order
to be efficacious. This uptake can be inefficient, particularly for split- or subunit
antigens.

One solution to these issues is the development of vaccine formulations that con-
tain mucoadhesive structures in order to prolong the nasal residence time as well
as strong adjuvants, molecular delivery, and targeting systems to increase uptake
and immunogenicity of the vaccine. Mucoadhesives, usually polymers like chitosan,
with enhanced permeabilizing properties to facilitate contact and retention of vaccine
antigens in the epithelium are likely to become a major milestone for the future emer-
gence of needle-free vaccines [42, 60—64]. Uptake of antigens through the mucosal
epithelium can be increased by incorporation into particles [65]. For instance, i.n.
administration in mice of antigens incorporated in nanoparticles composed of poly
lactide-co-glycolide (PLGA), a biodegradable polymer, led to an increased antibody
response in comparison with aqueous solution of protein antigens [66—67]. Because
M cells are extremely efficient in the uptake of luminal antigens, it is an effective
strategy to target antigens to these cells. For nasal vaccination, several studies pointed
to small (nano)particles being more rapidly absorbed by nasal M cells [65, 68—71],
but no boundaries have been determined. Fujimura et al. [72] showed that particles
coated with the cationic polymers chitosan or poly-l-lysine were taken up by the
NALT with an increased uptake of smaller particles.
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Ligands that selectively target M cells include isolectin B4 and Maackia amurensis
I lectin [73], which recognize a-(1-3)-linked galactose and sialic acid, respectively
[74]. Besides lectin binding domains, several other receptors have recently been
identified as potential M cell-targeting ligands, especially B;-integrin [75].

Nevertheless, safety concerns were reported with some i.n. vaccines because
antigens and/or adjuvants might be redirected to the central nervous system (CNS)
through the olfactory epithelium [76—78]. The first intranasally applied vaccine to
reach the market was Berna Biotech’s virosomal flu vaccine Nasalflu, which was
launched in Switzerland and Germany in late 2000. However, the vaccine was with-
drawn from both markets for further clinical studies in September 2001, in order
to investigate possible links between its use and incidents of Bell’s Palsy, a tempo-
rary facial paralysis, in vaccine recipients. In June 2002, the company concluded
that a possible association could not be excluded based on preliminary results of
the clinical studies. Experts now believe that the association with Bell’s Palsy most
likely resulted from the adsorption of heat-labile toxin (LT), a known mucosal adju-
vant which was present in the vaccine, to facial nerve fibers followed by retrograde
transport and subsequent neuronal damage [79-80].

Intranasal vaccines, unlike other formulations such as orally delivered products,
cannot be administered directly but require special delivery devices. This increases
the costs of vaccine delivery and requires partnerships between device manufactur-
ers and vaccine developers. Vaccine delivery via aerosol spray and droplets is an
attractive possibility owing to the development of new delivery devices [81]. Look-
ing forward, advances made in the development of adjuvant and molecular delivery
systems have the potential to shift nasal vaccine development towards safe and effi-
cacious subunit vaccines. However, the combination of various technologies will be
needed to succeed in the sector.

1.4.3 Pulmonary Route
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Pulmonary delivery of vaccines mimics the natural pathway of infection for many
pathogens and is another promising approach. Immunization through the lungs may
provide an excellent first barrier to prevent disease and appears very promising since
the lungs contain a highly responsive immune system [82]; and airway mucosal
DCs, the most frequent efficient APCs in the larger airways, may enhance immune
responses against pathogens [83]. The favorable physiological environment of the
deep lungs, relative to other mucosal tissues such as nose or gut, may prevent com-
mon problems for other mucosal delivery routes, such as mucociliary clearance,
proteolytic degradation, or antigenic tolerance, which can develop in tissues fre-
quently exposed to common environmental substances [84]. There is evidence that
mice genetically lacking spleen, lymph nodes, and PP can generate strong primary
B- and T-cell responses to inhaled influenza. These responses appear to be initiated
at sites of the induced BALT, which functions as an inducible secondary lymphoid
tissue for respiratory immune responses [85].

Many aerosol exposure methods have been used to vaccinate animals and human
by delivery to the lungs. Aerosol vaccine delivery involves creating small particles,
usually generated by a nebulizer, that reach the lungs [86]. The exposure of the lungs
to various aerosol formulations designed to protect against influenza virus showed to
be more effective than i.n. administration or parenteral injections, indicating that a
local response was generated in the respiratory tract [87]. Also, intratracheal instilla-
tion and insufflation allow direct delivery of liquids and powders to the lungs. When
targeting specific lung compartments, the particle size (defined as aerodynamic di-
ameter), size distribution, particle shape, and density of the antigen are important
factors determining deposition within the respiratory tract and vaccine efficiency
[88]. Interestingly, pulmonary vaccination was first used against Newcastle disease
in 1952 in chickens via inhalation of a live vaccine. Since then, pulmonary vac-
cination has been used worldwide to immunize poultry against Newcastle disease
[89], and there have been numerous successful aerosol immunization trials of fowl
and pigs against a number of diseases, including fowl pox, hog cholera, erysipelas,
pseudorabies, gastroenteritis, pasteurellosis, and mycoplasmosis [90-91]. However,
in humans, besides small-scale vaccination trials in the Soviet Union, the measles
vaccine is the only successful use of pulmonary immunization on a large scale [92].

One of the main challenges regarding pulmonary immunization is the potential
to worsen respiratory diseases, such as bronchitis, pneumonia, and allergic asthma.
The excipients in aerosol formulations may be allergenic and irritating, inducing
unanticipated and undesirable inflammation [93].

Although the field of pulmonary vaccine delivery is still in its infancy and some
challenges need to be met before use can be made of successful new vaccination
protocols, future strategies for vaccination using the pulmonary route are promising.
Pulmonary vaccination may provide a mean to rapidly immunize a large popula-
tion, either in a bioterrorism setting or in a mass vaccination program in developing
countries [86].
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1.4.4 Oral Route—Sublingual

Oral mucosae, including buccal, s.l. (underside of the tongue), and gingival mu-
cosa, have recently received much attention as novel delivery sites because they do
not subject proteins and/or peptides to the degradation associated with gastrointesti-
nal administration. Since compounds administered sublingually can elicit a local
response, while additionally being absorbed rapidly through the oral mucosa and
into the systemic compartments, the s.l. route is commonly used for immunother-
apeutic treatment of allergies [94-95]. On the basis of these findings, International
Vaccine Institute researchers assumed that the s.1. route might be promising for de-
livery of vaccines targeting infectious diseases. Recent in vivo data suggest that s.1.
immunization uses the same cellular trafficking system as i.n. immunization. How-
ever, in contrast to i.n. delivery, s.l. administration of inactivated influenza virus
with a mucosal adjuvant was not associated with migration to the CNS [96-97].
Furthermore, s.l. administration of viral antigen elicited antigen-specific immune
responses in the respiratory tract and the oral/nasal cavity of mice that were compa-
rable to those elicited by i.n. immunization. Sublingual administration of a variety
of soluble and particulate antigens, including live and killed bacteria and viruses,
subunit vaccines, and virus-like particles can evoke secretory and systemic antibody
responses and also mucosal and systemic CTL responses. Sublingual responses have
been far superior in magnitude and duration while requiring significantly (10-50-
fold) lower amounts of antigens compared to responses induced by the intragastric
route. Importantly, s.I. vaccination evoked broadly disseminated immune responses,
including genital immunity. Thus, s.l. immunization may offer an advantageous al-
ternative to oral immunization for vaccine administration [96, 98-99]. The above
studies indicate that s.1. vaccination can induce broadly disseminated humoral and
cell-mediated immune responses and may thus overcome the compartmentalization
of mucosal immune responses observed when vaccines are administered by the more
traditional orogastric and i.n. routes (Table 1.3).

Vaccine antigen is taken up by intraepithelial CD11c-positive DCs present in the
s.l. mucosa and transported to the draining lymph nodes for antigen presentation
and priming of T and B cells. The s.l. route has been explored for administration
of vaccines against a range of bacterial and viral diseases, and various mucosal
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adjuvants have been tested for s.l. use [96]. The mechanism and outcome of s.1.
vaccination with a soluble protein antigen plus mucosal adjuvant (i.e., CT) shows that
the CCR7 + CCL19/CCL21 pathway on CD11c + DCs is responsible for efficient
antigen-specific systemic and mucosal immune responses (including T and B cells)
by the s.1. route [100]. However, even though s.1. administration induced qualitatively
similar responses to the i.n. route, the magnitude of response was lower after s.l.
administration [96, 101].

This may be due to enzymatic degradation by salivary enzymes, deglutition, or
differences in the antigen uptake and processing mechanisms between the two routes.
Supporting the latter explanation, the NALT has shown distinct phenotypical prop-
erties compared with other mucosal sites and could be a superior mucosal site for
inducing effective immune responses following vaccination. Furthermore, M cells
are apparently lacking in the s.l. epithelium, and unlike the nasal mucosa, the s.1.
mucosa is devoid of any organized MALT. Targeting antigens in the s.l. mucosa to
the DCs that imprint adequate adaptive T-cell responses will require novel mucosal
vaccine strategies, including effective adjuvant and immunomodulatory molecules.
Prototype vaccines have successfully targeted DCs by using antibodies specific for
cell-surface receptors such as DEC205 and DC-SIGN, or by using the natural ligands
of these receptors, such as mannan and mannosylated liposomes [102—105]. TLRs
are important signaling molecules which DCs use to sense danger. It is, therefore, a
logical approach to use either purified or synthetic TLR ligands as adjuvants to acti-
vate DCs [106-108]. Bacterial ADP-ribosylating exotoxins possess a high degree of
adjuvanticity and are, therefore, the adjuvants that are most often used preclinically
for mucosal immunizations. Among them, CT and E. coli LT are the ones most inten-
sively studied [109-110]. It was demonstrated that the application of CT as adjuvant
under the tongue increases the recruitment of DCs in the s.1. epithelium [96]. The
understanding of the functional specialization of DC subsets might allow modulating
the immune system by targeted delivery of antigen and adjuvant predominantly to
one of these DC subsets.

1.4.5 Vaginal and Rectal Route

Vaginal immunization, especially during the midfollicular phase of the menstrual
cycle, similarly induces strong local mucosal immune responses without producing
notable distal immune responses [29, 111-114].
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Compared to the monolayer epithelia in the intestine and in the lung, the vaginal
tract is covered with stratified epithelia. In addition, the vaginal mucosa differs
from other mucosae with respect to mucus composition, microbiota, and innate
and adaptive immune mechanisms. At steady state, vaginal epithelial layer and the
submucosa are surveyed by innate leukocytes and lymphocytes, but the recruitment
of antigen-specific T and B cells to the vagina is restricted. Once infected, both
epithelial cells and innate leukocytes produce type I interferons (IFNs), inflammatory
cytokines and induce chemokines that recruit natural killer (NK) cells, monocytes,
plasmacytoid DCs (pDCs), and neutrophils. Virions and viral antigens are taken up
and processed by migrant submucosal DCs or by LN-resident DCs and presented to
T cells. Activated effector T cells are recruited to the vagina and can persist for a long
period [115]. Vaginal epithelial cells lack pIgR for transport of S-IgA. Instead, virus-
specific IgG is transcytosed by neonatal Fc receptor for IgG (FcRn) into the vaginal
lumen, and provides protection. Recent studies demonstrate that adaptive immunity
in the vaginal mucosa is uniquely regulated compared to other mucosal organs.
In particular, development of virus-specific CD4" and CD8" T cells is critically
important for antiviral defense in vagina. Despite a great success in prophylactic
systemic HPV vaccine [116], neither therapeutic vaccine has been made against any
sexually transmitted viruses, nor is there an efficacious preventive vaccine against
HIV-1 and HSV infection. There is evidence that CTLs can control AIDS virus
replication in the absence of antibodies. The first indications that CTLs could suppress
HIV-1 replication in vivo were observations that the reduction in viremia in acute
infection was temporally associated with the appearance of HIV-1-specific CTLs
[117]. Unfortunately, the most promising approach for inducing CTL responses
tested clinically to date, an Ad5-based vaccine regimen, has recently failed in human
efficacy trials. The vaccine’s failure to control HIV-1 replication may have been due to
the Ad5 vector, the choice of HIV-1 transgenes,or a combination of these two factors.
Itis possible that a replication-defective Ad5 vector is simply unable to stimulate CMI
responses of sufficient breadth to control HIV-1 infection. Furthermore, many people
have been infected with Ad5 and, therefore, have immunity to this virus. Preexisting
Ad5-specific CD8" T-cell responses could also potentially reduce the potency and
breadth of vaccine-induced HIV-1-specific CD8* T-cell responses [ 118]. While much
has been learned from infection models in other mucosal tissues and skin, for a better
vaccination strategy against sexually transmitted pathogens, it is critically important
to understand cellular and molecular mechanisms of immune protection in the genital
mucosa, and translate our basic understandings to clinically relevant outcome.

The mechanism of absorption from the rectum is probably no different to that
in the upper part of the gastrointestinal tract, despite the fact that the physiological
circumstances (e.g., pH, fluid content) differ substantially [119]. Rectal vaccina-
tion has been tested against certain enteric pathogens such as Salmonella [120] and
Clostridium difficile [121]. As demonstrated in literature, a vaccine that stimulates
mucosal immunity in the gut should be an appropriate line of defense against respec-
tive pathogens. Drawbacks of rectal drug administration include the interruption of
absorption by defecation and lack of patient acceptability mainly due to cultural or
religious barriers.
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1.4.6 Skin Delivery to Induce Mucosal Immunity

An alternative route to induce robust systemic and mucosal immune responses against
pathogens is the transdermal delivery [122—-125]. The skin represents the boundary
between the body and external environment and includes three primary layers with
different features and functions: epidermis, dermis, and hypodermis [126]. The
skin is more than a passive barrier protecting the host against physical or chemical
damage. Both the innate and adaptive arms of the immune system are represented in
the skin. Noninflamed skin is an immunologically active site that contains numerous
cell populations of immune-responsive cells. The presence and function of these cells
determines the response to antigens that permeate layers of epidermis, dermis, and
the main cell types involved in immune surveillance, antigen uptake, and initiation
of immune responses (Fig. 1.8). Contributors to the cutaneous immune response
include keratinocytes, epidermal and dermal DCs (DDCs), T lymphocytes, NK-T
cells, mast cells, and macrophages, among others [127]. APCs in the skin perform
an essential role in processing incoming antigens [128]. For these reasons, it is
possible that delivery of vaccines to the epidermis or dermis may result in superior
immune responses compared to other anatomical compartments [129]. Alternatively,
the skin delivery has a potential for dose sparing, meaning that an equivalent immune
response could be stimulated by delivery of a smaller quantity of vaccine to the skin. A
prerequisite for successful cutaneous delivery of vaccines is that the vaccine antigens
can reach the skin DCs, as these cells are essential to initiate the immunization. The
DCs in the epidermis are called Langherans cells (LCs) [130]. For many years, LCs
were designated as the major APCs in the skin. Now, it is clear that the DDCs are
also important and some reports suggest that DDCs are more important than LCs in
immunity [131].

Induction of antigen-specific antibody responses in mucosal tissues after trans-
dermal has been studied in animal model. Antigen-specific IgA and IgG antibodies
have been observed in the gastrointestinal, respiratory, and genitourinary tracts
[122, 132—-133]. The mechanisms involved in these immune responses are not well
understood, but recent studies have documented the migration of DCs activated in
the skin to the gut mucosa [134]. The transdermal delivery is able to induce not only
humoral immune response but also antigen-specific CD8" T-cell responses [135—
136]. Following transdermal delivery of the vaccine, antigen-specific CD8" CTLs
were observed in the PP of the small intestine and in the spleen [137]. The advan-
tages and safety profiles of transdermal immunization predicted from animal studies
have stimulated to initiate a number of clinical trials. The safety of transdermal route
has been demonstrated in several clinical trials [123, 138—141]. To increase the sys-
temic and mucosal immune response after transdermal immunization, many rational
approaches might be used. Because the cornified layer and thin junctions limit the
penetration of molecules larger than 500-600 Da, vaccines cannot simply be applied
onto the skin. Both barriers need to be disrupted to enable vaccine antigens to enter
the skin. Disruption of the skin barrier increases the transcutaneous permeation of
antigen and makes it more readily available for sampling by APCs. Moreover, it is
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known that skin barrier disruption can activate the immune system, inducing the se-
cretion of proinflammatory cytokines by keratinocytes and resulting in DC activation
[142-143].

This makes it attractive to develop physical methods to overcome the skin bar-
rier. Different devices have been used during the years to pierce the skin and thereby
deposit vaccine in the epidermal/dermal space. The most recent devices include tech-
niques such as microneedles [144—145] and tattooing [146]. Among microneedle
technologies, three major approaches are under investigation: (1) Hollow micronee-
dles through which liquid vaccines can be injected; one example is the licensed
seasonal influenza vaccine “Intanza” from Sanofi Pasteur, which is delivered through
a prefilled microinjection system from Becton Dickinson’s, approved in Europe in
February 2009 [147]. (2) Solid microneedles, which are coated with the antigen in
the form of a powder or film, deposit the antigen into the skin upon administration. A
key challenge to this approach is the dosing efficiency, as it is often necessary to coat
the microneedles with an excessive amount of antigen to guarantee a sufficient im-
mune response [148]. (3) Dissolvable microneedles, where the antigen is formulated
into a dissolvable matrix [149]. For example dissolvable microneedles designed by
Georgia Institute of Technology (“GA Tech”) where the microneedle patch is hard
and sharp when dry (comparable to the other two technologies), but as soon as it is
applied to the skin, the body’s own fluids begin to dissolve it and allow the vaccine
antigen to diffuse into the skin. One of the main challenges is that vaccines need
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to be reformulated to be suitable for microneedle technologies. The most promising
systems combine barrier disruption with the addition of an adjuvant to the vaccine
formulation, particularly if subunit antigens are used [150].

1.5 Conclusions and Future Perspectives

Mucosal vaccine delivery is likely to progress over the next decade as the currently
limited knowledge of the molecular mechanisms of mucosal immunity is expanding.
A key challenge will be the design of efficacious and safe vaccines, with stabil-
ity being the most important bottleneck. Oral and nasal vaccines have already both
demonstrated their feasibility and will continue to gain importance, whereas pul-
monary vaccine delivery is associated with significant drawbacks compared with the
other two main mucosal delivery routes.

An advantage of oral delivery is that it is probably safer, most likely, there are less
stringent production conditions, and it is the most convenient way of delivery, “you
just give someone a tablet and they take it themselves.” However, it is by far the most
challenging route as it is extremely difficult to get vaccines to work orally; in order to
be efficacious, oral vaccines have to overcome simultaneously a series of challenges:
the acidity and enzymes present in the stomach and in the intestine, the dilution effect
because of the volume, the mucus layer that have to be crossed, the peristalsis that
has to be avoided, and the epithelial cells that have to be bound to and got across.
The s.l. delivery combined with the design of a fast releasing vaccine formulation
that could provide mucoadhesive properties might avoid some of these challenges.
While live-attenuated viruses and viral vectors are still the prevailing approaches
for antigen design, several companies are moving towards subunit vaccines, which
are delivered by means of encapsulation and novel technologies such as adjuvants,
molecular delivery vehicles, viral and bacterial vectors in order to guarantee sufficient
immunity. However, the development of commercial products is still hampered by a
challenging regulatory environment.

A significant number of companies are currently developing i.n. vaccines, with
the majority of clinical programs targeting respiratory pathogens such as influenza,
respiratory syncytial virus, and parainfluenza virus. While these are the obvious
candidates, nasal delivery could potentially also be suitable for a wider range of in-
dications. For instance, some experts draw attention to a potential link between nasal
immunization and the generation of mucosal immunity in the vagina, making nasal
delivery potentially attractive for vaccines directed against some sexually transmitted
diseases and other vaginal pathogens.

A strong argument for transdermal vaccine delivery is the potential to elicit both
systemic and mucosal immune responses at multiple mucosal sites, a mechanism that
still remains to be fully understood. Furthermore, the skin is easily accessible and
patches benefit from the ease and flexibility of administration of vaccines, making
them a very promising option for quick mass immunization; e.g., influenza is a
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promising target due to the large population receiving the vaccine on an annual
basis.

The combination of a broad panel of routes, adjuvants, and delivery technologies
holds tremendous promise for effective, safe, needle-free vaccines, and the delivery
landscape is set for rapid change over the next decade. However, the most efficient
way to induce a potent mucosal immunity still needs to be found, which will require
joint efforts from immunologists, vaccinologists, and pharmaceutical scientists. Ad-
ditionally, a lot of the research behind administration technologies is happening in
small companies and academic institutions, therefore partnerships between vaccine
developers and key delivery technology companies and respective academic insti-
tutions are essential. Only then, needle-free immunization can be further improved
and will essentially revolutionize the current vaccination practice.
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