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ABSTRACT

This thesis aimed to explore the regulatory roles of mast cells in vaccination. Mast
cells have been increasingly recognized as important orchestrators of immune
regulation in both health and disease, in addition to their classically defined roles in
allergic diseases. One of the recently appreciated beneficial roles of mast cells is their
involvement in augmenting the adjuvant effects that are critically important in
successful vaccination.

This study has focused on the interaction of mast cells with an adjuvant complex
composed of IgG and CTAI1-DD, a fusion protein consisting of the Al subunit of
cholera toxin (CT) linked to a synthetic dimer of fragment-D of Staphylococcus
aureus protein A (DD). As the DD domain unspecifically binds immunoglobulins,
CTA1-DD and IgG form complexes potentially able to activate mast cells through
Fcy receptors. Indeed, CTA1-DD, in combination with polyclonal IgG, induced mast
cell degranulation and the production of TNF-a, a cytokine important for the
maturation and migration of antigen presenting cells, resulting in enhanced antigen-
specific immune responses following immunization.

Furthermore, only connective tissue mast cells (CTMCs), but not mucosal mast cells
(MMCs), were found to be activated by CTA1-DD/IgG complexes. This effect was
mediated by FcyRIIIA, an activating receptor that has been described to be only
expressed on connective tissue mast cells. Indeed, FcyRIIIA-expressing connective
tissue mast cells were found in the nasal submucosa. Responses to immunization
facilitated by CTA1-DD/IgG were compromised in FcyRIIIA-deficient mice, and in
mice pre-treated with a CTMC inhibitor.

Interestingly, MMCs, which were present in mouse nasal mucosa, were not entirely
bystanders in CTA1-DD/IgG-mediated adjuvanticity. We discovered that a balanced
expression of FcyYRIIB and FcyRIITA was required for mast cells to resist apoptosis
mediated by IgG immune complexes. Therefore, MMCs, which only expressed
FcyRIIB, but not FcyRIITIA, underwent apoptosis as a result of treatment by CTA1-
DD/IgG. MMCs were capable of phagocytosing ovalbumin (OVA), and engulfment
of these MMCs by antigen presenting cells (APCs) could occur if the MMCs were
induced to apoptose. Finally, the APCs were able to present OVA peptide to OVA-
specific T cells. Thus, MMCs may also contribute to vaccination through cross-
presentation.

Safety is always a prioritized concern for developing adjuvants, especially when mast
cells are involved. Remarkably, CTA1-DD did not function as a superantigen to
activate mast cells which had captured IgE molecules with their FceRI, indicating that
CTAL1-DD is safe for use in allergic patients in which mast cell FceRI is occupied by



antigen-specific IgE molecules. Furthermore, CTA1-DD/IgG immune complexes
administered intranasally did not trigger systemic anaphylaxis.

In conclusion, CTA1-DD/IgG may target both CTMCs and MMCs through
Fcyreceptors to enhance antigen-specific immune responses, probably through two
distinct mechanisms. We propose that IgG immune complex-induced mast cell
activation may be considered as a component of rationally designed mucosal
adjuvants.

Keywords: mast cell, vaccine, adjuvant, CTA1-DD, Fcy receptor, immune complex,
apoptosis
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Abbreviations

Alum Aluminium salt

APC Antigen presenting cell

BMMC Bone marrow-derived cultured mast cell

B-hex B-hexosaminidase

CT Cholera toxin

CTA Cholera toxin subunit A

CTB Cholera toxin subunit B

CTMC Connective tissue mast cell

DC Dendritic cell

ELISA Enzyme-linked immunosorbent assay

FceRI Fc epsilon receptor I (high affinity IgE receptor)
FeyR Fc gamma receptor (IgG receptor)

FcR Fc receptor

IFN-y Interferon y

Ig Immunoglobulin

IL Interleukin

ITAM Immunoreceptor tyrosine-based activation motif
ITIM Immunoreceptor tyrosine-based inhibition motif
iv. Intravenous

LAT Linker for activation of T cells

LPS Lipopolysaccharide

MHC Major histocompatibility complex

MMC Mucosal mast cell

MMCP Mouse mast cell protease

NLR NOD-like receptor

MMCP Mouse mast cell protease

Nlp3 NACHT, LRR and PYD domains-containing protein 3
NAD Nicotinamide adenine dinucleotide

OVA Ovalbumin

PAMP Pathogen-associated molecular pattern

PCA Passive cutaneous anaphylaxis

PI Propidium iodide



PRR

PS
RT-PCR
SCF
SHIP
SHP

TGF
TLR
TNF-o
TRAIL
7-AAD

Pattern recognition receptor

Phosphatidylserine

Reverse transcriptase polymerase chain reaction

Stem cell factor

Src homology 2 (SH2) domain-containing inositol phosphatase

Src homology 2 (SH2) domain-containing protein tyrosine
phosphatase

Transforming growth factor

Toll-like receptor

Tumor necrosis factor o

Tumor necrosis factor-related apoptosis inducing ligand

7-Amino-actinomycin D



Introduction

INTRODUCTION

Vaccine and adjuvant

General introduction

A vaccine is a biological preparation that stimulates immunity to one or several
antigens that most often are derived from the pathogen itself. The first documented use
of a vaccine was the inoculation of a young boy with cow pox to prevent small pox.
This was done by Edward Jenner in 1796, hence the term ‘vaccine’ which is originally
derived from the Latin word “vacca”, meaning “cow”. Since then, vaccines have
played a crucial role in protecting us against many infectious diseases [1-2]. The
eradication of smallpox and the effective control of polio represent two classical
success stories of how vaccines have played a major role for improving global health.
Nevertheless, the demand for better and more effective vaccines against many
infectious diseases is still apparent with infections such as tuberculosis, HIV or
malaria as well as vaccines for emerging infections such as dengue fever. From a
societal point of view vaccination remains the most effective intervention in the
control of infectious diseases and for the improvement of global health.

By mimicking the process of natural induction of immune responses occurring during
infections, vaccination aims at generating immunological memory against the
pathogen, so that the immune system can readily protect against infection, even though
re-exposure to the pathogen occurs several years after vaccination. In addition, a
hallmark of effective vaccination is the generation of long-lived plasma cells, which
can produce neutralizing serum antibodies that can prevent an imminent threat of
infection. The importance of B cells for vaccine-induced protection is most often
complemented by a critical regulatory role of CD4 T cells, specifically as helper T
cells are required for B cell expansion and differentiation. In fact, T cells are
indispensable for the induction of high-affinity antibodies and for class-switch
recombination from immunoglobulin (Ig) M to down-stream antibodies,
predominantly IgG antibodies. Hence, memory CD4 T cells also contribute to the
build-up of long term immunological memory. Therefore, vaccines against infectious
pathogens rely on both effector arms of the immune system, i.e. antibody-dependent
humoral immune responses and T cell-mediated immune responses, which include
both CD4 T cell subsets as well as cytolytic CD8 T cells [3].

A number of strategies have been developed for production of effective vaccines.
Different routes have been tested for vaccine inoculation, e.g. intramuscular or
subcutaneous injections with needles, as well as needle-free methods such as mucosal
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vaccination via oral, intranasal, sublingual, or intravaginal routes, or as an aerosol [4-
5]. The advantages of mucosal immunization are widely appreciated, and the obvious
benefits include avoidance of blood-borne contaminations due to re-use of syringes
and needles as well as the fact that no trained professional personnel are required for
vaccine delivery. Furthermore, mucosal immunizations can generate both systemic
and mucosal immune responses [4-5]. Strikingly, mucosal immunization can generate
effective secretory IgA (SIgA) even at mucosal sites distant from where the vaccine is
delivered. For example, nasal immunization can generate protective mucosal
antibodies in the genital tract mucosa, which demonstrates the advantage of nasal
vaccination. As most pathogens enter the body through mucosal surfaces, local
mucosal immune responses are critically important in defense against invading
pathogens. Therefore, how to achieve strong local protection has become one of the
major goals of vaccine development.

There are two principle forms of vaccines: those that are live attenuated vaccines and
those that are killed whole pathogens or subcomponent vaccines. Recent cutting-edge
technology in genome sequencing and computer-aided prediction of B and T cell
recognized epitopes has enabled identification of putative protective vaccine antigens
[6-7]. Furthermore, structure-based antigen design has facilitated the rational
development of candidate vaccines. Today this is a driving force for vaccine
innovation [7]. An advantage of live attenuated vaccines is that they usually stimulate
long-term immune responses similar to the natural infection. However, at least in the
past there was always a risk of reversion into more virulent organisms, which could
cause adverse reactions or more severe infections. In contrast, killed vaccines or
subcomponent vaccines are more predictable and, therefore, safer. Furthermore,
another concern that makes live attenuated vaccines less practical is the demand for a
cold-chain when storing or transporting these vaccines. Therefore, killed vaccines are
still much in use, even though they are weaker and usually do not promote as strong
long-term memory.

To make killed vaccines effective we need adjuvants which are substances that
enhance immune responses and stimulate long-lasting, robust protective immunity.
Adjuvant, originally from the Latin word “adjuvare”, which means “to help”, is a
substance that can enhance the immunogenicity of an antigen [8]. An adjuvant that is
included in the vaccine contributes greatly to the efficacy of the vaccination. An
adjuvant affects the immune responses both quantitatively and qualitatively.
Importantly, protective immunity following vaccination may be generated with lower
amounts of antigen and a reduced frequency of doses after addition of an adjuvant.
Furthermore, from a qualitative aspect cross protection to related, heterologous
pathogens, can be achieved through epitope spreading provided a strong adjuvant is
used. These are examples of critical adaptations of the immune response that can be
achieved with appropriately selected adjuvant formulations [9].
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Of all currently available adjuvants, aluminium salts (alum) have the longest history in
practical vaccination. Alum-based vaccines have a good safety record and are capable
of inducing early, high-titre, long-lasting protective immunity. At present, alum is still
the most widely used adjuvant in both veterinary and human vaccines. The mechanism
of action has been proposed to depend on a depot effect, enabling physical adsorption
of antigen onto the alum depots. Furthermore, alum can have direct
immunostimulating effects [10]. Recently, the adjuvanticity of alum was demonstrated
to be critically dependent on the inflammasome Nalp3, because the effect of alum was
abrogated after eliminating Nalp3-signaling [11-12].

Pattern recognition receptors (PRRs) can detect pathogen-associated molecular
patterns (PAMPs). The PRRs are highly conserved microbial structures that frequently
have been used when designing vaccine adjuvants [13]. Members of this family
include Toll-like receptors (TLRs) that are either expressed on the cell membrane
recognizing PAMPs or intracellularly where they recognize translocated intracellular
microbial PAMPs such as RNA and DNA. Other family members include NOD-like
receptors (NLRs) in cytoplasm that sense nucleotides and RIG-1-like receptors (RLRs)
for the detection of dsDNA. Following interactions with their cognate ligands (vaccine
adjuvant mimics), TLRs and NLRs initiate a series of signaling cascades leading to
cell activation and the build-up of an immune response. One can say that adjuvants are
used to mediate the same consequences as natural infection.

Dendritic cells (DCs) are believed to play a central role in the presentation of antigens
to naive T cells. This is termed priming of a T cell response and it is critical for the
development of adaptive immunity following both natural infection as well as after
vaccination [14]. Therefore, quite a number of adjuvant studies are focused on the
interaction of adjuvant with DCs. Other types of cells have also been described to
contribute to adjuvanticity. For example, B cells [15-16], macrophages [17], natural
killer (NK) cells [18-20] and, more recently, mast cells [21] have also been implicated
as targets for vaccine adjuvants.

Similar to natural infection an effective induction of an immune response following
vaccination most often requires activation of both innate and adaptive immunity.
Therefore, a good adjuvant is expected to be able to stimulate not only innate, but also
adaptive immunity. Activation of CD4 helper T cells requires at least two signals from
the antigen presenting cell (APC), i.e. signal-1 (antigen presentation) and signal-2 (co-
stimulation). Adjuvant may enhance signal-1 by providing a “depot” effect for the
antigen so that the availability of antigen may be improved. Adjuvant can also
contribute to signal-2 by providing the correct co-stimulation signals [22].
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Very few licensed adjuvants are commercially available [4]. Adjuvants facilitating
mucosal immunizations have attracted great interest recently given the well-
documented merits of mucosal vaccination.

Mucosal adjuvant

As the mucosal route of vaccination, as opposed to, the parenteral route, often results
in immune tolerance development, potent adjuvants are much warranted. Therefore,
the selection of a strong mucosal adjuvant for effective vaccination is vital and
possibly as important as the vaccine antigens themselves [4]. TLR agonists form a
major group of mucosal adjuvants, which include, for example, TLR4 ligand
monophosphoryl lipid A [23-24], TLRY ligand CPG oligodeoxynucleotides (CPG
ODN) [25] or the TLRS ligand flagellin [26]. Bacterial enterotoxins which have
immunomodulatory function, such as cholera toxin (CT) and Escherichia coli heat-
labile toxin (LT), constitute another major family of mucosal adjuvants [27]. CT is
produced by Vibrio cholerae, a Gram-negative, comma-shaped bacterium which is the
causative agent of the watery diarrhea characteristic of cholera infection [28]. Both CT
and LT are AB5-complexes, i.e. they are composed of five B-subunits and a single
copy of the A subunit (CTA or LTA) [29]. The CTA subunit is produced as a single
polypeptide chain that is post-translationally modified through the action of a Vibrio
cholerae protease to form two chains, CTAl and CTA2, which remain linked by a
disulphide bond. CTAl is enzymatically active and ADP-ribosylates the cell
membrane bound Gso-protein, whereas CTB binds to GM1gangliosides present on
virtually all nucleated cells [30]. CTA2 is responsible for linking CTA into the CTB
pentamer [31].

CTA1-DD

Although the bacterial enterotoxins have been demonstrated to be powerful mucosal
adjuvants experimentally, these substances are precluded from clinical use because of
their toxicity and, hence, they have very limited applicability in vaccines [32-33].
Extensive studies have, however, focused on the detoxification of these molecules
using various approaches. For example, site-directed mutagenesis has generated
detoxified mutants, such as CT112K, LTR192G or LTK63, with little or no
enzymatic activity, but with retained adjuvant function in experimental models [34-
36]. However, a drastically different approach was applied by Lycke and co-workers
who developed an adjuvant based on the intact CTAl molecule, but with the B-
subunit deleted. The CTA1-DD adjuvant was constructed and CTA1 was linked
genetically to a dimer of the D-fragment of Staphylococcus aureus protein A. This
way the molecule had retained the adjuvant function while CTA1-DD could not bind
to GM1-ganglioside [37]. Importantly, CTA1-DD can bind to all immunoglobulins
[38-39]. In contrast to CT, intranasal administration of CTA1-DD resulted in neither
inflammation nor accumulation in nervous tissues as was found with CT, LT or even
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LTK63 [40]. The adjuvanticity of CTA1-DD has been well documented in various
disease models, which include Chlamydia trachomatis, influenza, HIV and
Mycobacterium tuberculosis [41-44]. The mechanisms that contribute to the adjuvant
effect have been carefully investigated in many different models and also safety
aspects of the adjuvant have been tested also in non-human primates. The ADP-
ribosyltransferase activity is central to the adjuvant effect [45]. In addition,
mechanistic studies have identified several mechanism of action that could explain
the adjuvanticity of CTA1-DD in vivo. As the DD domain binds to all
immunoglobulins, CTA1-DD can target B cells through the B cell receptor, i.e.
surface bound immunoglobulins. Moreover, the adjuvant also enhances priming of T
cells [46]. Importantly, CTA1-DD stimulates germinal center formation and
effectively generates long-lived plasma cells and long-lived B memory cells [47].
Recently, also follicular DCs and complement activation were found to be essential
elements for the function of this adjuvant [48]. Importantly, given the complexity of
the adjuvants it is possible that CTA1-DD also exerts other immunoenhancing
effects. Replacement of a single amino acid at position 7, arginine by lysine, (CTA1-
R7K-DD) abolishes the NAD-binding and enzymatic property and, thus, abolishes
the adjuvant effect of CTA1-DD completely [49]. However, interestingly, this mutant
CTA1-R7K-DD molecule has been found to specifically stimulate immune tolerance
[50]. By inserting high affinity peptides in the fusion protein this molecule can now
serve to induce specific tolerance in the immune system. For example, CTA1-R7K-
collagen-DD, when administered in a mouse collagen-induced-arthritis model, can
promote the generation of interleukin (IL)-10-secreting regulatory T cells that
significantly ameliorate arthritis [51].

Mast cells

General introduction

Classically mast cells are considered critical effector cells in allergy by virtue of their
potential to secrete a variety of allergic mediators. The number of mast cells is
increased at sites of allergic inflammation, and there is a correlation between the
number of mast cells in the tissue and the severity of the allergic symptoms [52]. In
allergy, multivalent antigens bind and cross-link IgE molecules bound to the high-
affinity IgE-receptor (FceRI) expressed on mast cells. This results in cell
degranulation and the release of proinflammatory mediator molecules. Three major
categories of mast cell mediators have been described: (1) Preformed granule-
associated mediators such as histamine and serotonin; (2) Newly generated lipid
mediators such as leukotrienes and prostaglandins; and (3) De novo synthesized
cytokines. In allergy, IgE-mediated activation of mast cells leads to the release of
inflammatory mediators in the early phase, resulting in greater levels of epithelial
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permeability, mucous production, smooth muscle contraction, vasodilitation and
neurogenic inflammation. The immediate response is followed by recruitment of a
variety of other immune cells exacerbating the allergic pathology. For example, in
diseases such as asthma, mast cells contribute to both the initiation of the acute
response and the development of the later chronic stages [52].

Mast cells are derived from hemotopoietic progenitors in the bone marrow and migrate
via the blood circulation to tissues where they further differentiate and mature into
different phenotypes depending on the local microenvironment. Stem cell factor
(SCF), also known as steel factor, Kit ligand, or mast cell growth factor, is found to be
the primary growth and differentiation factor for mast cells [53]. The cellular receptor
for SCF is the product of the c-kit proto-oncogene. However, immature mouse mast
cells can be differentiated in vitro from bone marrow precursor cells in the presence of
IL-3 without SCF [54]. Mast cells are found scattered in skin, around blood vessels, in
mucosal membranes, as seen in e.g. the respiratory and gastrointestinal tracts. Most
notably, mast cells are highly enriched in the skin and mucosal barriers of the body,
where they serve as a first line of defense. Noteworthy, mature mast cells are capable
of differentiating both phenotypically and functionally as a consequence of properties
in the microenvironment. For example, inflamed lungs are reported to have more
tryptase/chymase-producing mast cells compared to non-inflamed lung tissue in which
chymase-producing mast cells are dominant [55-56].

Multitalented cells beyond allergy

In addition to IgE- and FceRI-mediated cell activation, mast cells can also be activated
by a variety of other stimulators, such as IgG immune complexes, cytokines,
complement components, neuropeptides, chemical agents, physical stimuli etc, as they
express a variety of surface receptors such as Fc receptors (FcRs) and TLRs [57].
These observations, together with the description of a wide spectrum of mast cell
mediators provide a foundation for proposals that mast cells may be implicated in
almost all aspects of immune responses. Therefore, mast cells are believed to be
responsible for numerous physiological and pathophysiological responses beyond their
classically defined role in allergic pathology which is mediated mainly through the IgE
receptor [58-61]. The malignant expansion and overgrowth of mast cells, i.e.
mastocytosis can cause leukemia or sarcoma [62-64], and mast cells are also involved
in many other types of cancer [65-68]. Mast cells have also been implicated in
diseases such as cardiovascular disease [69-72], autoimmune disease [73] including
multiple sclerosis [74-75], theumatoid arthritis [76-77], diabetes and obesity [78-80].
Accumulations of mast cells are often found in the afflicted tissues or their adjacent
boundaries, most often aggravating but in some cases ameliorating immunopathology.
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Although still controversial, mast cells have been shown to possess
immunosuppressive functions in several studies [81]. Such down-regulated immune
responses ascribed to mast cells are mostly associated with cytokines released from
mast cells, such as IL-10 and transforming growth factor (TGF)-3 [82-83], which have
been extensively documented as maintaining homeostasis and limiting inflammatory
responses through regulating lymphocyte proliferation, differentiation, and survival
[84-85]. Also, mast cells have been implicated in tolerance induction in contact
hypersensitivity [83], UV radiation-induced skin inflammation [86] and
transplantation [87-89]. The mechanisms for their immunoregulating functions have
been studied to some extent. It is known that mouse mast cell protease-4 could have a
protective role in allergic airway inflammation [90] and sepsis [91]. Mast cell-derived
IL-2 could contribute to the maintenance of suppression in a chronic allergic skin
inflammation model by increasing the ratio of regulatory T cells to effector T cells
[92]. These findings, especially those suggesting the negative regulation of allergic
inflammation, have completely changed the old dogmatic view on the mast cells as
being notoriously negative for tissue homeostasis.

Mast cell subtypes

Two major subtypes of rodent mast cells have been characterized, i.e. connective
tissue mast cells (CTMCs) and mucosal mast cells (MMCs), based on their tissue
localization [93-96]. For instance, skin mast cells and mast cells residing in the
peritoneal cavity are CTMCs, whereas mast cells located in the respiratory or
gastrointestinal tracts are usually characterized as MMCs. In addition to tissue
localization, other properties, such as protease profile, membrane receptors, in vitro
culture profile, etc, also distinguish these two types of mast cells. However, important
for my work is also that CTMCs in mice have been found in the submucosa of some
tissues e.g. in the stomach [97].

In contrast, human mast cells are usually grouped based on the expression pattern of
two mast cell-specific proteases, i.e. tryptase and chymase. According to this
classification, two major human mast cell subgroups have been proposed. Those mast
cells that contain only tryptase are referred to as MCr, whereas those that contain both
tryptase and chymase are termed MCrc. In terms of correlation to their murine
counterparts, MCr are found mainly in the mucosal tissues, resembling mouse MMC:s,
while MCrc are more closely related to mouse CTMCs which reside in such areas as
the skin and small intestinal submucosa [98]. Similar to mouse mast cells, human mast
cells also differ in the requirement for growth and differentiation factors. Specifically,
SCF is needed for the survival of both types, whereas IL-4 is indispensable for MCrc,
but not for MCr [99]. Table 1 lists the comparisons between the mast cell subtypes in
rodents and humans for their major biological features.
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Table 1. Heterogeneity of mast cells in rodents and humans

Rodent mast cells
Location
Granule morphology

Proteoglycan content

MMC

(o1)"[9

Mucosal tissue

Variable in shape and size

Chondroitin sulfate

Serosal surfaces, peritoneal cavity
Uniform in shape and size

Heparin

Dominant protease profile MMCP-1, 2 MMCP-3, 4, 5, 6, 7, carboxypeptidase
Histamine content Low High

Staining with toluidine Purple/negative Purple/red

blue/safranin

T-cell dependence of hyperplasia  Yes No

Inhibition by cromolyn and No Yes

chondroitin sulfate

Response to secretagogues (such g Yes

as c48/80)

Life span Short Long

Growth factor IL-3 Fibroblast-derived factors, such as SCF
Human mast cells MC; MCrc

Location

Proteases

Cytokine profile

Lung, small intestinal
mucosa

Tryptase

IL-5, IL-6

Skin, small intestinal submucosa

Tryptase, Chymase

IL-4

MMCP, mouse mast cell protease; SCF, stem cell factor.

Mast cell Fc receptors

As mentioned above, the major functional immunoglobulin receptor through which
mast cells are activated in allergy is FceRI, which is the high affinity receptor for IgE.
FceRI is composed of the o, B, and 7y chains [100]. Although several types of human
cells, e.g. monocytes, Langerhans cells and DCs, also express FceRI, only mast cells
and basophils express the P-subunit which confers stability on the receptor and

amplifies the signal that is generated by the y-subunit [101]. Dislodging the binding of
IgE to FceRI with, e.g. anti-IgE [102-104] or molecularly engineered protein inhibitor

[105], has been tested as a promising therapeutic strategy for the treatment of allergic

diseases such as asthma.

10
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In addition to FceRI- and IgE-mediated activation, signaling through IgG receptors
(FcyRs) (Fig 1) also contributes to many immune regulatory functions of mast cells
[106-108]. Actually, the potential for IgG to activate mast cells was suggested in the
1950s, long before IgE was discovered, as the mechanisms accounting for mast cell-
mediated passive cutaneous anaphylaxis [106, 109]. Multiple isoforms of FcyRs have
been described [110-111]. In terms of affinity, they can be categorized as high-affinity
and low-affinity receptors. In terms of signaling direction, they can be grouped into
activating and inhibitory receptors. Two high-affinity IgG receptors, FcyRI (CD64)
and FcyRIV, and two families of low-affinity IgG receptors, FcyRII (CD32) and
FcyRIII (CD16), have been discovered. FcyRII exists in 3 subtypes, i.e. FcyRIIA,
FcyRIIB, and FcyRIIC. FcyRIIl is comprised of 2 subtypes, i.e. FcyRIIIA and
FcyRIIIB [111]. FeyRIIB is the only FcyR that is conserved in both human and mouse
mast cells. Classically, only FcyRIIB is described as an inhibitory receptor [112].
However, recent evidence suggests that FcyRIITA may also exert functional inhibition
[113-114].

Activating Inhibitory
Immunoglobulin-
like domain  —

Commaon y-chain
\.

|TAMii i i ii TTTAT ia

FeyRI FeyRIA FoyRIC FoyRINA - FoyRIIB - FoyRV - FoyRIIB

Fig 1. Schematic overview of the structures of Fey receptors. Common y-chains,
the signaling adaptor molecules that associate with some of the activating Fey
receptor complexes for the full function of these receptors. GPI anchor,
glycosylphosphatidylinositol, a glycolipid that can be attached to the C-terminus of
a protein during posttranslational modification and it helps to anchor the protein to
the cell membrane. ITIM, immunorecepter tyrosine-based inhibition motif. ITAM,
immunoreceptor tyrosine-based activation matif.

Inconsistent expression patterns of FcyRs have been observed among human and
mouse mast cells. FcyRI is not constitutively expressed by mast cells, but can be
detected on cultured human mast cells upon interferon (IFN)-y stimulation [115-116]
or on mast cells from skin lesions in patients with psoriasis where IFN-
vis enriched [117]. FcyRIIA and FcyRIIB expression by human mast cells is subject to
tissue location [106]. Human skin-derived mast cells express FcyRIIA but not FcyRIIB
[118]. Human mast cells derived from umbilical cord blood express FcyRIIB [119-
120]. In mice, heterogeneity of FcyR expression on mast cells is also observed.
FcyRIIB is constitutively expressed on mouse mast cells [121]. IL-3-dependent mouse
bone marrow-derived cultured mast cells (BMMCs) do not express FcYRIITA unless
SCEF is supplied [122]. Furthermore, it is discovered that mouse CTMCs express both
FcyRIIB and FcyRIIIA [122]. In contrast, mouse MMCs only express FcyRIIB [122].
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Based on the genomic localization and sequence similarity in the extracellular portion,
mouse FcyRIIIA is most closely related to human FcyRIIA [110]. Figure 2 summarizes
the expression patterns of FcyRs by mast cells.

FcyRI  FcyRIA  FcyRIB  FcyRIC  FcyRIIA FcyRIIB  FeyRIV

Human +2 + +b - - - X

Mouse - X + X +¢ X -

+, present on mast cells; -, not found on mast cells; x, not expressed in this species.
AIFN-y primed cells; BIn vitro cultured cells; “Connective tissue type mast cells.

Fig 2. FcyR expression on mast cells. Of all the FeyR categories, only FeyRl,
FeyRIIA, FeyRIIB and FeyRINA have been reported to be expressed by
either human or mouse mast cells.

Molecular details associated with the functions of the FcyRs have been revealed [110]
(Fig 1). For proper expression and signaling, both FcyRI and FcyRIITA require one
IgG-binding o-chain and two common FcRy-chains that form a signal-transducing
adaptor unit. In contrast, FcyRIIA and FcyRIIB are capable of full signaling with a
single o-chain. The o-chain has three (FcyRI) or two (FcyRIIA, FcyRIIB, FcyRIITA
and FcyRIV) immunoglobulin-like extracellular domains that bind the Fc portion of
IgG. In addition to the extracellular domains and a transmembrane domain that are
shared by all FcyR o-chains, the o-chain of FcyRIIA and FcyRIIB has an
intracytoplasmic signaling domain that either contains an immunoreceptor tyrosine-
based activation motif (ITAM) or an immunoreceptor tyrosine-based inhibition motif
(ITIM). These motifs are important for transducing activating signals or inhibitory
signals. The ITIM contained in the cytoplasmic region of FcyRIIB o-chain is
responsible for generating inhibitory signals through the recruitment of Src homology
2 (SH2) domain-containing inositol phosphatase (SHIP). All the other FcyRs on mast
cells (FcyRI, FcyRITA and FcyRIITA) initiate activating signals through ITAM located
in the FcRy-chains (FcyRI and FcyRIIIA) or the intracellular domain of the o-chain
(FcyRIIA). In addition to the common ?Y-chain, FcyRIIIA also contains a signal
amplifying B-subunit, which is shared with FceRI. In contrast to FcRYy, which is widely
expressed in hematopoietic cells, expression of FcRP chain in FcyRs, similarly as in
FceRl, is restricted to mast cells and basophils. The two extracellular domains of
mouse FcyRIIB and FcyRIITA are 95% identical, and high level of sequence homology
is also observed between human FcyRIIB and FcyRIIA [106].

FcyRI, the only known high-affinity receptor in humans, has a more narrow spectrum
for binding IgG molecules with high-affinity. For example, it binds IgG2a in mice or
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IgG1, IgG3 and IgG4 in humans with a high affinity reaching a Ka of about 10®* M
[108]. Notably, FcyRI can also be a low affinity receptor for other IgG subtypes. In
contrast, the classical low affinity receptors (Ka: 10 to 10™ M) including FcyRIIA,
FcyRIITIA and FcyRIIB demonstrate a broader IgG subclass specificity [108]. In mice,
FcyRIIB and FcyRIIIA can bind all IgG subclasses except IgG3. In contrast, FcyRITA
can bind all the human IgG subtypes [108]. FcyRIV is a high-affinity receptor for
mouse [gG2a and IgG2b, as it binds monomeric IgG molecules of both classes [111].
So far, no evidence has been obtained indicating the expression of FcyRIV on either
human or rodent mast cells.

Cross-linking of activating FcyRs by IgG immune complexes initiates transmembrane
signaling by triggering tyrosine phosphorylation of ITAM followed by dynamic
protein phosphorylation cascades including the SRC family of tyrosine kinase (Lyn),
raft-associated transmembrane adapter proteins, linker for activation of T cells (LAT)
and non-T cell activation linker (NTAL), and phosphatidylinositol 3-kinase
[110]. Mouse peritoneal mast cells are observed to degranulate upon treatment with
IgGl [123]. Cross-linking of FcyRIIIA on CTMCs results in degranulation and
generation of various lipid mediators [124]. In contrast, BMMCs cultured in IL-3
resemble MMCs which do not express FcyYRIITA, and they internalize aggregated 1gG
without degranulation [125]. Upregulation of FcyRI by IFN-yon human mast cells
followed by treatment with IgG immune complexes results in the release of histamine
and cytokines [115].

Inhibitory signaling from FcyRIIB depends on protein phosphorylation cascades that
involve phosphatases such as SHIP and SH2 domain-containing protein tyrosine
phosphatase 1 (SHP1) [112]. When coaggregated with activating receptors, FcyRIIB
inhibits the activating signals from the latter. Various studies have demonstrated the
inhibition of IgE- or IgG-mediated mast cell activation by FcyRIIB by using FcyRIIB™
mice or mast cells derived from these mice [126-128]. Fusion proteins efficiently
linking inhibitory signaling from FcyRIIB with activating signaling from FceRI can
dampen IgE-mediated mast cell activation [129-131].

Mast cell apoptosis

Apoptosis, the highly regulated programmed cell death, is one of the pivotal
mechanisms to maintain tissue homeostasis. In general mast cell apoptosis is poorly
described, but certain mechanisms underlying the apoptosis of these cells have been
revealed.

Mast cells are unique among hematopoietic cells in that they do not undergo apoptosis

after activation [132-133]. Instead, upon allergic activation, mast cells survive and
regranulate [134-136]. It has long been observed that mouse CTMCs have a longer life
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span than MMCs [94]. The mechanisms responsible for this difference have not been
described. However, it is reported that FceRI-mediated expression of a Bcl-2 family
protein Al in CTMCs but not MMCs may explain the survival advantage of CTMCs
following allergic activation [132, 137]. Noteworthy and in contrast, lymphocytes or
even most cells belonging to the innate immune system experience activation-induced
apoptosis rather than survival [138].

Apoptosis is accompanied by complex cascades of intracellular events leading to a
series of characteristic cellular changes, including transfer of phosphatidylserine to the
outer leaflet of the plasma membrane, chromatin condensation and DNA degradation,
membrane blebbing, and ultimately the formation of apoptotic bodies, which then are
subsequently phagocytosed by macrophages [139]. In contrast to necrosis, which does
not rely on energy consumption and always causes inflammatory responses, apoptosis
is an energy-dependent process which can avoid tissue inflammation, as apoptotic
cells do not release their cellular contents into the surrounding tissue. Instead,
apoptotic cells are cleared quickly by phagocytes.

Two main apoptotic pathways have been described [140]. The extrinsic or death
receptor pathway is triggered by the engagement of the death receptors (such as Fas or
tumor necrosis factor (TNF)-related apoptosis inducing ligand (TRAIL)) with their
ligands, followed by activation of caspase-8, leading to caspase-3 activation and
finally cell death. The intrinsic or mitochondrial pathway involves a diverse array of
stimuli that do not rely on commonly recognized death receptors on cell surfaces but
require mitochondrial-initiated events. The factors that can trigger the intrinsic
apoptotic processes range from physical stimuli to biological agents such as radiation,
toxins and hypoxia, which produce intracellular signals that act directly on targets
within the cells. The increased permeability of outer mitochondrial membranes results
in cytochrome c release leading to the activation of caspase-9 and the downstream
effector caspases. Although caspase activation is recognized as a key element in the
apoptotic process, caspase-independent apoptosis has also been reported [141-142].
For example, the caspase-independent apoptosis mediated by the translocation of
endonuclease G from mitochondria into nuclei has been shown in mouse mast cells
deprived of IL-3 [143].

Mast cell apoptosis can be induced upon deprivation of growth factors such as SCF
and IL-3 [144-145]. Cytokines such as IL-10, IFN-y, and TGF-B1 have the potential
to regulate mast cell apoptosis probably by targeting SCF or IL-3 [146-149],
suggesting the importance of the local microenvironment in controlling tissue mast
cell persistence and density via modulating cytokine production. An increased
number of mast cells has been observed in inflamed tissues as a consequence of
microenvironmental changes [150-152]. A defect in apoptosis has been found to be
associated with certain severe consequences, for example, autoimmune diseases and
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cancer [153-154]. Targeting mast cell apoptosis provides an effective therapeutic
approach for cancers involving mast cells e.g. mastocytosis [155].

Substances used for modulating mast cell function

Substances that can modulate the function of mast cells are broadly categorized into
two groups, i.e. mast cell activators and mast cell stabilizers. In addition to activation
by the more classically defined immunological pathways such as Fc receptors and
immunoglobulins, a wide variety of substances can also activate mast cells through
immunological or non-immunological pathways. These substances include products
of complement activation, ligands of TLRs, microbes and their products,
neuropeptides (e.g. nerve growth factor and substance P), cytokines, venoms or
venom components, analgesics (e.g. codeine), hormones, and small-molecule
polymers (e.g. c48/80) [21, 59, 61, 156-157]. In contrast, mast cell activation can be
inhibited by the mast cell stabilizers. One of the most implicated stabilizers is
cromolyn or disodium cromoglycate that can prevent mast cell degranulation [158].
Recently, the efficacy of cromolyn in stabilizing mouse mast cells has been
challenged although it is confirmed to be effective in stabilizing rat mast cells [159].
Flavonoids such as quercetin also has been reported to be able to block mast cell
activation [160-161]. Furthermore, MMC granule components such as chondroitin
sulfate and heparin can selectively inhibit degranulation of CTMCs [162]. Ketotifen,
a noncompetitive H,-antihistamine, is also described as a CTMC inhibitor [163-164].

The roles of mast cells in host defense

Mast cells are reported to participate in antigen cross-presentation in addition to
directly presenting antigens to T cells. Cross-presentation originally refers to a
phenomenon, most typically following intracellular microbial infection, when
professional APCs ingest infected cells and display the antigens of the microbes
present in the infected cells for recognition by T lymphocytes [165]. This is a
mechanism that is efficient for presenting the antigens of those microbes that have
infected host cells that may not produce all the signals, e.g. major histocompatibility
complex (MHC) class II recognition and costimulation, that are needed to initiate T
cell activation as professional APCs do. The professional APCs that ingest infected
cells may present the microbial antigens to both CD4" and CD8" T lymphocytes
depending on the processing and presentation routes. Morphological changes of the
host cells, e.g. surface presence of viral antigens, apoptosis, tumorigenesis etc, will
facilitate the ingestion by APCs. In principle, any type of cells that have internalized
antigens can participate in cross-presentation upon ingestion by APCs. Importantly,
mast cells have been implicated in the phagocytosis of various types of antigens [166-
169]. Indeed, one study showed that mast cells can serve as an antigen-reservoir [170].
Involvement of mast cells in antigen cross-presentation has also been reported [170].
In vitro cultured BMMCs can internalize FceRI-IgE bound chicken ovalbumin (OVA)
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protein, followed by being phagocytosed by DCs which process and present the OVA
peptide to T cells with specific receptors [170]. Induction of BMMC apoptosis is
documented to be critical for the efficiency of the phagocytosis [170].

Mast cells constitutively express MHC class I and upregulate expression of MHC class
IT following stimulation by inflammatory factors such as IFN-y, TNF-o and
lipopolysaccaride [171-172]. Furthermore, mast cells can also express co-stimulators
such as CD28, CD80, and CD40 ligand upon activation [173]. Therefore, in addition
to participating in cross-presentation, mast cells have the potential to directly activate
T cells initiating adaptive immune responses [172-175]. Mast cells have also been
demonstrated to present antigen to and activate CD8" T cells through their MHC class
I molecules [176]. The fact that mast cells are capable of participating in both innate
and adaptive immunity, and that they are enriched at the mucosal or skin barriers
between the body and the external environment, mast cells, similar to skin Langerhans
cells, tissue-resident DCs and epithelial cells, are sentinel cells that are probably the
first responders to a threat within seconds. The classical examples have been the
defense against parasites [177-178]. Furthermore, mast cells have been shown to
functionally interact with professional APCs such as DCs and regulate their function
mainly through mast cell-derived granular products. For example, histamine is capable
of regulating the chemotaxis of immature DCs [179-180] and cross-presentation of
extracellular antigens [181]. TNF-a produced from mast cells is critical for DC
migration [182-186]. TLR7 ligand-mediated mast cell activation is effective for the
migration and maturation of Langerhans cells [187]. Maturation and activation of
immature DCs by mast cell-DC direct contact results in the activation of T cells which
release IFN-y and IL-17 promoting Thl and Thl7 responses, respectively [188].
Synthetic particles harboring TNF-o, mimicking mast cell granules, have been
reported to be powerful adjuvant in a mouse model of influenza [189].

Mast cells can be activated through direct recognition of microorganisms with the
equipped TLRs resulting in distinct outcomes [190-191], by surface proteins such as
CD48 [192], by biological substances such as the venom of wasps and snakes [193], or
by endogenous inflammatory factors such as cytokines and complement components
[194]. Similar to mast cell activation in other circumstances, the activation by
pathogens is also believed to include both degranulation of pre-formed granular
contents and selective de novo mediator production, for example, cytokines and lipid
mediators, differing greatly depending on the stimulus encountered. These mast cell-
associated products such as TNF-a, IL-4 and IL-6 are important for the recruitment
and stimulation of other participants, e.g. neutrophils, macrophages and T cells,
contributing to the clearance of pathogens [195-196]. In a helminth infection model,
mast cells contribute to pathogen clearance by migrating to the draining lymph nodes
and producing IL-6 and IL-4 [197]. TNF-a-independent activation of mast cells by
bacterial lipopolysaccharide (LPS) and peptidoglycan has also been reported [198-
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199]. Mast cells not only interact with cells in the immediate vicinity where the
infection first takes place but also influence distant targets, e.g. cells in lymph nodes
through mediators that they release [200]. By these diversified mechanisms mast cells
exert a pivotal role in the surveillance and elimination of pathogens. The IL-1 family
cytokines such as IL-1, IL-18 and IL-33 have been shown to exert adjuvant function
capable of augmenting protection against influenza virus infection [201]. Interestingly,
the effect of IL-18 and IL-33 seem to be mast cell-dependent. Given the accumulating
evidence that there is a functional interplay between mast cells and other immune cells
such as DCs, T cells and B cells in immune responses, also mast cells have been
implicated in adjuvant functions. More recently, mast cell activators such as c48/80
have been reported to exert a mucosal adjuvant function [21]. More specifically,
c48/80 was demonstrated to be an efficient adjuvant through mobilizing DCs to
draining lymph nodes through production of TNF-o. Successful vaccinations of
several animal infection models using c48/80 as adjuvant have now been reported
[202-204]. Furthermore, also IL-1 family cytokines produced by mast cells have been
demonstrated to function as mucosal adjuvants [201].
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AIMS OF THE STUDY

The overall objective of this thesis work was to develop new strategies for rationally
designing mucosal vaccine adjuvants by exploiting mast cell activation as a mechanism
to augment the adjuvant effects.

The specific aims were:

e To investigate whether existing and commonly used adjuvants could activate
mast cells.

e To design new adjuvant formulations that could possibly activate mast cells
and specifically to test the effect of incorporation of IgG immune complexes
into the adjuvant formulation on immune responses.

e To investigate the mechanisms by which mast cells could exert their immune-
enhancing effects in response to the new adjuvant formulation, and to
determine the mast cell subtypes and surface receptors involved.

e To evaluate the safety profiles of the adjuvant that focused on mast cell
activation as part of its mode of action, especially from the perspective of
anaphylaxis.
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MAIN METHODOLOGY
Mice

Mice used in this thesis included common wild type (WT) control strains, i.e.
C57BL/6 and BALB/c, and FcyR knock-out strains, i.e. FeyRIIB” mice [127] and
FcyRIIIA'/' mice [205], as well as a mast cell-deficient strain that will be described in
detail here. C57BL/6-Kit**"/Kit"*" (Kit"*"/Kit""*") mice [206-207].

Mice that specifically lack mast cells have not been created. However, mast cell-
deficient strains have been created as a result of natural mutation of c-kit, the receptor
for SCF that is critically required for the development and survival of mast cells [54].
Two of the c-kit mutation-dependent strains have been most widely used: WBB6F1-
Ki"/Kit"™ (Kit"/Kit™™), which have an altered c-kir coding region [208-209], and
C57BL/6-Kit""/Kit"™" (Kir™*"/Kir"*"), which have an inversion in the regulatory
elements upstream of c-kir transcriptional site [210-212]. Even though adult Kir"/Kir""
" mice and Kir"*"/Ki"*" mice are profoundly deficient in mast cells, these mice also
demonstrate other abnormalities owing to the lack of normal signaling from the Kit
receptor. In contrast to Kir"/Kit"" mice [94, 208, 213], the phenotypic abnormalities
in Kir"*"/Kir"*" mice are generally milder: they are neither anaemic nor sterile, but
exhibit neuthophilia and splenomegaly [211, 214-215]. So far, the sash mice present a
relatively favorite animal model for the in vivo investigation of mast cell biology
[216]. Therefore, we chose to use the Kir"*"/Kir"*" model in our study. Homozygotes
of Kit"*"/Kit"*" mice are white with black eyes and some pigment around the ears,
while heterozygotes are black with a white sash at the midline, and therefore they have
acquired the name °‘sash’ mice [212]. As the c-kif gene is still expressed in the
embryos of Kir"*"/Kir"*" mice resulting in an age-dependent abolishment of c-kit gen
expression in these mice, an inverse relationship between the tissue mast cell number
and the age of the mice is observed [207]. Therefore, importantly, Kif"*"/Ki"*" mice
older than 8 weeks were used.

As mentioned above, the c-kit loss-of-function mutation-associated mast cell
deficiency affects cell lineages other than mast cells. Therefore, defects in these mice
may not necessarily be due to the lack of mast cells. Therefore, confirmation of the
role of mast cells is often achieved through the use of the so-called “mast cell knock-
in” model, i.e. the selective reconstitution of mast cell deficiency in these mice by
engraftment of genetically compatible, in vitro-derived mast cells through the
intravenous, intraperitoneal, or intradermal routes without repairing the other defects.
Restoration of the mast cell population has been achieved in the skin, peritoneum,
stomach and lung [208-209, 211, 217-218]. However, a major issue in such knock-in
models is whether this technique can reconstitute mast cells qualitatively as well as
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quantitatively in the target organs. For example, reconstitution failed to restore mast
cells in several organs, e.g. the tongue and trachea of the sash mice [217], and the
brain, spinal cord, lymph nodes, heart, and nasal mucosa in the Kit"/Kit"™ mice [218].
Despite these limitations, the in vivo roles of mast cells in certain pathophysiological
models have been established by studying these genetically mast cell-deficient mouse
models. Further confirmation of the roles of mast cells depend on the next generation
of mast cell-deficient mouse models which are in development [219].

Mast cell activation

A variety of factors can target mast cells and induce activation of these cells with
defined outcomes. Generally, mast cell activation can be detected by measuring cell
degranulation or cytokine production. One of the most convenient readouts for mast
cell degranulation is the release of P-hexosaminidase (B-hex) [220], which was
determined by a spectrophotometer-based colouremetric assay measuring the
conversion of the enzyme’s substrate, p-nitrophenyl N-acetyl-b-D-glucosaminide
[221]. As for the cytokine production, TNF-a was chosen as the most important
cytokine for the adjuvant effect. TNF-a released from mast cells can be routinely
detected by enzyme-linked immunosorbent assay (ELISA). However, the fact that
CTA1-DD binds to all immunoglobulins resulting in high background staining
precludes ELISA for measuring TNF-a in this project. Instead, TNF-o production was
detected with intracellular flow cytometry analysis. TNF-o0 mRNA was measured by
real-time reverse transcriptase polymerase chain reaction (RT-PCR). In some
experiments, IL-6 production by activated mast cells was also measured.

Mast cell apoptosis

Mast cell apoptosis can be detected by various approaches based on the physiological
process of apoptosis [222], such as Annexin V binding and propidium iodide
incorporation which were used in this thesis. Annexins are a family of calcium-
dependent phospholipid-binding proteins that preferentially bind phosphatidylserine
(PS). In healthy cells during steady state, PS is asymmetrically distributed in the inner
leaflet of the plasma membrane. However, PS is translocated to the extracellular
membrane leaflet during apoptosis which provides targets for phagocytosis. When
exposed on the outer surface of the membrane, PS can be readily bound by Annexin V
in a calcium-dependent manner, which is indicative of apoptosis. Briefly, for Annexin
V binding assay, following surface marker (Kit and FceRI) staining, mast cells were
stained by fluorescence-conjugated Annexin V in a Ca®* enriched solution. 7-Amino-
actinomycin D (7-AAD) was always included in the Annexin V staining to detect dead
cells. Of note, live, degranulating mast cells also expose PS to the outer leaflet of the
cell membrane [223]. Caution has been raised regarding the measure of mast cell
apoptosis following activation. However, mast cell degranulation is a relatively rapid
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process and cells start to regranulate several hours later [224]. The time point in our
study for observing mast cell apoptosis was a 16-hour overnight incubation following
IgG immune complex treatment. Therefore, PS exposure should represent cell
apoptosis but not degranulation. In some experiments, cells were fixed and
permeabilized followed by incubation with propidium iodide (PI) to measure the PI
intercalation, also indicative of cell apoptosis.

Passive cutaneous anaphylaxisis

Passive cutaneous anaphylaxis (PCA) refers to an artificial anaphylactic reaction in
experimental animals, most often rodents. It is a mast cell-dependent model which is
nowadays most often used to demonstrate the immediate dermal response to an
allergen-IgE interaction. After sensitization with IgE, the animals are injected intra
venously (i.v.) with the Evans blue dye together with the antigen that the IgE
recognizes. Reaction of the antigen with skin mast cell-fixed IgE causes the release of
vasoactive granular contents, e.g. histamine, from mast cells, which increases vascular
permeability and permits leakage of the antigen-bound dye, resulting in a blue spot at
the site of the intradermal injection.

This model can also be modified to demonstrate the activation of mast cells by IgG
immune complexes. In fact, mast cell activation by IgG had been tested as an approach
to initiate PCA in the 1950s, long before IgE was discovered [106]. In this thesis, the
effect of IgG/CTA1-DD complexes on the dye extravasation was tested. The ears of
these mice were injected with PBS or IgG on one side and IgG/CTA1-DD on the
other, followed by an i.v. injection of Evans blue. Mouse ears were removed 20 min
after Evans blue injection and the dye extravasation was quantified as reported [225].
In some experiments, to test if CTA1-DD could replace an antigen that the IgE
recognizes, own to its unspecific binding potential for immunoglobulins, in cross-
linking the IgE bound to FceRI, and thus possibly activating mast cells, mice received
IgE sensitization on both ears. The next day CTA1-DD was injected intradermally in
one ear and PBS in the other. Mice were immediately injected i.v. with Evans blue.

Systemic anaphylactic assay

The most commonly used classical method to investigate systemic anaphylaxis is to
monitor the consequence of IgE- and FceRI-based mast cell activation in mice. Mast
cells respond to FceRI cross-linking by immediately degranulating their granular
contents, resulting in cascades of events such as dilation of blood vessels which
culminates in reduced heart rate and blood pressure, paralleled with a significant drop
of body temperature that can be measured with a thermometer with a probe for the
mouse anus.
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In a typical mouse systemic anaphylaxis model, mice were sensitized systemically
with an injection of antigen-specific IgE i.v., followed by injection of the antigen i.v.
the next day. The rectal temperature was then recorded using a thermometer. In this
thesis, to investigate whether the administration of CTA1-DD/IgG as an adjuvant
would initiate systemic anaphylaxis, rectal temperatures were measured at various
time points after intranasal or intravenous administration of CTA1-DD/IgG. The
results were expressed as changes in temperature from the baseline values.

Tissue mast cell identification
Nasal tissue mast cells

As we intended to develop an effective mucosal immunization strategy, e.g. using the
intranasal route by exploiting mast cell activation, it is of great interest to investigate
mast cells in the mucosal tissues, e.g. nasal tissues. A technical hindrance to the study
of nasal tissues by sectioning and microscopy based approaches is that a
decalcification step is required to remove the turbinates, which usually involves harsh
treatment of the tissues which may damage some protein epitopes. Therefore, we
relied on flow cytometry analysis to identify and analyze mast cells in the nasal tissue.
The unskinned mouse snout was finely minced and digested with Liberase and DNase
I. After passing through a 70-um filter and lysis of the red blood cells, a single cell
suspension was prepared for fluorescence staining and flow cytometry analysis.

Peritoneal mast cells

Mouse peritoneal mast cells resemble mature CTMCs. They can be used directly or
after further culture to certain purity in medium enriched with specific growth factors
[188]. Thus, in this thesis work, mouse peritoneal lavage fluid was harvested and
peritoneal mast cells were either directly used or cultured.

Antigen cross-presentation

The potential of mast cells to phagocytose OVA was determined by confocal
microscopy. Mast cell-mediated antigen cross-presentation was carried out by an
initial incubation of mast cells with OV A in the presence or absence of anti-OVA IgG
for 2 days followed by extensive washing to remove unphagocytosed OVA. Next,
mast cells were mixed with splenocytes from OT-II mice that contained T cells with
engineered T cell receptor specific for the OVA peptide 323-339. The cell mixture
was incubated for another 2 days. The efficiency of antigen cross-presentation was
determined by CD69 expression, a marker that specifically measures T cell activation,
on the T cells from the cell mixture.
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RESULTS

McLachlan et al. demonstrated that classical mast cell activators, such as C48/80,
could exert a potent vaccine adjuvant function [21]. The proposed mechanism was
associated with production of inflammatory mediators, e.g. TNF-o, which activated
adjacent DCs residing in the microenvironment. This resulted in augmented DC
migration to the draining lymph nodes, where adaptive immune responses could be
initiated. This finding clearly emphasizes the beneficial effects that mast cells may
have. Their study prompted us to investigate whether the mechanism can be further
used to improve or explain the effects of mucosal adjuvants and the effects of CTA1-
DD, in particular. We first tested a group of well known mucosal adjuvants to
determine whether they could directly activate mast cells. However, it turned out that
none of these adjuvants could activate mast cells, including mouse bone morrow-
derived cultured mast cells (BMMCs) or mouse mast cell lines (C57 and MC/9). For
these studies we used degranulation or TNF-a production as our readout. By contrast,
because CTAI-DD binds to all immunoglobulins including IgG-subclasses, in
particular, we next asked whether CTA1-DD or an immune complex with CTAI-
DD/IgG could interact with mast cells and thus provide augmented adjuvanticity.

CTA1-DD/IgG activates connective tissue mast cells to produce TNF-o (Paper I)

Given the fact that mast cells harbor FcyRs which can be cross-linked by IgG immune
complexes and the fact that the DD domain of CTA1-DD, which is derived from
Staphylococcus aureus protein A, can bind immunoglobulins, we speculated that
CTA1-DD mixed together with IgG could form immune complexes that could activate
mast cells. Indeed, CTA1-DD complexed with IgG was able to activate the mouse
mast cell line C57 as measured by TNF-a production and B-hexosaminidase release, a
measure of mast cell degranulation (Fig 3). Furthermore, mouse tissue mast cells were
also demonstrated to respond to stimulation by CTA1-DD/IgG. Using a modified
mouse skin PCA model that is dependent on mast cell degranulation, we also
confirmed the activation of mouse ear tissue mast cells by CTA1-DD/IgG. Similarly,
CTA1-DD/IgG degranulated nasal tissue mast cells, as was demonstrated by
microscopic analysis of tissue sections.

FcyRIIIA expressed on CTMC is critical for mast cell activation by CTAl-
DD/IgG (Paper 1I)

Mouse mast cells can be subgrouped into connective tissue mast cells (CTMCs) and
mucosal mast cells (MMCs). Importantly, in vitro models of these two subtypes can be
readily obtained by subculturing mouse bone marrow cells in the presence of specific
and distinctive cytokine compositions. Therefore, we next tested the responsiveness of
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these two subtypes to the treatment of CTA1-DD/IgG immune complexes. Clearly, it
was CTMCs, but not MMCs, that could be activated by these immune complexes. We
extensively characterized CTMCs and MMCs in our culture systems. Consistent with
literature reports, these two subtypes of mouse mast cells differed in many respects,
including the amount and size of granules, surface expression levels of FceRI and Kit,
and extent of degranulation as a result of FceRI cross-linking. Specifically, the
expression levels of the low affinity IgG receptor FCYRIIIA were substantially stronger
on CTMCs than on MMCs. Furthermore, the C57 cell line that could be activated by
the immune complex also expressed a higher level of FcyRIIIA.

In subsequent studies we wanted to find out which features distinguished CTA1-
DD/IgG immune complex interactions with CTMCs from those with MMCs. Based on
the differential expression patterns of FcyRIIIA on CTMCs and MMCs, we
investigated whether FcYRIITA was absolutely required for the activation of mast cells
by CTA1-DD/IgG immune complexes.

Our data demonstrated that CTA1-DD/IgG failed to bind MMCs, which do not
express FcYRIIIA. As a negative control we also analyzed CTMCs from mice that
were deficient in FcyRIITA, or wild-type CTMCs treated with an FcyRIITA-
neutralizing antibody. Taken together, these results indicated that FcyRIIIA was the
critical molecule for the interaction of CTMCs with CTA1-DD/IgG. Such interaction
induced TNF-o and IL-6 expression by CTMCs (Fig 3).
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Fig 3. CTA1-DD/IgG immune complexes activate mast cells. Treatment
with CTA1-DD/IgG immune complexes resulted in the degranulation (e.g.
B-hexosaminidase (hex) release) and cytokine production (e.g. tumor
necrosis factor (TNF)-«) from connective tissue mast cells that expressed
FoyRINA. Shown is an example using the mouse mast cell line C57 which
is characteristic of a connective tissue mast cell phenotype.

Identification of CTMC in mouse nasal tissue (Paper II)

We speculated that a prerequisite for CTA1-DD/IgG to augment the adjuvant effect
through activation of mast cells was that CTMCs could be found in tissues accessible
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through mucosal application. Thus we asked if our adjuvant complex could engage
CTMCs after nasal administration. Indeed we found CTMCs in the submucosa of
mouse nasal tissue by microscopy and flow cytometry. To confirm FcyRIITA
expression, single cell suspensions obtained from de-skinned mouse nasal tissues were
prepared. These studies revealed two distinct mast cell populations: FcyRIIIA-
expressing CTMCs and MMCs lacking FcyRIIIA. Mice deficient in mast cells were
devoid of both these populations in the nasal mucosa.

Intranasal immunization adjuvanted with CTA1-DD/IgG enhances immune
responses (Papers I and II)

We demonstrated that intranasal delivery of antigen together with CTAI1-DD/IgG
complexes further enhanced serum antigen-specific IgG antibody responses as
compared to immunization adjuvanted with CTA1-DD alone. This CTA1-DD/IgG
complex-mediated enhancement was mast cell-dependent because it was absent in
mast cell-deficient Kir™*"*" mice. Moreover, the augmented adaptive immune
response was dependent on CTMCs and FcyRIIIA, as mice deficient in FcyRIIIA, or
mice that were treated with chondroitin sulfate, a CTMC stabilizer [162], failed to
exhibit an enhanced immune response following immunization adjuvanted with
CTA1-DD/IgG complexes (Fig 4).

Immunization with Ag + CTA1-DD/IgG

Ko Mo So Ko

Sash FcyRIIIA/ WT + CTMC inhibitor

Co’. N W' G

Fig 4. CTA1-DDYIgG augments mast cell-dependent antigen (Ag)-specific
immune responses. Mice were immunized with Ag adjuvanted with CTA1-
DD/gG. Ag-specific IgG in serum was measured by ELISA Compared with
the wild-type (WT) mice, compromised serum Ag-specific IgG production was
observed in sash mice that lacked mast cells, FCyRIIAY mice or mice pre-
treated with chondroitin sulphate (a CTMC inhibiter).

Mucosal mast cells may contribute to the adjuvant effects of CTA1-DD/IgG
immune complexes through cross-presentation of antigen (Paper III and
unpublished data)

While our studies revealed that only CTMCs that expressed FcyRIIIA could be

activated by CTA1-DD/IgG complexes resulting in greater immune responses, we
asked whether there was a way by which also MMCs could participate in an
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augmented CD4 T cell response following nasal immunization. Mast cells have
classically been described as a cell type that can phagocytize [166-169]. We
demonstrated that MMCs could efficiently phgocytize OVA (Fig 5). It is likely that
mast cells may participate in antigen presentation when mast cells that have
phagocytized antigens are engulfed by professional APCs. Interestingly, it has been
reported that apoptosis of mast cells increases the efficiency of antigen cross-
presentation [170].

Fig 5. Mucosal mast cells can internalize
ovalbumin (OVA). Mucosal mast cells were
incubated in the presence or absence of Alexa
Fluor 488-conjugated OVA (OVA-AF488,
green) overnight. Cell membrane expression of
Kit was determined by staining with biotin-
conjugated anti-Kit antibody followed by
OVA-AF488 staining with streptavidin-conjugated Alexa
Fluor 594 (red) to distinguish mast cells.

Homotypic cross-linking of FcyRIIB, not engaging any activating receptors, induces
apoptosis of B-lineage cells [226-228]. It was interesting to investigate the fate of mast
cells when FcyRs on these cells were cross-linked. It is easier to study the effect of
FcyRs on B-lineage cells as FcyRIIB is the only FcyR on these cells. Indeed, it is more
difficult to address the roles of FcyRs on mast cells because they may express more
than one type of FcyRs. For example, mouse mast cells may express both FcyRIIB and
FcyRIIIA. We discovered that aggregation of one of these two receptors by IgG
immune complexes, in the absence of the other, induced apoptosis of mouse mast cells
(Fig 6). Interestingly, mast cells with a balanced expression of both FcyRIIB and

FcyRIIIA were able to resist apoptosis (Fig 6).
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Y FeyRINA
al )

‘ IgG immune complex treatment ‘

= ﬁv (/,3\) 5 QQ
v’
Fig 8. The effect of Foy receptor expression profile on IgG immune complex-
mediated apoptosis of mast cells. Mast cells expressing both FcyRIIB and
FoyRINA resisted IgG immune complex-mediated apoptosis (middle panel),

whereas those lacking one of the Foy receptors were vulnerable to induction of
apoptosis (left and right panels).

)
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Consistently, we found that MMCs (with only FcyRIIB) but not CTMCs (with both
FcyRIIB and FcyRIIIA) responded to induction of apoptosis by IgG immune-
complexes composed of OVA and anti-OVA IgG. Moreover, we demonstrated that
CTA1-DD complexed with IgG also induced apoptosis in mouse MMCs (Fig 7).

[1CTA1-DD

g I CTA1-DD/IgG Fig 7. CTA1-DD/IgG induces apoptosis in

A 30 mucosal mast cells (MMC), but not

2 connective tissue mast cells (CTMC).

i~ 20 Cells were treated with CTA1-DD alone or

i 10 CTA1-DD/IgG and cell apoptosis was

5 revealed by surface staining with Annexin V

é 0 and 7-AAD by flow cytometry. Apoptctic cells
CTMC MMC were Annexin V*/7-AAD-,

We, therefore, designed an experiment to analyze whether mast cells could participate
in antigen presentation and priming of CD4 T cells. MMCs were incubated with OVA
either in the presence or absence of anti-OVA IgG for 2 days followed by extensive
washing. Next, OT-II mouse spleen cells were mixed with the MMCs for another 2
days. MMCs treated with OVA and anti-OV A IgG resulted in an increased efficiency

of T cell priming as assessed by CD69 expression on the OVA peptide-specific T cells
(Fig 8).

Fig 8. Mucosal mast cells (MMCs) mediate
greater efficiency of antigen cross-

T 6 presentation following incubation with
2% ovalbumin (OVA) complexed with anti-OVA
8L 4 19G. Splenccytes from OT-II mice were
% g incubated for 48 hours with MMCs that were
Qo 2 pre-treated for 48 hours with medium control,
o OVA alone or OVA together with anti-OVA
B OVA OVA/IgG 1gG (OVA/IgG). T cell activation was shown as

percentages of CD69* cells among all CD4*
cells analyzed by flow cytometry.
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DISCUSSION

Mast cells have long been recognized for their critical involvement in allergic
reactions. However, recent studies have given us reason to think about mast cells also
as favorable for a number of host reactions, some of which appear to be crucial for
protection against infections. Indeed, humans that lack mast cells have never been
reported, arguing that the positive effects of mast cells are required for health and
survival. Given the evidence that these cells were found to be involved in phagocytosis
and defense against helminth infection decades ago, and the more recent revelation
that mast cells contribute to both innate and adaptive immunity by releasing a diverse
array of granular contents, it is surprising that not more attention has been given to
mast cells in vaccine development earlier. Mast cells are strategically positioned in the
interface between the external environment and the host. Indeed, mast cells in skin or
mucosal barriers are increasingly being recognized as important contributors to
defense mechanisms against infections. Against this background, it is also logical that
mast cells could be exploited for augmenting mucosal vaccine efficacy [21]. Mast
cells are a heterogeneous type of cells. Although it was suggested back in the 1960s
that rodent mast cells could be divided into CTMCs and MMCs based on tissue
location and histochemical staining reflecting distinct granular protease contents [95],
the functional differences between these two subtypes are less well defined and have
only recently been given attention.

This thesis work entertained the hypothesis that some of the mucosal adjuvants already
in experimental use actually might exert adjuvanticity by activating mast cells.
However, we failed to observe any discernable activation of mast cells by these
adjuvants. This could have been due to the fact that we screened for these effects using
a mouse mast cell line, which may not necessarily reflect the in vivo effects of these
adjuvants. In any case all of the effects on mast cells that we have studied have been
with CTA1-DD, which is a promising mucosal adjuvant. We demonstrated that when
mixed with IgG, CTAI-DD immune complexes activated murine CTMCs through
FcyRIITA, which resulted in TNF-a release. Most importantly, immunization with
CTA1-DD/IgG induced mast cell-dependent enhancement of antigen-specific immune
responses.

From an adjuvant activity point of view it was clear that only CTMCs carried
FcyRIITA, while MMCs could also be involved in enhancing immune responses by
being involved in antigen presentation by DCs after induced apoptosis. Hence, I1gG
immune complex-mediated mast cell apoptosis, could augment DC antigen-
presentation. Furthermore, a balanced expression of FcyRs on mast cells could be
important for determining apoptosis or survival. All mouse mast cells express
FcyRIIB, and some of them may also express FCYRIIIA. We have speculated that mast
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cells with the expression of only one of the receptors may be more susceptible to IgG
immune complex-mediated apoptosis as opposed to those bearing both receptors.
Indeed, we have documented that due to the lack of FcyRIIIA, MMCs proceed to
apoptosis following treatment with IgG immune complexes. This is in contrast to the
resistance to apoptosis exhibited by CTMCs, which express both FcyRIIB and
FcyRIIIA.

Our in vitro data clearly show that CTA1-DD/IgG could not activate MMCs, but
instead induced apoptosis of these cells. We showed that MMCs are capable of
internalizing OVA, arguing in favor of a role for antigen-presentation provided DCs
can engulf apoptotic material from mast cells. OVA pre-treated MMCs contributed to
the activation of OV A-specific T cells, and this activation was even more pronounced
when MMCs were pre-treated with OVA/anti-OVA immune complexes, which is
indicative of the contribution of IgG immune complex-induced mast cell apoptosis in
this process. Therefore, it is possible that MMCs expressing FcYRIIB are also involved
in the adjuvant effects of CTA1-DD/IgG complex (Fig 9). However, my prediction
would be that MMC-mediated cross-presentation may only represent a minor
contribution to the adjuvant effect because the CTMC inhibitor chondroitin sulfate
substantially inhibited the enhanced adjuvant effect.

Antigen'. ~
)
Immune complex ;! -

Mucosa

Fig 9. Schematic overview of the propocsed mechanisms underlying 19G immune
complex- and mast cell-mediated adjuvant activity. Following intranasal immunization,
lgG immune complexes may activate submucosa-residing connective tissue mast
cells which express both FeyRIIA and FoyRIIB resulting in the release of cytokines,
e g. tumor necrosis factor-o. (TNF-«), that are important for the maturation and
migration of dendritic cells (DC). DCs that have engulfed and processed the
immunizing antigen next move to the draining lymph nodes (DLN) where presentation
of the processed antigen peptide to T cells (not depicted) takes place. Alternatively,
mucosal mast cells which are present in the mucosa may phagocytose the
immunizing antigen and undergo apoptosis upon treatment with IgG immune
complexes due to their expression of only FeyRIIB. Apoptotic mast cells are engulfed
by DCs and cross-presentation of the antigen to T cells (not depicted) may occur.
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Of note, the presence of FcYRIIB in the context of FcyRIIIA-mediated activation of
mast cells might antagonize the activating signaling from FcyRIITA [112]. This seems
to suggest that FcyRIIB is only a negative contributor in the system. However, our
finding reveals that this receptor did have a “positive” meaning for the activation in
the scenario of immune enhancement mediated through mast cell activation because a
sustained cell survival is required for de novo synthesis and release of cytokines. In the
absence of FcyRIIB, FcyRIIIA-signaling may lead to apoptosis. Indeed, our data
demonstrated that IgG immune complexes (e.g. OVA/anti-OVA or CTA1-DD/IgG)
were capable of inducing apoptosis of CTMCs derived from mice deficient in FcYRIIB
expression. This could, in fact, be explained by the same or a different mechanism of
action as that of FcyRIIB-induced apoptosis.

Antibodies can mediate negative or positive feedback regulation of immune responses
[229]. Thus, antigen-specific antibodies administered together with the antigen can
modulate the immune responses. Most well known is the impact of IgG that can
dampen responses to large particulate antigens. By contrast, soluble protein antigens
given together with specific antibodies may enhance immune responses and exert an
indirect adjuvant function [230]. Although the precise mechanisms of antibody
feedback regulation are poorly defined, positive feedback regulation driven by IgGl1,
IgG2a, and IgG2b involves FcyRs [229, 231]. In contrast, IgG3 and IgM modulation
depend on complement activation to enhance antibody responses [229, 232-233]. So
far, most of the previous studies addressing antibody feedback regulation have been
carried out using the intravenous route for antigen and antibody administration. Our
observations with IgG-mediated mast cell- and FcyRIIIA-dependent augmentation
clearly provides evidence that immune-complex regulatory feedback also exists at
mucosal sites as found after mucosal immunization.

CTA1-DD/IgG either intranasally or intradermally induced mouse tissue mast cell
degranulation. Therefore, we performed a series of experiments to assess the safety of
CTA1-DD/IgG. We could show that CTA1-DD/IgG was safe when given intranasally
or intravenously as no systemic anaphylactic reactions were recorded. Because CTA1-
DD can bind virtually all immunoglobulins including IgE [38, 45], this raises a
concern that CTA1-DD may interact with IgE molecules, which could bind to FceRI
on mast cells and result in systemic mast cell degranulation and anaphylaxis.
However, we did not observe degranulation or TNF-o0 production from mast cells
following treatment with CTA1-DD /IgE complexes. This was in contrast to CTAl-
DD/IgG, which activated tissue mast cells. Indeed CTA1-DD/IgE had no activating
function on mast cells, which could be due to the fact that CTA1-DD binds IgE with a
lower affinity than IgG [38, 45]. An alternative explanation could be that FceRI and
CTA1-DD compete for the same binding epitope on IgE, which would result in poor
FceRI cross-linking.
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We have shown that an enhanced adjuvant effect of CTA1-DD/IgG complexes is
mediated by mast cells through interaction with the FcyRs. Because there are
considerable species differences and discrepancies, and also complexity of mast cell
FcyR expression in different cell types exists, caution should be taken when
extrapolating mouse data to humans. My thesis has focused on the mouse model.
However, it could be entirely possible to exploit mast cells for adjuvanticity in human
nasal vaccines. Firstly, mast cells are reported to reside in human nasal mucosa [93].
Secondly, human mast cell subgroups correlate to their rodent counterparts and human
tryptase-positive mast cells are referred to as MCr, which resemble mouse MMCs,
whereas those that contain both tryptase and chymase are termed MCrc, which are
related to mouse CTMCs [234]. Thirdly, also human mast cells express unique
patterns of FcyRs, although they do not express FcyRIIIA, a critical factor in the
augmented adjuvant effect by CTA1-DD/IgG in mice. But human mast cells can
possibly express both FcyRIIA and FcyRIIB [106]. Based on the genomic localization
and sequence similarity in the extracellular portion, human FcyRIIA is most closely
related to mouse FcyYRIITA [110]. Therefore, our theory brought forward for a balance
between signaling via FcyRs in murine mast cells may also hold true for human mast
cells. Furthermore, FcyRI expression in human mast cells can be influenced by IFN-y,
which, in addition, could also contribute to a regulatory mechanism exploited by nasal
vaccines [115].

In conclusion, our in vitro and in vivo data clearly show that CTA1-DD/IgG may
target both CTMCs and MMCs through FcyRs. On the one hand, the immune
complexes activate CTMCs bearing FcYRIITA, leading to cytokine release from
CTMCs; on the other hand, immune complexes induce apoptosis of MMCs. Whereas
the latter may augment DC presentation of antigens associated with apoptotic cells,
both types of mast cells may, in fact, contribute to the augmented adjuvant effect of
CTA1-DD/IgG. I propose that IgG immune complexes that target mast cells may be
considered when designing new mucosal vaccine adjuvant formulations to achieve
additive or even synergistic enhancing effects.
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