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ABSTRACT

Langerhans cells are immature dendritic cells in the skin their function is capture
intruding antigen mature and migrate to the draining lymph node where they
present the antigen to T lymphocytes and initiate an adaptive immune response.
Mast cells are critical effector cells in innate immunity, however their role in
acquired immune responses is less understood. Upon activation, mast cells
produce a number of mediators known to aid in the maturation and subsequent
migration of Langerhans cells to the draining lymph node. In this study, the
ability of locally activated mast cells to induce Langerhans cell migration was
examined. Mast cells in one ear pinna were activated using IgE and specific
antigen or S. aureus derived peptidoglycan and saline was injected as a control in
the other ear pinna. We observed a significant increase in draining lymph node
total cellularity and accumulation of Langerin-positive cells in the node draining
mast cell activated side compared to control. In W/Wv mast cell deficient mice
these responses were absent. However, this response was restored after mast cell
reconstitution. Histamine receptor blockade with cimetidine or pyrilamine
suggested that histamine is an important mediator in inducing Langerhans cell
migration in response to IgE/antigen-mediated mast cell activation but not in
response to peptidoglycan. However, experiments using TNF knockout mice
suggested an important role of this mediator in response to peptidoglycan. To
further examine possible mechanisms of peptidoglycan induced Langerhans cell
migration we examined potential molecules or receptors involved. Surprisingly,
the Langerin-positive dendritic cell migration response to peptidoglycan was
retained in TLR2 and TLR4 deficient mice but was abrogated in complement C3
deficient mice. These data demonstrate novel and distinct mechanisms whereby
mast cells participate in both lymph node activation and dendritic cell responses
and may provide new strategies for modifying host immune responses in allergic

disease and in response to infection.

xi
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CHAPTER 1

INTRODUCTION



1.1 The Immune System

Immunity is a state of protection against harmful pathogens. Our immune
response to non-self antigens has long been divided into two types, an early innate
and a later adaptive immune response. Microbial infections, in most situations, are
detected and cleared within a short time by the innate immune response before the
adaptive immune response is even activated. However, adaptive immunity is
triggered and can be particularly important when the pathogen evades or escapes
innate immunity. Each one of these responses is mediated by fundamental
processes. In this chapter some of the main aspects of the immune system that are
related to this thesis will be briefly discussed before a detailed description of the

role of mast cells in the immune response is presented.

1.1.1 The Innate Immune Response

Innate immunity is the first line of defense used against intruders. It is
primarily composed of four defensive barriers: (1) anatomic such as the skin and
the mucous membranes; (2) physiologic such as the body temperature and low
PH; (3) phagocytic and (4) inflammatory. The main features of the phagocytic and
inflammatory arms of the innate immune response are the ability to rapidly
recognize a danger signal or a pathogen, which may then trigger microbial
internalization by phagocytic cells, such as neutrophils and macrophages, and the
activation of killing mechanisms. This will also trigger the release of pro-

inflammatory cytokines and chemokines that activate and recruit other immune



(V3]

effector cells which in turn, will translate the danger signal to the adaptive
immune system, and orchestrate its development.

The key players of the innate immune system can be divided into immune
effector cells and humoral components. Key immune effector cells include cells
with phagocytic and pro-inflammatory features such as neutrophils which are
usually the first cells arriving at a site of acute inflammation. They are phagocytic
cells that are usually able to kill ingested microorganisms either though their
antimicrobial granule contents or though the production of reactive oxygen or
nitrogen species. Natural killer (NK) cells are also one of the earliest cells
involved in the response against certain viral and intracellular bacterial infections.
Their activity is stimulated by IFN-a and IFN-B which can be primairly produced
by many cell types including dendritic cells (DCs) in the blood (Ferbas et al.,
1994). Once NK cells are activated they can kill infected cells and release a large
amount of IFN-y which aids in the differentiation of cytotoxic T lymphocytes and
the induction of chemokine responses. Humoral innate immunity is mediated by
proteins such as bacteriolytic enzymes, complement components, mannose
binding proteins and soluble CD14 (sCD14). Critical innate immune effector
molecules when present on the surface of cells are called pattern recognition
receptors (PRRs). Toll-like receptors (TLRs), membrane bound (mCD14), Fc
receptors, mannose receptors and scavenger receptors are important examples of
such receptor systems.

PRRs can recognize specific structures shared between pathogens and are

not normally found in normal tissues. These structures are now identified as



pathogen-associated molecular patterns (PAMPs). These receptors often function
following the formation of a signalling complex which consists of several
molecules that interact and bind to the main ligand-binding receptor. It is also
recognized that some of the innate immune receptors can recognize multiple
ligands, each of the PRRs can initiate a signaling cascade independently, which
then may interact with other signals from the organism or from other aspects of

the host defense mechanisms to determine the eventual cellular response.

1.1.1.1 Toll-Like Receptors

Toll receptors were first discovered in Drosophila (fruit fly) where they
were shown to be essential for antifungal immunity (Lemaitre et al., 1996). They
were subsequently shown to have a homologous family in mammals identified as
TLR (Medzhitov et al., 1997). TLRs are type I transmembrane proteins identified
as a family of PRRs (Anderson, 2000). They are one of the most effective
receptors in innate immunity that recognize a wide spectrum of conserved PAMPs
including lipopolysaccharide (LPS), peptidoglycan (PGN), lipoproteins,
lipopeptides and nucleic acids including DNA and double stranded (dsRNA)
(Medzhitov and Janeway, 2000).

TLRs are characterized by an extracellular domain with leucine-rich
repeats as well as a cytoplasmic portion which is similar to the cytoplasmic
portion of the IL-1R family, identified as the Toll/IL-1 receptor (TIR) domain.

TLRs are mostly expressed on immune cells. However, other cells may also



express TLRs including endothelial cells, cardiac myocytes and intestinal
epithelial cells.

Thus far eleven members of the TLR family (TLR1-11) have been
identified (Akira et al., 2001; Zhang et al., 2004). Some of these receptors are
expressed on the surface of cells such as TLR1, TLR2 and TLR4 whereas TLR3,
TLR7, TLR8 and TLRY are expressed in intracellular compartments such as
endosomes. It has been suggested that some microbes are captured by
phagocyiosis then internalized and degraded, thus exposing their nucleic acid and
other constituents in the lysosomal compartment in which TLRs may be
expressed or recruited from other organelles. It is not well understood how
surface TLRs function, but interestingly it has been shown that TLR2 was
internalized and recruited following zymosan exposure (Underhill et al., 1999).
This suggests that the main site of recognition might be within intracellular
endosomal compartments.

Each of these TLRs responds differently to stimuli with a distinct
specificity for ligands [see table 1.1 adapted from (Marshall et al., 2003)] that is
also dependent on co-receptor function. Once microbial recognition occurs it
facilitates the dimerization of the receptors. Most TLRs homodimerize except
TLR2 which is recognized to heterodimerize with TLR1, TLR6 or TLR10. This
dimerization will then lead to a distinct signalling pathway (Ozinsky et al.,
2000b). Most TLRs function through the same signalling molecules including
MyD88, IL-1R-associated kinase (IRAK), TNFR-associated factor 6 (TRAF6)

and mitogen activated protein (MAP) kinase leading to the activation and



Tabel 1.1 Toll-like receptors and some of their activators, adapted from

Marshall er al. 2004.

Toll-like receptors

Toll-like receptor ligans

TLR1 Lipopeptides (Pam3Cys)
Gram-positive bacteria, PGN, zymosan, LTA,
Lipopeptides (Pam,Cys/Pam;Cys),
Lipoarabinomannan, LPS (P. gingivalis and L.
TLR2 interrogans), GPI-anchors from Trypansoma
cruzi, lipoarabinomannan from M. tuberculosis,
porins from Neisseria meningitides. HSP 60,
bacteria fimbriae
TLR3 Polyl:C (dsRNA)
TLR4 LPS, lipid A, RSV protein F, HSP60,
fibrinogen, M. tuberculosis
TLRS Flagellin
TLR6 PGN, zymosan, Lipopeptides (Pam,Cys)
Antiviral compound R-848, S-27609,
TLR7 Imiquimod, sSRNA
TLRS Antiviral compound R-848, ssSRNA
TLR9 Bacterial CpG DNA, CpG oligonucleotides
TLR10 Inhaled allergens?
TLR11 Uropathogenic bacteria




translocation of nuclear factor (NF-xB) to the nucleus. This pathway is usually
referred to as the MyD88-dependent pathway and is required for the production of
inflammatory cytokines (see Figure 1.1). MyD88-independent signalling
pathways have also been identified that use toll-interleukin-1 receptor interferon
inducing factor (TRIF) or other alternate adaptor molecules and are employed by
TLR2, TLR3, TLR4, TLR7 and TLR8 in response to certain ligands (Sugawara et
al., 2003; Takeda and Akira, 2004). The latter pathway induces the activation of
the transcription factor interferon regulatory factor 3 (IRF-3), and can also induce
NF-kB activation, but with delayed kinetics (Kawai et al., 1999). This pathway
has been suggested to play a greater role in the development of tolerance,
induction of apoptosis and initiation of IFN-B responses critical for anti-viral
immunity, however more studies are required to further explore these issues.
TLRs are key elements in the initiation of both innate and adaptive
immune responses against pathogens. TLR activation initiates innate immunity by
the production of pro-inflammatory mediators such TNF and IL-6. Activation of
TLRs also induces phagocytosis and microbial killing mechanisms via the
production of reactive oxygen and nitrogen species (Brightbill et al., 1999). TLRs
are also important initiators of the adaptive immune response through the
activation of antigen presenting cells (APCs). They induce the production of pro-
inflammatory cytokines such as TNF and IL-12 and up-regulate the co-
stimulatory molecules CD80 and CD86. TLR activation has also been linked to
phagocytosis. In the absence of TLR2, TLR4 or MyD88 phagocytosis of several

pathogens including S. aureus was impaired (Blander and Medzhitov, 2004). In
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Figure 1.1 A representative signaling cascade for TLR that may differ
according to the TLR being activated.



addition, TLR interaction with LPS has been shown to down regulate the
expression of CCRS and up regulate the expression of CCR7 chemokine receptors
on DCs. These receptors are required for DC migration to the lymph node (LN) to
initiate an adaptive immune response (Rescigno et al., 2000). TLR-mediated
activation of DCs often leads to the production of IL-12 which tends to direct T-
cell differentiation toward a Thl-type of response. However, it was recently
suggested that, depending on the stimuli, some TLRs can selectively induce T-cell
differentiation to either Thl or Th2 immune responses via effects on the cytokine
microenvironments and APC (Dabbagh et al., 2002).

TLRs are known to have an important role in recognizing pathogens and
inducing the subsequent release of essential mediators, however the specific role
of some TLRs in host defense is still not clear. The effect of deletion of some
TLRs on microbial infection is not always severe (Hoshino et al., 1999; Qureshi
et al., 1999). However, it has been suggested that this reflects redundancy of the
system, in which a response may be mediated by an alternate TLR or a
completely different receptor pathway.

It is important to note that TLRs usually function as a complex of
molecules which consist of TLR homodimers or heterodimers in addition to co-
receptors (such as CD14, Dectin-1) and intracellular (such as MyD8$8) and
extracellular adaptor molecules (such as MD-2). Some specific TLRs have also
been recognized to function in combination with other important immune
receptors such as Fc receptors and complement component receptors. These

interactions maybe critical since they can modify the nature of the immune
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response that develops to a given organism, particularly in the context of an

existing antibody response (Underhill, 2003).

1.1.1.2 Toll-Like Receptor 2

TLR2 has been shown to recognize a wide variety of microbial
components (see table 1.1) including PGN from Gram-positive bacteria (S.
aureus). It is expressed on monocytes, macrophages, neutrophils, dendritic cells
and mast cells. The important role of TLR2 was recognized mostly from studies
using TLR2 deficient mice which were shown to be more susceptible to Gram-
positive bacteria (S. aureus, Streptococcus pneumoniae and M. tuberculosis) than
wild type mice (Echchannaoui et al., 2002; Koedel et al., 2003; Reiling et al.,
2002; Takeuchi et al., 2000). LPS, a component of Gram-negative bacteria is
usually recognized by TLR4; however some LPS structural variables have been
shown to be recognized by TLR2, such as LPS from P. gingivalis. Interestingly,
TLR2 responses to such LPS requires the presence of CD14 (Werts et al., 2001).

The reason why TLR2 can recognize such a wide spectrum of pathogen
components compared to most other TLRs might be explained by two proposals
(Takeda and Akira, 2005). The first is their ability to form heterodimers with
other TLRs, which as mentioned earlier include TLR1, TLR6 (Ozinsky et al.,
2000a) and TLR10 (Hasan et al., 2005). The second proposal is their ability to
cooperate with a number of other receptors and co-receptors. For example, TLR2
recognizes fungal components such as yeast zymosan in collaboration with

dectin-1 (Gantner et al., 2003).
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1.1.1.3 Toll-Like Receptor 4

TLR4 was the first mammalian TLR discovered and is also the best
characterized member of the TLR family. Its most significant feature is the
recognition of the Gram-negative bacterial cell wall component LPS (the main
inducer of septic shock). Studies using knockout mice confirmed the essential role
of TLR4 in LPS induced responses (Hoshino et al., 1999). TLR4 can also
recognize other microbial products (see table 1.1), however, most studies of TLR4
have been performed with LPS. It has been shown that TLR4 mediated responses
to LPS on DCs induce the secretion of IL-12, CXCL10/IP-10 and IFN-B (Re and
Strominger, 2001). TLR4 function as a receptor requires the presence of other
molecules, including CD14 and MD-2. MD-2 is a glycoprotein that appears to
function as a secretory protein. MD-2 lacks a transmembrane domain, but still
remains associated with cells through the interaction with TLR4 extracellular
domain. MD-2 has a high affinity for LPS and has been shown to be required for
TLR4 mediated responses (Nagai et al., 2002). In a recent study it was shown that
in the presence of CD14, LPS can come in close proximity with TLR4 and MD-2
(da Silva Correia et al., 2001). It is important to know that even very small
amounts of LPS can activate TLR4 on some cell types, thus it is important to be
extremely cautious, since any contamination of ligands with LPS might give

wrong information.
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1.1.1.4 CD14

CD14 is a cell surface glycosylphosphatidylinositol (GPI)-liked 55 kDa
glycoprotein, which contains 8-10 leucine-rich glycoprotein repeats. CD14 lacks a
transmembrane or cytoplasmic domain so it may not transduce signals
independently. This mCD14 is highly expressed by monocytes and macrophages.
CD14 is mostly studied in the context of LPS recognition as it has a high-affinity
for LPS, but it also has the ability to recognize other microbial substances
including PGN, lipotechoic acid and lipopeptides (Dziarski et al., 1998) by acting
as a co-receptor for both TLR4 and TLR2. Several studies using CD14 antibodies
and CDI14-/- mice have demonstrated the important role of CD14 for LPS
responses (Haziot et al., 1995) with CD14-/- mice shown to be >100-1000 times
less sensitive to LPS. It has been widely suggested that once LPS is introduced in
the host it will be captured by the LPS binding protein (LBP) which will in turn
transfer single LPS molecules from aggregates onto the membrane bound CD14.
Consequently, CD14 will form a receptor complex with both TLR4 and MD2
molecules. Although LBP enhances CD14 responses to LPS it does not do so for
PGN (Gupta et al., 1996b). In addition, CD14 may not be as important for PGN
mediated responses as for LPS, since CD14-/- mice are only 5-10 times less
sensitive to PGN than wild type controls. Interestingly, PGN unresponsive CD14
negative cells become responsive following transfection of these cells with CD14
(Gupta et al., 1996b). In addition, CD14 antibodies inhibit binding and activation
of CD14 positive cells by PGN, demonstrating a role for this molecule in some

PGN responses (Weidemann et al., 1994).



CD14 is also exists in a soluble form (sCD14), with the same sequence but
no GPI anchor; it is present in serum and milk at a concentration of 2-4pg/ml
(Grunwald et al., 1992). sCD14 has been shown to bind to LPS, soluble PGN,
muramy] dipeptide, but not PGN pentapeptide. sCD14 has been shown to form
complexes with LPS and activate mCD14 negative cells such as epithelial cells
and fibroblasts. It has also been shown to form complexes with PGN, but this
interaction has not been shown to enhance responses of mCD14 negative cells,
although it enhances activation of mCD14 positive cells by PGN (Dziarski et al.,

2000).

1.1.1.5 Dectin-1

Dectin-1 is a C-type lectin, identified as a major phagocytic receptor that
has the ability to recognize the yeast product zymosan (Brown and Gordon,
2001). As mentioned earlier dectin-1 has recently been found to cooperate with
TLR2 to mediate an immune response to zymosan. In this study, it was shown
that zymosan-mediated TLR2 activation induces the production of TNF, whereas
zymosan-mediated dectin-1 activation induces phagocytosis and the production of
reactive oxygen species. However, only in the presence of both receptors will IL-
12 be produced by zymosan activated cells (Gantner et al., 2003). Dectin-1 is also
important in responses to other fungal pathogens such as Candida albican (Brown

and Gordon, 2001).
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1.1.1.6 Nucleotide-Binding Oligomerization Domain

The nucleotide-binding oligomerization domain (NOD) is a family of
Cytoplasmic proteins that function as intracellular recognition proteins
independent of TLRs. Two members have been identified from this family NOD1
and NOD2 each with a nucleotide-binding site and a leucine-rich repeat (Inohara
et al., 2002). Both NOD1 and NOD2 have the ability to recognize PGN, however
each one recognizes a distinct structure within PGN. NODI recognizes
“glutamyl-mesodiaminopimelic acid” and is widely expressed by several cells and
tissues, whereas, NOD2 recognizes the low molecular weight PGN fragment
“muramy] dipeptide” and its expression is thus far restricted to monocytes
(Inohara et al., 2002; Ogura et al., 2001). Interestingly, NOD2 activation has been
shown to produce inflammatory signals that amplify the TLR signalling response
(Nau et al., 2002). NOD2 mutations have been associated with Crohn’s disease,
but its role in the disease process is still unknown. However, one interesting
observation is that in the presence of NOD2 mutations TLR2-mediated activation

of NF-xB is enhanced (Watanabe et al., 2004).

1.1.1.7 Ppetidoglycan Recognition Proteins

Peptidoglycan recognition proteins (PGRPs) are another important family
of pattern recognition molecules of innate immunity. Thus far four human PGRPs
have been identified PGRP-S, PGRP-L, PGRP-Ia and PGRP-IB. Originally they
were thought to only bind PGN and Gram-positive bacteria. However, PGRPs

have recently been shown to bind Gram-negative bacteria and some fungi which
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broadens their spectrum of recognition (Dziarski, 2004). Although their role in
recognizing and binding PGN has been confirmed, the exact role of these PGRPs
in innate immunity and their interaction with other receptor systems such as TLRs

is not known.

1.1.1.8 The Complement System

The complement system is the major effector arm of the humoral
components of the innate immune system. It consists of at least 30 soluble or
membrane bound components which are proteins or glycoproteins mostly
synthesized by the liver. They usually circulate in the serum in an inactive form,
activated with an enzymatic cascade. The complement system can be activated by
three pathways: (1) the classical pathway which is mainly activated by the
interaction of Clq with an immune complex and thereby requires some pre-
existing antibodies. Non-immune molecules (such as small polysaccharides, C
reactive proteins, serum amyloid A and bacterial, viral and fungal membrane
components) have also been shown to activate this pathway early in innate
immune responses; (2) the alternative pathway which is initiated by the
interaction of C3 and carbohydrate particle such as yeast cell wall and bacterial
cell wall; (3) the lectin pathway which is activated by mannose-binding lectin
binding to mannose residues on glycoproteins or carbohydrates on the surface of
microorganisms.

Complement components and their activated products can bind to specific

receptors present on a variety of cells inducing a wide range of functions. Most of
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the biological activities of the complement system significantly affect both the
innate and adaptive immune response. The most critical functions include: (1)
protection against microbial infection either though the formation of the
membrane attack complex mediating cell lysis, or through opsonization of
pathogens promoting phagocytosis, or through the activation of immune effector
cells; (2) bridging the innate immune response to the adaptive immune response
through the effect of CR2 on B lymphocytes; and (3) immune clearance by
disposing of immune complexes as well as apoptotic and toxic cellular debris
reviewed in (Gasque, 2004) .

As mentioned earlier, the complement system can be activated by three
different pathways. It is important to note which components are involved in each
pathway. Some of the components are shared, whereas some components are
specific to a particular pathway. Experimental inhibition of specific components
can be particularly useful to identify the exact pathway involved in a specific
response. Specific complement deficient mice, such C3 or C4 knockouts are also
extremely valuable in the identification of certain pathways. Since C3 is involved
in all the three pathways, using C3 knockout mice can provide evidence about the
general involvement of the complement system in a specific response, which

could be followed-up by a more specific knockout or blocking antibody approach.

1.1.2 The Adaptive Immune Response
Adaptive immunity is the second line of defense which recognizes specific

antigens on pathogens. This system primarily involves the function of
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lymphocytes and APCs. The main features of the adaptive immune response are
the utilization of gene rearrangements which mediate the development of a large
diversity of antigen specific cells and the ability to maintain memory cells. The
process of generation of an adaptive immune response requires functional
presentation of antigens most often by DCs leading to the activation and

proliferation of specific T cells and B cells.

1.1.2.1 Dendritic Cells

DCs are bone marrow derived leukocytes that constantly enter and migrate
through most tissues in the body. They are characterized by a dendritic
morphology with constitutive expression of MHC class I and II molecules. They
are found in lymphoid tissues and at sites that come in close contact with the
external environment such as the skin, the intestine and the respiratory tract where
they act as sentinels of the immune system. As they recognize a danger signal in
the local environment they translate that signal by stimulating antigen-specific T
lymphocytes to initiate an appropriate immune response. This will be discussed in
more detail later. In the blood, DC precursors can directly encounter pathogens
and secrete a large amount of some cytokines, specifically IFN-o, which in turn
can activate other immune cells including macrophages, eosinophils and NK cells.
The term “dendritic cell” has been widely used to represent all the members of
this type of cell including the Langerhans cells (LCs) in the skin, the

interdigitating dendritic cells (IDCs) in the T cell area of the lymphoid tissues and
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the veiled cells in the lymph. It is important to note that these types of cells share
some general features, however they differ in location and function.

DCs were first discovered in 1868 by Langerhans. It was the LCs in the
skin that were first noted and due to their dendrites they were dismissed as cells of
neuronal origin (Langerhans, 1868). Almost a century later LCs started to be of
large interest and received widespread attention as accessory cells with essential
roles in mediating immune responses. In 1961 Birbeck et al. discovered a unique
marker for LC, now known as the Birbeck granules (Birbeck MS, 1961).
Subsequently these organelles were found in irregular cells in the LN (Kondo,
1969; Vernon et al., 1973). At this time LCs were found to have a migratory
ability (Hashimoto and Tarnowski, 1968) and dendritic shaped cells (IDCs) were
demonstrated in the lymphoid tissue. In 1973 Steinman and Cohn identified DCs
in mouse spleen with a distinct role as APCs (Steinman and Cohn, 1973). In 1976
LCs were shown to migrate from the skin through the lymphatics into the draining
LNs and thus, highly suggested to transport antigens from the periphery into the
lymphoid tissues (Silberberg et al., 1976). Rowden et al. then showed that DCs of
all types express high levels of MHC class II which place them in the group of
professional APCs (Rowden et al., 1977). Shortly after that, they were widely
accepted as potent T cell activators and fundamental in the initiation of primary

immune responses (Klinkert et al., 1980; Steinman and Witmer, 1978).
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1.1.2.2 Dendritic Cell Heterogeneity

Four stages have been identified for DC development, the bone marrow
progenitors, the blood, lymph and lymphoid organs precursors, the tissue resident
immature DCs, and finally the secondary lymphoid tissue DCs. The heterogeneity
of DCs differs slightly among species. In mice, two subsets were first identified,
CD$" and CD8DCs which were thought to originate from lymphoid and myeloid
precursors respectively. However, more recently grouping DCs into different
subsets turned out to be much more complex than this. Indeed in the lymphoid
tissues alone, five subsets of mature DCs have been identified thus far (see table
1.2). In addition to the LCs in the epidermis, the dermal DCs in the dermis and the
CD11c" plasmacytoid DCs which are present in most lymphoid tissues.
Interestingly, it is now clear that both lymphoid and myeloid precursors can give
rise to all DC subsets but with some bias in the subset balance (Manz et al., 2001;
Traver et al., 2000; Wu et al., 2001). Although the terms lymphoid or myeloid
DCs are still commonly used, they no longer indicate their origin. These subsets
share some similarities such as the expression of CD11c, moderate to high MHC
class II, the costimulatory molecules CD80, CD86 and CD40. However; they
differ in phenotype, with the most significant markers used to segregate these
subsets being CD4, CD8, CD11b and CD205 (Shortman and Liu, 2002). These
subsets also differ in location and function (see Table 1.2). Some of the functional
differences include the ability to determine the fate of the activated T cells. Most
studies in the past suggested that CD8" DCs induce a Thl response while CD8"

DCs induce a Th2 response. However, it is now recognized that CD8 DCs can



Table 1.2 The characteristics of mouse dendritic cell subtypes.

Characteristics Mouse DC subtypes
Surface marker | MHCclass | MHCclass | MHCclass | MHC class | MHC class
I, CDll¢, II, CDllc, II, CDl1lc, II,CDllc, 11", CDL11c,
CD3o0, CDS0, CDS0, CDS0, CD80",
CD86, CD86, CD86, CD86, CD86"f,
CD40, CD4" | CD40 CD40 CD40 CD40" )
,CD8', | CD4",CDS§, | CD4,CDS8, | CD4",CDS, Langerine'_“
DEC-205" | CD11b* CDI11b" CD11b", DEC-205"
DEC-205™¢ | CDg"
(might be (might be
the mature the
formofthe | emigrated
interstitial LC from the
DCs) skin)
Location Inthe T cell | Inthe In the In all LNs In the skin
rich areas of | marginal marginal derived LN
PALS inthe | zone zone
spleen and bridging bridging
LN channels of | channels of
Dominate in | the spleen the spleen
the thymus
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also induce a Thl response and that this balance can change depending on the
stimuli and microenvironment (Pulendran et al., 2001).

In the human, only a few studies deal with DC subsets due to the difficulty
in accessing freshly isolated human tissues. The most easily available source is
the blood which mostly contains immature DCs or DC precursors which have
been subdivided into three subsets: [see Figure 1.2 adapted from (Banchereau et
al., 2000b)]: (1) CD14", CD11c" and CDIla™ monocytes, which originate from
myeloid progenitors and under the influence of GM-CSF and IL-4 differentiate
into immature DCs; (2) CD14", CD11c" and CDla" cells are also from myeloid
origin and differentiate into LC in response to GM-CSF, IL-4 and TGFB. Both of
these precursors can differentiate into macrophages in response to M-CSF; and
(3) CD14, CD1lc, CDla and IL-3Ra” cells probably originate of lymphoid
progenitors and are also called IFN-a producing cells or plasmacytoid DCs. They
differentiate into immature DCs in response to IL-3 (Banchereau et al., 2000a).
All of the immature DCs differentiate into mature DCs in response to danger
signals such as pro-inflammatory cytokines or pathogen products. Follicular DCs
are another type of DC. They are present in the lymphoid organs especially, in the
B cell area, but their origin is still controversial. Human DCs can also be divided
based on their location into LC in the skin, interstitial DCs in the dermis,
interdigitating DCs in T-cell zone area of the lymphoid tissues, germinal center
DCs, splenic marginal DCs, thymic DCs, liver DCs and blood DCs. Theses cells

can also be divided based on the outcome of the immune response they have
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Figure 1.2 Dendritic cell precursors in human blood
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mediated if it is toward a Thl or Th2 response or whether they induce immunity

or tolerance.

1.1.2.3 Langerhans Cells

LCs are important sentinels in the skin that can initiate systemic immune
responses. They were the first DCs to be described (Langerhans, 1868). They are
present in the epidermis where they form a continuous network of immature DCs
that are specialized in capturing intruding microbes or any environmental antigen.
Once they internalize and process the intruder they begin to mature and migrate to
the draining LN. In the LN they present antigen fragments complexed to MHC
class II molecules which allow specific selection for antigen-specific T
lymphocytes from circulating T cells inducing their proliferation and
differentiation. Once T cells are activated they proliferate and can migrate to the
infected site under the influence of appropriate chemokine and cytokine signals
(Cumberbatch et al., 2000a) (see Figure 1.3).

LCs are characterized by their dendritic morphology. They have a
lobulated nucleus and clear cytoplasm containing microtubules, microfilaments
and lysosomes. One of the main morphological characterization of LCs is the
presence of Birbeck granules (Birbeck MS, 1961) which are rod-shaped
organelles with a center zipper-like striation observed only by electron
microscopy, occasionally having a vesicular dilatation at one end forming a
tennis-racket shape. LCs share some similarities with other DCs, but also express

some specific markers that differentiate them from other DCs. LCs express MHC
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class I and II (Klareskog et al., 1977; Rowden et al., 1977), CD1a (Fithian et al.,
1981; Murphy et al., 1981), the costimulatory molecules CD80, CD86, adhesion
molecules such as ICAM-1, ICAM-3 and LFA-3 (Teunissen et al., 1990), which
are important for naive T cell interactions, complement receptors such as CR3 and
Fc receptors such as FcyRII (Stingl et al., 1977). The high affinity receptor FceRI
for IgE antibodies is absent on mouse LCs, but is expressed on human LCs. LCs
also express several C-type lectins which might be important for antigen uptake
and internalization such as the macrophage mannose receptor (MMR), DEC-
205/CD205, TLRs such as TLR1, TLR2, TLR3, TLRS, TLR6, TLRS and TLR10
(Kadowaki et al., 2001), Dectin-1 and Dectin-2. DC-SIGN is absent on LC but
has been shown to be up-regulated following their activation and to play an
important role in T cell interaction. Langerin is a type II C-type lectin and its
formation is associated with the BG. This molecule is very important as a LC
marker because it is only expressed by LCs. A small percentage of IDC have been
shown to express Langerin, since they are mainly present in LNs draining the skin

it is thought that they represent the newly arrived LCs from the skin.

1.1.2.4 Antigen Capture

One of the fundamental features of immature DCs is their efficient role in
antigen capture. DCs have the ability to capture antigen in multiple ways
including (1) phagocytosis, which is the ingestion of particles (e.g. apoptotic and
necrotic fragments, or whole microorganisms such as viruses and bacteria)

through the expansion of the plasma membrane around the particulate material
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forming a large vesicles called a phagosome which will eventually fuse with the
lysosome; (2) endocytosis which is frequently receptor-mediated in which
extracellular antigen is internalized after the binding to specific receptors on the
cell surface such as the C-type lectin receptors including DEC-205, Langerin,
DC-SIGN, mannose receptors and Fc receptors; and (3) a modified type of
endocytosis is known as macropinocytosis in which extracellular fluid and solutes
are internalized through the formation of large pinocytic vesicles (Banchereau et

al., 2000b).

1.1.2.5 Antigen Processing and Presentation

Antigen processing is a way of degrading the antigen taken up by DCs
into small peptides that can associate with MHC complexes to be recognized by T
lymphocytes. Exogenous antigens are found outside the host cell and enter the
cell by phagocytosis or endocytosis. The antigen is subsequently degraded in
endosomes and transported to MHC class Il-rich compartments (MIIC). MHC
class II molecules are associated with an invariant chain which is degraded by
cathepsin S after DC maturation which in immature DCs is inhibited by cystatin
C. A non-classical MHC class II molecule HLA-DM plays an important role in
removing the invariant chain peptide. This allows the antigenic peptides to be
loaded onto the MHC class II peptide-binding cleft and subsequently transported
to the plasma membrane to be presented. This peptide-MHC class 11 complex can
then be recognized by CD4" T cells. MHC class II molecules usually have a short

half life and are rapidly internalized in immature DCs. However, upon DC
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maturation, there is a burst in synthesis of MHC class II that is transported to the
membrane in association with antigenic peptides where it remains stable for
several days (reviewed in (Banchereau et al., 2000b)).

Endogenous antigens are produced intracellularly, examples include,
replicating viruses or selected proteins synthesized by cancerous cells. These
proteins are degraded within the cytoplasm by proteosomes and transported into
the endoplamic reticulum (ER) in an ATP-dependent manner by the transporter
protein TAP (transporter associated with antigen processing). In the ER the
degraded peptides associate with MHC class I and B,-microglobulin exit the ER
and move to the cell surface to be presented and recognized by CD8" cytotoxic T
cells.

In addition to this classical pathway, DCs also have the ability to load
MHC class I molecules with exogenous antigens. Several routes have been
described, a TAP-independent route (Pfeifer et al., 1993), a phagosome to cytosol
pathway which is TAP-dependent and an immune complex captured pathway

(Kovacsovics-Bankowski et al., 1993; Kovacsovics-Bankowski and Rock, 1995).

1.1.2.6 Non-Peptide Antigen Presentation

MHC class I and II present antigenic peptides whereas antigenic lipid and
glycolipid molecules derived from pathogenic bacteria are presented by members
of the CD1 family. The CD1 family have been identified as a non-classical
antigen-presenting molecule which share structural similarities with MHC class I

molecules. Both endogenous and exogenous lipid antigens can be processed by
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this pathway. Recent studies show that CD1 molecules process their antigen in a
TAP-independent manner which suggest the existence of a third pathway for
processing antigens (Burdin and Kronenberg, 1999; Porcelli and Modlin, 1999).
In humans, four CD1 molecules have been identified (CD1a-d) whereas in mice
only one (CD1d) has been described. Most of these molecules present antigens to
a large repertoire of T cells except CD1d which activates a more restricted set of

T cells as well as NK T cells (Kitamura et al., 1999).

1.1.2.7 Dendritic Cell Maturation

Maturation is a key step in DC development where immature DCs, such as
LCs, undergo a number of phenotypical and morphological changes that enable
them to undertake their function as APCs. This process starts upon recognition of
a danger signal and terminates during DC-T cell interaction. Some of the factors
that could trigger LC maturation include GM-CSF, TNF, IL-1B, CD40 ligand,
LPS and other TLR ligands as well as some endogenous factors such as heat
shock proteins. The main phenotypic changes that LCs undergo are the loss of the
ability to effectively capture antigens through their loss of endocytic receptors, the
down-regulation of many of their inflammatory associated chemokine receptors
including CCR1, CCR2, CCR4, CCRS5, CCR6, CXCR1, CXCR2 and CXCR4. At
the same time they up-regulate the expression of the chemokine receptor CCR7 as
well as the costimulatory molecules CD40, CD80 and CD86 (Dieu et al., 1998;
Gunn et al., 1998; Sallusto et al., 1998). LCs also undergo morphological changes

which includes the loss of adhesive structures and cytoskeleton reorganization,
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shift in the lysosomal compartments and change in MHC class II compartments

(Winzler et al., 1997).

1.1.2.8 Dendritic Cell Migration

In general two major forms of DC migration have been identified in vivo.
The first form is the migration of DC precursors from the bone marrow through
the blood into the tissue (Charbonnier et al., 1999; Dieu et al., 1998; Dieu-
Nosjean et al., 2000). The second form is the migration of DCs from the tissues
through the afferent lymph into the T cell rich area of lymphoid organs.
Knowledge in DC migration mainly comes from studing LC migration from the
skin into the draining LN, which is also the form of migration examined in our
studies and thus the focus of the next section. It is important to know that a small
percentage of LC continuously migrate out of the epidermis into the draining LN
in a steady state. However, during inflammation, the rate of LC migration
increases, such that up to 30% local depletion may be observed. Before discussing
how LCs leave the epidermis it is also important to know what normally keeps
these LC in the epidermis. LCs express high levels of E-cadherin, a family of
homophilic adhesion molecules that mediate intercellular adhesion between LCs
and keratinocytes they also serve to maintain tissue integrity (Tang et al., 1993).
TGF-B is locally produced by keratinocytes and may be a key molecule that
retains LCs in the epidermis, since TGF- knockout mice are deficient in LCs in
the skin, but not in their precursors in the bone marrow (Borkowski et al., 1996;

Borkowski et al., 1997). TGF-B has also been shown to inhibit LC maturation in



response to pro-inflammatory cytokines (Geissmann et al., 1999). In addition, IL-
10 and lactoferrin, which are both constitutively produced in the epidermis, down
regulate LC maturation and mobilization, respectively (Cumberbatch et al.,
2000b; Wang et al., 1999). It is interesting to note that any perturbation in the skin
microenvironment, by physical, chemical or biological factors, may provide a
danger signal and shift the balance to favor LC activation and mobilization. In the
skin, following LC activation, they migrate from the epidermis to the draining
LNs.

The most common factors that have been shown to induce LC migration
include contact sensitizing agents, LPS, CpG DNA and the pro-inflammatory
cytokines TNF and IL-1B. Interestingly, intradermal injection of either TNF or IL-
1B mobilizes LC from the skin and induces the accumulation in the draining LN
(Cumberbatch and Kimber, 1992; Enk et al., 1993). It is thought that in response
to contact allergen IL-1p will be released mainly from LC themselves which then
stimulate the production of TNF from adjacent cells such as keratinocytes, which
in turn will induce LC maturation and migration through the up-regulation of
CCR?7 which is required for LC migration (Cumberbatch et al., 2000a).

CD40-CD40 ligand interaction in the skin has also been shown to be
required for LC migration (Moodycliffe et al., 2000). In a contact hypersensitivity
model using CD40 ligand deficient mice, LC failed to migrate to the draining LN.
This response was then shown to be associated with decreased production of

TNF. The exact source of TNF and the CD40-CD40 ligand interacting cells in the



skin have not been identified. However, some evidence suggests a role for mast
cells expressing CD40 ligand.

Two lipid transporters have also been shown to be required for LC
migration. Multidrug resistant transporter (MDR-1) is a membrane protein that
acts as an ATP-dependent drug-efflux pump and regulates DC migration
(Randolph et al., 1998). Multidrug resistant related protein 1 (MRP-1) also
mediates DC migration., since DC migration is inhibited in MRP-1 knockout
mice. MRP-1 mediates the secretion of LTC,; which converts into LTD; and
LTE,. Injection of these leukotrienes reversed DC migration inhibition in MRP-1
knockout mice (Robbiani et al., 2000). Based on this result it was hypothesized
that MRP-1 was mainly required in LC migration for the transport of secreted
leukotrienes, the source of which could either be LC themselves or other
neighboring cells, and to up-regulate LC CCR7 expression and function.

One of the first steps in LC migration is the down regulation of E-cadherin
which has been shown to be mediated by the exposure to TNF and IL-1B. LPS has
also been shown to reduce E-cadherin surface expression, but as an indirect effect
through the induction of TNF (Jakob and Udey, 1998). Once LCs lose such
adhesion molecule expression LCs begin to move slowly by squeezing themselves
between keratinocytes. This has been nicely demonstrated by Romani et al. using
electron microscopy of skin explant cultures (Romani et al., 2001). In order to
enter the skin dermis LCs face their biggest barrier, the basement membrane
which mainly consists of type IV collagen. Several studies have determined that

the matrix metalloproteinases (MMP) enzymes are crucial for penetrating the



basement membrane by LCs, especially MMP9 and MMP2 (Kobayashi et al.,
1999; Lebre et al., 1999; Ratzinger et al., 2002). The plasminogen activator
enzyme system has also been suggested to be involved in LC penetration of the
basement membrane (Chapman, 1997). However, this still needs to be confirmed.
Once LCs reach the dermis they still face collagenous and elastic fibers through
which they have to migrate. Integrin molecules, specifically o integrin, have been
indicated to be involved in the transmigration of LCs. Antibodies to s integrin
have been shown to significantly inhibit the migration of LCs in response to TNF
(Price et al., 1997). CD44, which is a receptor for hyaluronic acid, a component of
the dermal matrix, has also been suggested to aid in the penetration of the dermal
basement membrane by LCs (Weiss et al., 1997). Not much is known regarding
LC entry into the lymphatic vessels which are lined by a thin layer of endothelial
cells. Once in the LN, LCs move to the T cell area most likely through the
interaction of selectins and integrins. Chemokines and their receptors have also
been shown to play an extremely important role in LC migration within the node
which will be discussed later. DCs have only been seen in the afferent lymphatics,
but not in the efferent, which indicates DC death or major morphological changes

following their interaction and activation of antigen-specific T lymphocytes.

1.1.2.9 Chemokines and Chemokine Receptors Involved in LC Migration
Chemokines are crucial for LC migration since they are what guide and
direct LCs to the appropriate site. It is well recognized that LC maturation and

migration is associated with a change in their expression of chemokine receptors.
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During skin inflammation, numerous chemokines are produced including
RANTES/CCL5, MIP-1o/CCL3, MIP-1B/CCL4, MCP-1/CCL2, TARC/CCL17,
MDC/CCL22, MIP-30/CCL20 IL-8/CXCL8 and SDF-1/CXCL12. Immature DCs
have been shown to express a wide range of inflammatory chemokine receptors
including CCR1, CCR2, CCR4, CCRS, CCR6, CXCR1, CXCR2 and CXCR4
(Sozzani et al., 1999) Upon maturation, immature DCs have been shown to down-
regulate the expression of these chemokine receptors allowing them to leave the
site of inflammation. It has been suggested that during inflammation LC
precursors are being recruited from the blood through the chemotactic effect of
these chemokines to replace the LC that have left the epidermis to migrate to the
draining LN.

Subsequent to the down-regulation of these chemokine receptors, LCs up-
regulate the chemokine receptor CCR7 (Forster et al., 1999) and acquire
responsiveness to its ligands CCL19/MIP-3f (also known as Ebstein-Barr virus-
induced molecule 1 ligand chemokine (ELC)/ Exodus3) and CCL21/6Ckine (also
known as secondary lymphoid-tissue chemokine (SLC)/ Exodus2). Consequently,
LCs will enter the lymph in response to the chemotactic effect of CCL21
constitutively expressed on lymphatic vessels (Saeki et al., 1999). This will lead
them into the subcapsular region of the LN. LCs will then be attracted into the
paracortical area of the LN in response to both CCL19 and/or CCL21 which are
produced in the T cell area of the nodes (Gunn et al., 1998). Interestingly, the
newly arrived DCs might become a source of these chemokines themselves,

which in turn attract naive T lymphocytes into this area (Gunn et al., 1999; Stein



et al., 2000). The essential role of CCR7 was noted in CCR7 knock-out mice
studies in which LCs failed to migrate into the LN (Forster et al., 1999). CCR2
the receptor for the chemokine MCP1-4 (macrophage chemoattractant protein)
has also been shown to play an important role in DC migration but the exact role
will require further investigations (Sato et al., 2000). Upon DC-T cell interaction
DCs will undergo the final stage of maturation in response to maturation signals
received from CD40 ligand, OX40 ligand, RANK/TRANCE and 4-1BB
molecules which will induce the production of other chemokines such as IL-
8/CXCL8 and fractalkine that attract T lymphocytes (Adema et al., 1997;
Kanazawa et al., 1999). CD40-CD40 ligand interaction has also been reported to

extend DC survival through the up-regulation of anti-apoptotic genes.

1.1.2.10 T Cell Priming

While all APC such as B cells and macrophages can activate previously
primed T lymphocytes, one of the most crucial features of DCs is their ability to
prime naive T lymphocytes. It has been recognized that in order for DCs to find
the rare naive T cells bearing T cell receptors (TCRs), specific for the particular
antigen they have taken up, they form cell aggregates. This allows efficient
antigen sampling which in the event of exact recognition will lead into an even
stronger DC-T cell interaction. The formation of these aggregates is mediated by
several molecules such as the intracellular adhesion molecule-1 (ICAM-1) which
interacts with its T cell ligand LFA-1. Antibodies directed to either one of these

molecules have been shown to inhibit aggregate formation and the consequent
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signalling between DC and T lymphocytes (Scheeren et al., 1991). ICAM-3 also
interacts with LFA-1 and is constitutively expressed by immature DCs. Since the
expression of ICAM-1 is low, but increases following interaction, it is thought
that ICAM-3 is involved in the early interaction while ICAM-1 is more important
in stabilizing the antigen-dependent events (McBride and Fathman, 2002). DC-
SIGN/CD209 which is up-regulated on LCs following antigen capture has a high
affinity for ICAM-2 and ICAM-3 on T lymphocytes and is thought to be one of
the main molecules facilitating DC-T cell aggregate formation (Geijtenbeek et al.,
2002; Geijtenbeek et al., 2000). This interaction allows the TCR to sample for
specific antigen-MHC class II complexes. In the absence of antigen recognition, T
cells dissociate from DC and continue to circulate to other LNs to sample other
DCs. It is believed that even in the absence of antigen specific TCR, forming
antigen-independent aggregates induces a weak signal that mediates some level of
T cell survival. However, the recognition of antigen-MHC class II complex, by
TCR induces “signal one” for T cell activation. This will then facilitate the further
interaction between costimulatory molecules on DCs CD86 (B7-2) and CD80
(B7-1) and their ligand CD28 on T lymphocytes which will provide “signal two”.
CD2 interaction with LFA-3 on DCs can also induce “signal two”, but T cell
activation and proliferation is thought to be much weaker than with classical
CD28 and its ligands interaction. Several other molecules have also been shown
to be involved in the DC-T cell interaction such as OX40 expressed on activated

lymphocytes interacting with 0X40 ligand expressed on DCs, 4-1BB on activated



lymphocytes acting as a co-stimulatory molecule through the interaction with 4-
1BB ligand present on mature DCs (McBride and Fathman, 2002).

It is also widely recognized that during DC-T cell interaction, T cells
provide essential signals for DCs through the interaction of several molecules,
most critically CD40-CD40 ligand. It is thought that this will condition DCs to
perform specific functions such as priming naive CD8" T cells directly in the
absence of CD4" T helper cells. It was initially thought that CD4" T cells and
CD8" T cells must recognize the antigen on the same DC for full activation.
However, it is now recognized that DCs can become licensed to activate CD8* T
cells in the absence of T helper cells (Bennett et al., 1998; Ridge et al., 1998;
Schoenberger et al., 1998). CD40-CD40 ligand interaction also induces increased
up-regulation of the costimulatory molecules CD80 and CD86 on DCs mediating
the final stage of maturation and enhancing their antigen presentation capability.

The interaction of naive T cells and DCs is complex. For instance in order
to interact and induce the appropriate signals. both cells have to undergo
cytoskeletal reorganization of surface receptors and signalling molecules. Al-
Alwan et al. demonstrated that DCs actively polarize their actin cytoskeleton
when they interact with T cells, which is important for both clustering and
activation of resting T cells (Al-Alwan et al., 2001). Thus, receptors involved in
DC-T cell interaction accumulate preferentially at one pole of the cells coming in
close proximity to their ligands on the other cell. This type of interaction is
referred to as the “immunological synapse” which only lasts for a short time but is

critical for optimal T cell activation (Grakoui et al., 1999).



DCs can prime naive CD4™ T cells through the interaction with MHC class
II and release of IL-12 and IFN-y that induce the production of Th1 helper cells,
which in turn activates macrophages and promotes the differentiation of cytotoxic
T cells. In contrast, in the presence of IL-12 and IL-4 DCs induce the production
of Th2 helper cells which secrete IL-4 and IL-5, which in tumn activates
eosinophils and B lymphocytes promoting the production of appropriate
antibodies (Maldonado-Lopez and Moser, 2001). The ability of DCs, activated in
different ways, to influence the nature of the ensuing T-cell mediated response
has lead to increased interest in the mechanisms of DC activation particularly in

the context of vaccine development.

1.2 Mast Cells

Mast cells are immune effector cells, best known as the histamine
producers in allergic disease. However, in this chapter substantial evidence will
be provided to the reader to show the good side of mast cells. For example, they
are important for host defense against pathogens, mostly in innate immunity but
also with high potential in modulating adaptive immunity. Furthermore, not only
are these cells normally beneficial to the host but also represent a key cell for
manipulating immune responses and are therefore great targets for therapeutic
use.

Mast cells were first recognized by Paul Ehrlich who identified them as
“mastzellen” which means well-fed cells due to the large amounts of granules

present in their cytoplasm (Ehrlich, 1878). Mast cells are single nucleated cells



with a round, oval or elongated shape ranging from 10-18 microns in size. They
contain several types of granules which vary according to their location and
differentiation status (Dvorak, 1986). They are long lived cells as they can live in
tissues for up to several months.

Mast cells are bone marrow derived cells expressing CD34, c-kit (CD117)
and CD13 in humans whereas in mice they express low levels of Thy-1 and c-kit.
They also characteristically express the high affinity receptor for IgE (FceRI).
They enter the blood as undifferentiated cells which then migrate into the tissues
to undergo maturation under the influence of local factors provided by stromal
cells. The most important factor required for mast cell differentiation is stem-cell
factor (SCF) which is the ligand for the c-kit tyrosine kinase associated growth
factor receptor on mast cells (Tsai et al., 1991). This factor not only mediates
mast cell differentiation, but also regulates mast cell proliferation and survival.
IL-3 is considered crucial for mouse mast cell growth and development in
response to SCF based on in vitro studies, however, the role of IL-3 in human
mast cell development is still controversial. During immunological responses,
mast cells can undergo changes in number and phenotype which can be regulated,
in addition to SCF and IL-3, by IL-4, IL-9, IL-10, IL-12 and Nerve Growth Factor
(NGF) (Marone et al., 2002).

Mast cells express a number of receptors that are essential for their role in
immune responses including multiple Fc receptors, complement receptors and

TLR. Mast cells can be activated by a wide range of stimuli which lead to the



release of pharmacologically active mediators most of which play essential roles

in immune responses (to be discussed).

1.2.1 Mast Cell Distribution

Mast cells are widely distributed in the body. They are frequently located
at sites often exposed to the external environment such as the skin where they
have been estimated to reach up to 7000-10000 cell per mm® (Mikhail and Miller-
Milinska, 1964). They are resident in the connective tissues of various organs and
in the mucosal epithelial tissues of the respiratory, urinary and digestive tract, in
addition to their close association with blood vessels and peripheral nerves
(Marshall, 1975; Selye, 1966). Galli et al. have described them as sentinel cells
due to their anatomical location and ability to influence immune responses (Galli

etal., 1999).

1.2.2 Mast Cell Heterogeneity

A spectrum of mast cell types exist in both mice and humans which vary
in terms of mediator content and activation profile. However, to simplify these
types one can divide them into two general classes. In both species these mast
cells differ in their anatomical location, granule content and activities. In mice,
mast cells have traditionally been divided into the connective tissue mast cells and
the mucosal mast cells. Connective tissue mast cells are found in the skin and
contain large amounts of histamine and heparin. Mucosal mast cells are found on

the mucosa of the lung and intestine. These are high in chondroitin sulfate
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proteoglycan, but contain on average only one tenth the amount of histamine of
connective tissue mast cells (Schwartz, 1998).

In humans, mast cell types are less well characterized. However in general
they are divided based on their contents of neutral proteases. MC', are mostly
identified by the presence of the tryptase enzyme, but not other neutral proteases
such as chymase. Most of the mast cells found in the intestinal mucosa and
alveolar spaces of the lung are of this type. In contrast MC'C contain both tryptase
and chymase as well as other neutral proteases. Most of the mast cells found at
connective tissue sites such as the skin and intestinal submucosa are of this type
(Irani et al., 1986). It is also recognized that IL-3 is important for MCT
hyperplasia and not MC® during parasitic infection (Madden et al., 1991).

As mentioned earlier these mast cell types differ not only in
location and granule content, but also in their activities and response to stimuli.
For example, a single stimulus can be a powerful inducer of degranulation of one
type of mast cell, whereas the other type will remain unresponsive. Alternatively,
the same stimulus may induce the production of specific mediators by one type of
mast cell and different mediators by the other type (Selye, 1966). Examples of
this include, the responses of connective tissue type mast cells to polybasic
stimuli such as compound 48/80 which are not observed in mucosal mast cells, as
well as the ability of Disodium cromoglycate to stabilize only some mast cell
subsets (Marshall, 1972; Pearce et al., 1984). It is also important to note that both
types of mast cells can be found at one site. However, one type usually

predominates. Some pathological conditions have been recognized to be
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associated with alterations in this ratio (Gotis-Graham and McNeil, 1997; Irani et

al., 1990).

1.2.3 Mast Cell Mediators

Upon mast cell activation, mast cells can release a wide variety of
mediators with biological activity that can act on the local tissues as well as on
effector cells (Compton et al.,, 1998; Huang et al., 1998). When released in
response to pathogens, these mediators can initiate beneficial activities that
protect the host. However, when they are released in response to an allergen, these
mediators will induce unnecessary responses, which usually harm the host and
mediate pathological damage. It is also been suggested that inappropriate
activation of mast cells by pathogens can exacerbate a specific infection or a
disease such as allergic asthma (McCurdy et al., 2003) and atopic dermatitis
(Abeck and Mempel, 1998; Masenga et al., 1990). However, this connection still
requires further investigation.

It is believed that mast cells can re-enter a degranulation/regranulation
cycle and thus participate in several rounds of activation and release of mediators
which can vary depending on the stimuli. In general, mast cell mediators are
classified into preformed; newly generated lipids; and newly synthesized
cytokines and chemokines (reviewed in (Marshall, 2004)). Interestingly,
depending on the stimuli, mast cell will release only the mediators that are
appropriate for the specific condition. Thus, mast cells have the ability to

discriminate between different stimuli and respond accordingly (King et al., 2002;
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Lin et al., 2003; McCurdy et al., 2003). In this context it is important to know that

mast cell mediator production can occur in the absence of classical degranulation

(Leal-Berumen et al., 1994).

1.2.3.1 Preformed Mediators

Preformed mediators are those already found and stored in the cytoplasmic
granules. Upon mast cell activation, these cytoplasmic granules move toward and
fuse with the plasma membrane where they release their contents into the
extracellular environment (Metcalfe et al., 1997). The term “degranulation” is
usually used to describe this process. These granule-associated mediators include
histamine, serotonin, proteoglycans, proteases such as tryptase and chymase,
eosinophil chemotactic factor, neutrophil chemotactic factor and acid hydrolases
such as B-hexosaminidase which is used in many studies to measure mast cell
degranulation (Schwartz and Austen, 1984). Some cytokines are also present in
the granules including TNF and lower amounts of IL-4, IL-5 and IL-6 (Bradding
etal., 1993). The effect of these mediators can be seen within seconds of mast cell
degranulation, which is most frequently induced through the cross-linking of the
FceRI on the surface of the mast cell. However, other stimuli can also induce mast
cell degranulation including the cross-linking of the FcyRs (Tkaczyk et al., 2002),
complement components such as C3a and C5a (Nilsson et al., 1996), substance P
(Marshall and Waserman, 1995), pathogens and pathogen products (Lin et al.,
2000) calcium ionophore, and basic components such as 48/80 (Pearce et al.,

1984). The effect of these mediators includes increased vascular permeability,



smooth muscle contraction, mucus secretion and the initiation of the complement

cascade.

1.2.3.2 Lipid Mediators

Lipid mediators are generated and released through the breakdown of
plasma membrane phospholipids, followed by the action of several enzymes
including cyclooxygenase and 5-lipoxygenase. Mast cell produced lipid mediators
include leukotrienes (LT) specifically LTB, (Freeland et al., 1988) and LTC,
(Razin et al., 1982) which can be further metabolized to form LTD4 and LTE,,
prostaglandins specifically PGD, and PGE, (Heavey et al., 1988) and PAF
(Mencia-Huerta et al., 1983). These mediators are usually released within minutes
of mast cell activation. Their release induces increased vascular permeability,
vasodilation, smooth muscle contraction and platelet aggregation (McMillan,
2001). It is interesting to note, that in some cases the biological effects of lipid
mediators such as the induction of bronchoconstriction by LTC4 may be 1000
times more potent as well as longer lasting than the effect of histamine (Drazen,
1998). The profile of lipid mediators produced can vary substantially with mast
cell type and microenvironment. For example, mucosal mast cells produce mainly
LTC, while connective tissue mast cells produce mainly PGD, (Heavey et al.,
1988). This mediator profile can vary with microenvironment for example, if
rodent mast cells are treated with NGF they can begin to produce increased

amount of PGE; (Marshall et al., 1999).
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1.2.3.3 Newly Synthesized Mediators

Mast cells can synthesize a wide variety of both cytokine and chemokines
which are released within hours of mast cell activation. These mediators can be
classified into pro-inflammatory cytokines including TNF, IL-1a, IL-1B, IL-6
GM-CSF, IFNa and IFNB (Burd et al., 1989; Gordon et al., 1990; Gordon and
Galli, 1990; Marshall et al., 1993; Plaut et al., 1989; Williams and Coleman,
1995); Thl associated cytokines including IFNy, IL-2 and IL-12 (Gupta et al.,
1996a; Smith et al., 1994); Th2 associated cytokines including IL-3, IL-4, IL-5,
IL-9, IL-13, IL-15 and IL-16 (Rumsaeng et al., 1997; Stassen et al., 2001);
immune regulatory and anti-inflammatory cytokines such as IL-10, TGFB and
vascular endothelial growth factor (VEGF) (Bissonnette et al., 1997). In addition,
a large number of chemokines are also produced by activated mast cells including
CCL2/MCP-1, CCL3/MIP-la, CCL4/MIP-1B, CCLS/RANTES, CCL11,
CCL20/MIP-3, SDF-1, CXCLI1, CXCL2, CXCLS8/IL-8 CXCL9, CXCL10/1P-10
and CXCL11 (Jia et al., 1996; King et al., 2002; Lin et al., 2003; Rajakulasingam
et al., 1997; Selvan et al., 1994). The most critical effects of these chemokines
have been associated with the recruitment of neutrophils and eosinophils to sites
of inflammation including those induced in allergic diseases. However, many of
these chemokines also have the potential to recruit other cell types such as T-cells

and immature DCs.
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1.2.3.4 Antimicrobial Peptides

In addition to the above mentioned significant mediator release by mast
cells, several antimicrobial peptides have been also been shown to be produced by
activated mast cells such as cathelicidins and defensins (Marshall and Jawdat,
2004). In mice, mast cell release of the cathelicidin-related antimicrobial peptide
(CRAMP) in response to group A streptococci has been shown to be critical in
host defense, since mast cell deficient in CRAMP suffered from a reduced killing

of the organism (Di Nardo et al., 2003).

1.2.3.5 Histamine and its Receptors

Histamine is a major component of mast cell granules, accounting for
approximately 10% of the granule weight. Histamine is a biogenic amine formed
by the decarboxylation of the amino acid histidine by the enzyme -histidine
decarboxylase (Barnes, 2001). Its biological effect can be seen within minutes of
mast cell activation in response to various stimuli including immunological
(IgE/antigen, cytokines) and non-immunological (calcium ionophore, substance
48/80 and substance P) factors. Although mast cells and basophils are the main
source of histamine, other sources have been described. In human there are two
additional sources, one in the gastric enterochromafin-like cells and one in the
histaminergic nerves in the brain. There is also a less significant source of
histamine from some circulating cells including monocytes, lymphocytes and
platelets in addition to some tissues like skeletal muscles (MacGlashan, 2003).

However, the biological significance of these sources needs further investigation.
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The effects of histamine are mediated through binding to specific surface
receptors present on various target cells. In humans, almost every cell expresses at
least one type of histamine receptor, except mast cells. In rodents even mast cells
express histamine receptors (Antohe et al., 1988; Kohno et al., 1993). So far four
types of histamine receptor have been identified, H1, H2, H3 and H4, all of which
are members of the seven transmembrane-spanning family of receptors coupled to
guanosine triphosphate (GTP)-binding proteins. In addition, there is an
intracellular receptor identified as Hic (MacGlashan, 2003). Most histamine
studies are associated with H1 and H2 receptors as the other receptors have only
more recently been identified. The effect of histamine binding to H1 receptors
mediates an increase in the intracellular calcium. Its biological effects include
smooth muscle contraction, increased venular permeability and increased mucus
secretion (Schwartz and Austen, 1984). Thus, most of the biological effects of
histamine in allergic reactions seem to be mediated through H1 which can be
blocked by mepyramine/pyrilamine. Histamine binding to H2 mediates an
intracellular increase of cyclic AMP (Hill, 1990). Its effects include inducing
vascular permeability and dilation, as well as the stimulation of exocrine glands.
However, binding of histamine to H2 receptors on murine mast cells seem to have
a negative feedback on the release of mediators since it suppresses degranulation.
The effects mediated through H2 receptors have been shown to be blocked by
selective antagonists such as cimetidine and ranitidine (Jin et al., 1986). H3

receptors were identified in the brain and peripheral neurons (Lovenberg et al.,
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1999). Studies of its function are very limited but it is suggested to act as an
inhibitory autoreceptor.

A large number of anti-histamine drugs have been identified which are
specific receptor antagonists. However, it is increasingly being considered that
drugs that inhibit histamine production by altering the cell function, in a way that
does not involve histamine receptor binding, may have some advantages.
However, this type of inhibition requires a much higher concentration of the drug
than to block the receptor. It is also important to consider that since mast cells are
required in host defense, altering mast cell function to block histamine release

may have bad effects on the host’s ability to combat infections.

1.2.3.6 TNF and its Role in Immune Responses

TNF is a pro-inflammatory cytokine that can be released by various cells.
However, what makes this cytokine specifically important in mast cells is its
existence as a preformed mediator stored in the granules which could be released
within seconds of mast cell activation. In addition to its rapid generation and
release as newly synthesized proteins (Gordon and Galli, 1991), TNF is an
essential mediator for a large number of immune responses, specifically in the
induction and maintenance of inflammatory reactions. For instance, TNF induces
up-regulation of adhesion molecules such as E-selectin on endothelial cells to
recruit immune effector cells into the site of inflammation. TNF can also
stimulate the production of other pro-inflammatory cytokines including IL-1p and

IL-6. Each of these three cytokines can induce vascular permeability resulting in
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edema in the tissue and extravasation of leukocytes including neutrophils,
eosinophils and monocytes. TNF together with IFN-y increases the phagocytic
activity of macrophages and neutrophils (Papadakis and Targan, 2000; Walsh et
al., 1991). Mast cell-derived TNF has been shown of particular importance in host
defense against bacterial infections. In a mouse model of cecal ligation and
puncture (CLP) induced bacterial peritonitis the rate of bacterial clearance and
mice survival was dependent on mast cell production of TNF (Echtenacher et al.,
1996b; Malaviya et al., 1996b). The role of TNF in these studies was mainly

associated with the recruitment of neutrophils.

1.2.4 Mast Cells Relationship to Basophils

Basophils are bone marrow derived CD34" cells that account for 0.5-1%
of the circulating white blood cells. Thus, they are one of the least common cells
in the peripheral blood. They are granulocytes with metachromatic granules and a
segmented nucleus and highly condensed chromatin. Basophils share several
similarities with mast cells specifically their role as effector cells in IgE-
associated immune responses. Their site of maturation differs from mast cells. As
mentioned earlier mast cells mature after they enter the tissues whereas basophils
mature within the bone marrow and enter the blood where they have a half-life of
several days (Kepley et al., 1998). Mast cells are not identifiable in the blood
whereas basophils can also be identified in the peripheral tissues following
inflammation. Like mast cells, basophils express the high affinity FceRI, FcyRII,

complement receptors (CD11b, CD11c, CD35 and CD88) (Agis et al., 1996;
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Bochner and Schleimer, 2001). Basophil activation can be mediated by the
crosslinking of IgE and specific antigen and the complement components C3a and
C5a. Basophil activation will lead to the release of mediators including histamine
and proteoglycans, and the generation of lipid mediators, primarily LTC,4, and
cytokines which mainly include IL-4 and IL-13 (Schroeder et al., 2001). The high
and rapid expression of IL-4 by basophils suggests its role in the Th2 cell type
differentiation. Moreover, the expression of IL-4 in addition to CD40 ligand has
been shown to induce IgE switching by B lymphocytes in vitro, which may
suggest an alternate mechanism of IgE class switching in vivo (Prussin and
Metcalfe, 2003). Although a role for basophils in allergic reactions is highly
suggested, their exact function in asthma pathogenesis is not well understood. In
asthmatic airway tissues, basophils predominate as the IL-4-expressing cells
following allergen exposure. In addition, during a late phase response in both
cutaneous and pulmonary tissues there is often an increased number of basophils
(Buckley et al., 2002; Kepley et al., 2001). Similar to mast cells, basophils have
also been suggested to play a role in the inflammatory response to parasites
(Falcone et al., 2001). Parasitic infections are often associated with an increased
number of mast cells and basophils (Wedemeyer et al., 2000) and basophils have

been shown to be required for immune resistance to ticks (Brown et al., 1982).

1.2.5 How Do Mast Cells Become Activated?
Mast cells can be activated by a danger signal which is provided either

through a direct interaction with a pathogen or indirect through the effect of other
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molecules. Both of these methods will be discussed in more detail in the next
section. One of the most important features of mast cells is their rapid and
selective response to pathogens. Direct interaction of mast cells with a pathogen
or its products is specifically important in primary infections, since it will provide
early signals to alarm the host to fight and clear that specific microbe before it can
mediate any further damage. This direct interaction requires the presence of
specific receptors that can recognize the pathogen or its molecular patterns. Some
of the mast cell receptors that are thought to directly interact with a pathogen are

discussed below.

1.2.5.1 Mast Cells and Toll-Like Receptors

Since the discovery of TLRs a number of studies have examined the
expression and function of TLR on mast cells. Several TLRs have been shown to
be expressed by mast cells including TLR1, TLR2, TLR3, TLR4, TLR6, TLR7
and TLRY, but not TLRS. However, differences between species have been
recognized. In this section only the murine and human system will be discussed
since other species are out of the scope of this thesis.

Rodent mast cells were initially shown to produce a significant amount of
IL-6 without degranulation in response to LPS (Leal-Berumen et al., 1994). At
that time the nature of the LPS receptor had not been identified. In 2001 McCurdy
et al. linked this response to TLR4 expression on mast cells. In this study both
murine bone marrow-derived mast cells and the murine mast cell line MC/9 were

activated with LPS from Gram-negative E.coli. Mast cells were shown to produce
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significant levels of both TNF and IL-6. When TLR4 deficient mast cells were
used this response was completely inhibited (McCurdy et al., 2001). These
valuable observations were confirmed at the same time by another group
(Supajatura et al., 2001). In 2002 Supajatura et al. examined the functional role of
both TLR2 and TLR4 in vivo in response to microbial challenge using TLR2 and
TLR4 deficient mice (Supajatura et al., 2002). Mast cells stimulated with PGN
from S. aureus produced TNF, IL-6, IL-4, IL-5, IL-13 and degranulation. In
addition, intradermal injection of PGN induced vasodilation and inflammation.
All of these responses were TLR2-dependent, which may suggest a contribution
of TLR2 in allergic responses, but this needs to be further examined. Mast cells
stimulated with LPS from E. coli produced TNF, IL-6, IL-1B, IL-13 and no
degranulation. This response was TLR4 dependent.

Human mast cells have been shown to express TLR1, TLR2, TLR3,
TLR6, TLR7 and TLRY (Kulka et al., 2004; McCurdy et al., 2003; Sundstrom et
al., 2004). TLR4 has been shown to be expressed by some groups, but not by
others, which might reflect the presence of cytokines that seems to be required for
TLR4 expression. For example IL-4 primed CBMC and IFNy treated peripheral
blood derived mast cells were shown to express TLR4 (Okumura et al., 2003;
Varadaradjalou et al., 2003). A study using CBMC have shown that stimulation of
mast cells with LPS or PGN induce the release of several cytokines including
TNF, IL-5, IL-10 and IL-13 with the exception of histamine which was only
released in response to PGN (Varadaradjalou et al., 2003). This study suggests a

role of these ligands in causing mast cells to induce a Th2 type immune response.
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However, another study shows that PGN stimulated CBMC to produce IL-1B and
GM-CSF without significant degranulation (McCurdy et al., 2003).

Interestingly, both PGN and zymosan have been shown to stimulate
CBMC to produce LTC; independently of degranulation. However, the
tripalmytoylated lipopeptide (Pam;CysSerLyses) did not induce LTC,, but was
able to induce degranulation. Since all of these pathogen products are recognized
as TLR2 ligands, this suggests the ability of mast cells to respond differently
according to the specific ligand even for TLR2 mediated events. These different
responses may result from the use of different heterodimers (for example
TLR2/TLR1 for lipopeptide and TLR2/TLR6 for PGN) or from the use of
alternative co-receptors (for example Dectin-1 for zymosan).

In addition to TLRs, mast cells have other important innate immune
receptors. CD48 has been recognized to have crucial functions on mast cells in
innate immunity. CD48 is a GPI-anchored protein and a receptor for FimH, a
protein on fimbriated Gram-negative bacteria such as E.coli. FimH interaction
with CD48 have been shown to induce mast cell degranulation, TNF and
leukotriene production (Malaviya et al., 1999). Mast cells also express
complement receptors and a number of lectin-like molecules such DEC-205

which may play a role in their host defense function.

1.2.5.2 Indirect Mast Cell Activation
Mast cells can also be activated indirectly by numerous stimuli. This is

biologically important as it broadens the mast cell’s opportunity to mediate



responses to a variety of pathogens without the requirement for receptors specific
for a particular organism. Some of the molecules involved in this type of
activation are described below. These indirect interactions are particularly

important in the context of secondary infections.

1.2.5.2.1 Fc-Receptor Mediated Mast Cell Activation

One of the main characteristics of mast cells is their expression of the
high-affinity receptor for IgE antibodies (FceRI) (Kent et al., 1994) which is the
fundamental receptor for type I hypersensitivity. Mast cells also express the low-
affinity receptor for IgG antibodies (FcyRII). Both of these receptors are
continuously expressed on mast cells. Interestingly, mast cells can up regulate the
expression of other Fc receptors including the high affinity receptor for IgG
(FcyRI) and also FeyRIII under the influence of IFNy exposure (Woolhiser et al.,
2001).

So far there are two existing models showing mast activation through Fc-
receptors in response to pathogens. The first model is antigen dependent, which
means only antigens that are specific for the antibodies bound to the cell surface
can interact and activate the cell. An example of this model is classical IgE-
mediated mast cell activation which will be discussed in more detail next. This
type of response is important in host response against helminthes in which the
antigen binds to the IgE antibodies on the surface of the mast cell leading to
degranulation and the release newly sensitized mediators important for secondary

infections (Jarrett and Miller, 1982). Another example is IgE-mediated mast cell
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activation in response to an allergen which induces degranulation and harmful
effects. The second model is both antigen and specific antibody independent.
However, this model requires specific pathogen-derived proteins that can bind
non-specifically to antibodies on the surface of mast cells. An example of this
model is protein A from S. qureus which has been shown to bind to IgE
antibodies or IgE/IgG complexes on mast cells inducing their activation

(Genovese et al., 2000).

1.2.5.2.2 IgE-Mediated Mast Cell Activation/Degranulation

IgE-mediated activation is the most studied naturally occurring
mechanism of mast cell activation. It is mainly studied in the context of allergy,
since it is the classical model of type I hypersensitivity in response to
environmental allergens. However, it is also the model of parasite-mediated mast
cell activation as parasites also induce specific IgE antibody production. Since
this mode of IgE-mediated mast cell activation is used in this study it will be
discussed in more detail herein. It begins with the organism’s first exposure to a
specific allergen/antigen that induces a Th2 type response and the activation of B
lymphocytes. This activation will then lead to the generation of IgE-secreting
plasma cells. These secreted IgE antibodies can then bind to their high affinity
receptors (FceRI) on the surface of mast cells. At this stage, mast cells are
identified as sensitized. Following a second exposure, the allergen/antigen will
bind to the IgE fixed to its receptor inducing the cross-linking of the IgE-receptor

complex which will activate the mast cell and lead to degranulation and the
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release of its mediators (Williams and Galli, 2000). [For signalling events see
Figurel.4, adapted from (Blank and Rivera, 2004; Siraganian, 2003)]. These
mediators usually have variable effects on the host ranging from annoying, to
serious, to life-threatening depending on the extent of the mediators released.

In general the effects of classical IgE-mediated mast cell activation
can be divided into an early-phase reaction followed by a late-phase reaction. The
early-phase starts with the release of preformed mediators, specifically histamine.
This is followed within minutes by the release of lipid mediators, mainly LTC,
and PGD;. Some cytokines are also released at this stage (e.g. TNF) while many
others are newly synthesized over the next several hours. Cytokines such as TNF
and IL-1B and multiple chemokines enhance the reaction through the recruitment
of effector cells while others such as G-CSF and IL-5 may help to mobilize cells
from the bone marrow. Some of the effects of the early phase include
vasodilation, increased vascular permeability, smooth muscle contraction and the
up-regulation of adhesion molecules on endothelial cells. These events will in turn
lead to the late-phase reaction. This phase is characterized by the infiltration of
neutrophils, eosinophils, macrophages, lymphocytes and basophils. Eosinophils
play a critical role in the late phase-reaction. Their activation can lead to
degranulation and the further release of leukotrienes, PAF, major basic protein,
eosinophil cationic protein and eosinophil-derived neurotoxin, which have been
shown to contribute to extensive tissue damage as well as chronic inflammation.

Neutrophils are also a major participant of this reaction. Their mediators include
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leukotrienes, PAF and lytic enzymes all of which can intensify the tissue

damaging inflammatory response (Leung, 1998).

1.2.5.2.3 Complement Receptor Mediated Mast Cell Activation

The activation of mast cells through complement components is very
significant since the complement cascade can be activated by a very wide range of
pathogens. This increases the mast cell’s contribution to immune responses, either
directly, or indirectly through the recruitment of other immune effector cells.
Mast cell complement receptor expression varies between species and also
between mast cell types within the same host (see Table1.3). Some types express
them continuously where others do not, and some can only up-regulate their
expression in response to specific microenvironmental factors. Human mast cells
have been shown to express several complement receptors including CR1/CD35
CR3/CD11b-CD18, CR4/CD11c-CD18 (Fureder et al., 1995). Human mast cells
also express the receptors for the anaphylatoxins C3aR and C5aR/CD88, which
can activate the mast cell inducing degranulation or could act as chemotactic
factors to recruit the mast cell to the site of complement activation (Nilsson et al.,
1996).

In mice, Gommerman ef al. have shown that CR1 and CR2 are expressed
by serosal type mast cells and that mouse survival was decreased following CLP
in CR1 and CR2 deficient mice (Nilsson et al., 1996; Rosenkranz et al., 1998)
Serosal type mast cells have also been shown to express CR3. In the absence of

this receptor mast cell development was impaired and mice survival was again



Table 1.3 Complement receptor distribution on mast cells
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Complement receptors

Murine mast cells

Human mast cells

CR1(CD35)/CR2(CD21) + (Serosal) +
CR2 (CD21) + (Serosal and mucosal) NA

CR3 (CD11b/CD18) + (Serosal) +

CR4 (CD11¢/CD18) NA +

C3aR (CD11b/CD18) + (Serosal) +

C5aR (CD88) + (Serosal) +




59

decreased following CLP (Rosenkranz et al., 1998), a model of bacterial infection
in which mouse survival is known to be dependent on mast cells (Prodeus et al.,
1997). None of the complement receptors were identified on mucosal type mast
cells except CR2. However, the function of this receptor is not well understood
and needs further investigations. Serosal mast cells also express the receptors for
the anaphylatoxins C3a and C5a and can be activated to degranulate via this route
(Erdei et al., 2004; Kimura et al., 1998). Interestingly, the receptor for C3a
(CR3a) was not expressed on mucosal mast cells. However, C3a was still shown
to be able to bind to mucosal mast cells through interaction with the B subunit of
the FceRI. This interaction has been recognized as a regulatory effect, since it
inhibits IgE-mediated degranulation. It is believed that C3a may activate serosal
mast cells only for a short time and then act as an inhibitor to regulate the release

of mediators (Erdei et al., 1999).

1.2.5.2.4 Microenvironmental Factors

One of the most important factors that can indirectly regulate mast cell
responses is the local cytokine milieu. As mentioned earlier, pretreatment of mast
cells with certain cytokines induces the up-regulation of TLR4. In addition, mast
cell exposure to IFN-y up-regulates the expression of FcyRI. Moreover, the
mediators released from adjacent cells, in response to infection or tissue damage,
can induce the release of specific mediators by mast cells. For instance, treating
mast cells with IL-5 and IgE increases the release of TNF and the production of

CCL3 and GM-CSF (Ochi et al., 2000). Treating mast cells with IL-4 mediates
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the increase of LTC4 synthase in mast cells as well as Th2 type cytokines
(Bischoff et al., 2001; Hsieh et al., 2001). Treating mast cells with IL-1B induces
the release of IL-6 (Kandere-Grzybowska et al., 2003). There are many other
examples of these types of responses that are outside the scope of this chapter.
However, the interesting point to note is the ability to alter a mast cell response to
a specific stimulus through the effect of the microenvironment. These types of
changes in mast cell function may be particularly important in the context of

tissue injury or infection.

1.3 The Role of Mast Cells in Innate Immunity

One of the first observations exploring the potential role of mast cells in
host defense was the discovery of mast cell production of pro-inflammatory
cytokines, without degranulation, in responses to the bacterial product LPS (Leal-
Berumen et al., 1994). Subsequently, two major in vivo studies verified the
essential role of mast cells in murine host defense in response to certain bacterial
infections (Echtenacher et al.,, 1996b; Malaviya et al., 1996b). One of these
studies showed that when Klebsiela pneumoniae is introduced into the peritoneal
cavity of mice, their survival is mast cell dependent. They also showed that the
limited bacteria clearance in mast cell deficient mice correlates with the impaired
TNF production that is required for neutrophil influx into the infected site. The
production of TNF was mainly shown to be a response dependent upon mast cell
interaction with the FimH component of the pathogen (Malaviya et al., 1996b).

The other major study at this time used a mouse bacterial peritonitis model of
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CLP. Following infection, mast cell deficient mice died whereas mast cell
containing mice were able to survive. Adding anti-TNF antibodies during the
infection suppressed the protection in mast cell containing mice (Echtenacher et
al., 1996b). Interestingly, both of these studies have linked the important role of
mast cells to the production of TNF and the recruitment of neutrophils. In
addition, leukotrienes, specifically LTB; and LTC,, have been shown to be
important in response to FimH bacteria (Malaviya and Abraham, 2000a).

The role of mast cells in host defense against parasites has been widely
implicated for many years (Grencis, 1997; Lantz et al., 1998; Woodbury et al.,
1984). Many parasitic infections especially by helminthes are associated with an
increase of mast cell numbers. However, some recent studies have questioned the
role of mast cells as effector cells in some parasitic infections (Wershil et al.,
1994). Although others have highly suggested an important role of mast cells or
their granule mediators such as proteases in response to intestinal parasitic
infection as well as in response to Shistosomas and Filaria (Bleiss et al., 2002;
Cutts and Wilson, 1997) the relative importance of mast cells depends upon the
nature of the parasite, the type of host and whether primary or subsequent
infections are being considered.

The role of mast cells in viral infections is not very clear. There are only a
few studies showing an association of mast cells with viral infections. For
example, the inflammatory responses in the brain of Sindbis virus infection have
been shown to be mast cell dependent (Mokhtarian and Griffin, 1984). Several

studies have shown that mast cells can produce important mediators in host
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defense in response to 2 number of viruses and viral products. For example, mast
cells infected with dengue virus induced the production of IL-6, MIP-1a/CCL3,
MIP-1B/CCL4 and RANTES/CCLS5 all of which have a critical function in
inflammation and chemotaxis (King et al., 2002; King et al., 2000). In addition, it
is well recognized that viral infections can exacerbate the symptoms of asthma,
which suggest a potential role for mast cells in linking the two responses (Corne
and Holgate, 1997). However, this needs further investigations. It is interesting to
note that although mast cells may have a potential role in host defense against
viruses most in vivo studies rather suggest a role in the pathology associated with

the infection (Mokhtarian and Griffin, 1984; Sorden and Castleman, 1995).

1.3.1 Mast Cell Effector Mechanisms

Based on most mast cell-pathogen studies it is apparent that one of their
main effector roles is the recruitment of immune effector cells. This function is
partially facilitated by their close proximity to blood vessels and could be
mediated by three main mechanisms (Marshall and Jawdat, 2004). One is the
effect of mast cell mediators including histamine, TNF, LTC,; and PGD, on the
endothelial cells by inducing vascular permeability (Drazen, 1998). Another is the
effect of mast cell mediators on the expression of adhesion molecules. This could
be induced by a number of mediators including histamine which has been shown
to induce the up-regulation of P-selectin that is important for neutrophil adhesion

and recruitment (Torres et al., 2002). Early production of TNF, IL-1c, IL-1f as

well as IFNy has also been shown to be important in this context. Finally, several



mast cell mediators have been well recognized to be crucial in recruiting effector
cells to the site of inflammation through their chemotactic effect including CCL3,
CCL4 (King et al., 2002), CCL5 (Rajakulasingam et al, 1997), CCL11
(Hogaboam et al., 1998), CCL20 (Lin et al., 2003), CXCL8 (Moller et al., 1993)
as well as LTC,, LTB4 (Malaviya and Abraham, 2000b) and proteases (Huang et
al., 1998).

Another important effector mechanism of mast cells is their production of
antimicrobial peptides. These peptides can disrupt the integrity of the microbial
membrane by their cationic and amphipathic properties which enable them to bind
negative-charged microbes and insert into their membrane. As mentioned earlier,
two types of antimicrobial peptides have been shown to be expressed by mast
cells cathelicidins and defensins. In addition to mediators released, mast cells may
have more direct anti-bacterial effects through phagocytosis of organisms, as well

as killing via reactive oxygen and nitrogen species (Malaviya et al., 1994).

1.4 The Role of Mast Cells in Adaptive Immunity

Several studies have shown interesting features of mast cells that may
reflect their potential role in adaptive immune responses. However, most of these
studies are in vitro. Thus, further in vivo studies have to be done to further
confirm these findings. The effect of mast cells on the adaptive immune response
may be mediated directly through the interaction with lymphocytes or through
their effect on DCs. Both of these areas will be discussed and the later forms the

basis for the major studies described in the thesis.
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1.4.1 Mast Cell Effects on T Lymphocytes

Mast cells are not classified as a classical APC. However, several studies
have suggested that mast cells can present antigens to T lymphocytes. For
example, in vitro studies show that MHC class I molecules on mast cells have the
ability to interact directly with TCR to induce antigen-specific clonal expansion
(Henz et al., 2001; Mekori and Metcalfe, 1999). MHC class I molecules were also
expressed on mouse bone marrow cultured mast cells and mediated T cell
activation through direct bacterial antigen presentation (Malaviya et al., 1996c).
Several factors such as LPS, TNF and IFNy have been shown to up-regulate MHC
class II molecule expression on both human and murine mast cells (Henz et al.,
2001). In addition to the up-regulation of co-stimulatory molecules such as CD80
and CD86 on murine mast cells in response to GM-CSF exposure (Frandji et al.,
1996). Mast cells can also express OX40 ligand and 4-1BB ligand which enhance
T cell activation following the interactions with OX40 and 4-1BB on the surface
of T cells (Kashiwakura et al., 2004).

Mast cell exosomes have been shown to induce T cell activation and
proliferation and the release of IL-2 and IFN-y (Skokos et al., 2001). McLachlan
et al. showed that mast cell responses to Gram-negative bacteria (E. coli) induced
LN activation through the accumulation of lymphocytes in the node. This effect
of mast cells was shown to be mainly dependent on the release of TNF
(McLachlan et al., 2003). Mast cells themselves were also shown to have the

ability to migrate to the skin draining LN in response to antigen (Wang et al.,
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1998) which may suggest a potential role for mast cells in influencing not only T
lymphocytes at the site of antigen challenge but also those in the draining LN.
Mast cells can also promote T cell recruitment into the site of antigen
entry either directly through the release of chemotactic factors such as LTB,,
MCP-1/CCL2, MIP-10/CCL3, MIP-1B/CCL4, RANTES/CCL5, MIP-30/CCL20,
IP-10/CXCL10 and IL-16 (Lin et al., 2003; Nakajima et al., 2002; Ott et al.,
2003), or indirectly through the up-regulation of adhesion molecules on
endothelial cells such as ICAM-1 and E-selectin (Marshall, 2004). The wide
range of mast cell cytokines which include both Thl (IL-12 and IFN-y) and Th2
(IL-4, IL-5, IL-9 and IL-13) associated signals, may suggest profound influence

of mast cell activation on T cell differentiation.

1.4.2 Mast Cell Effect on Dendritic Cells

Each primary immune response requires the activation of DCs which like
mast cells are considered sentinel cells in host defense. Having an effect on these
cells would be of great value for mast cells to enhance the activation of the
adaptive immune response. Mast cells, as previously described, can produce
numerous chemokines. Among these chemokines is MIP-30/CCL20 the ligand for
CCR6 expressed on immature DCs. Thus, mast cells might play an important role
in recruiting immature DCs into the site of inflammation following antigen
exposure. This potential interaction has been demonstrated with P. aeruginosa in
response to which mast cells release of MIP-3w/CCL20 (Lin et al., 2003).

Moreover, mast cell mediators have been implicated in DC maturation and
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migration including GM-CSF, TNF, IL-1B (Cumberbatch et al., 2000a), IL-16
(Kaser et al., 1999), IL-18 (Cumberbatch et al., 2001), and PGE, (Kabashima et
al., 2003). TNF and IL-1B are of particular importance as they are widely
recognized as potent inducers of DC maturation and migration specifically
following the application of contact sensitizers. Blocking either one of these
cytokines has been shown to inhibit LC migration from the skin into the draining
LN (Cumberbatch et al., 1997¢).

Histamine has been shown to have significant effects on DCs. It induces
DC maturation through the up-regulation of MHC class II, CD86, CD80, CD40,
CD49d and CD54, in addition to its effect on DC production and/or up-regulation
of IL-1, IL-6 cytokines and several chemokines that are essential for the
recruitment of several immune effector cells. However, histamine by itself does
not induce full maturation of DCs, which clearly suggests the contribution of
other mediators (Caron et al., 2001a). Histamine has also been shown to have the
ability to alter the cytokine and chemokine profile of mature DCs to polarize
naive CD4" T lymphocytes towards a Th2 phenotype (Mazzoni et al., 2001).

Exosomes are extracellular vesicles secreted during exocytosis from the
lumen of cells into the extracellular environment by variable cells. They are
primarily implicated in the transport of materials between cells (Denzer et al.,
2000). Mast cell-derived exosomes have been shown to induce DC maturation
through the up-regulation of MHC class II, CD80, CD86 and CD40 molecules
and eliciting effective immune responses in vivo (Skokos et al., 2003). Moreover,

mast cell mediators such as histamine (Caron et al., 2001a; Mazzoni et al., 2001),
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and PGD; or PGE; are able to inhibit IL-12 production of DCs in response to LPS
leading to a Th2 type response instead of the expected Thl immune response
(Faveeuw et al., 2003; Gosset et al., 2003; Kalinski et al., 1997). Thus, mast cells
not only may alter DC activation, but also may change the nature of the

subsequent immune response.

1.5 Objectives

Both mast cells and LC are present in the skin, one of the major interfaces
with the external environment. The function of LC’s is to capture local antigen,
process it and migrate from the skin to the draining LN. Having arrived in the LN
they migrate to the T cell rich area to present the antigen to T lymphocytes. As
mentioned earlier, LC migration can be induced and regulated by a number of
stimuli. Interestingly, mast cells have the ability to produce most of the key
molecules involved such as TNF and IL-1B. Based on these observations we
hypothesized that local mast cell activation in the skin and the release of its
mediators can induce LC migration into the draining LN to initiate an immune
response.

In the next chapter we will provide the reader with our experimental
procedures to examine our hypothesis. In chapter 3, we examine the ability of
IgE-mediated mast cell activation to induce LC migration from the skin into the
draining LN. These results were published in the Journal of Immunology (Jawdat
et al., 2004). In chapter 4, we examine the role of mast cells in inducing LC

maturation and migration in response to the bacterial product PGN from S.
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aureus. In this study we also examine the potential mechanisms responsible for
the responses we have observed. These studies are currently submitted for
publication. Overall, these studies have provided an opportunity to take a number
of in vitro observations on DC and mast cell interactions and examine their

importance in vivo.



CHAPTER 2

MATERIALS AND METHODS

69
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2.1 Mice

C57BL/6 mice, genetically mast cell-deficient WBB6F,-W/W" (W/W") mice and
their normal congenic WBB6F,-+/+ (+/+) mice, TLR4 deficient C57BL/10ScNJ
mice and their wild type control C57BL/10J, C3 deficient B6;129S4-C3 mice and
their littermates, genetically TNF deficient B6;129S6-TNF mice and their wild
type control B6;129SF2 mice, CD14 deficient mice (Jackson Laboratory, Bar
Harbor, Maine) and TLR2 deficient mice backcrossed on to a C57BU6
background (a kind gift from Dr. S. Akira, Osaka, Japan) were used. All mice
were males, 6-10 weeks of age. Mice were housed under conventional conditions
with food and water provided ad /ibitum. All experiments were approved by the

animal research ethics boards of Dalhousie University.

2.2 Induction of local Skin Reactions Using IgE/Antigen

Mice received an intradermal (i.d.) injection into the ear pinna of 70ng purified
mouse anti-TNP IgE prepared from the B cell line TIB-141 (ATCC, Manassas,
VA, USA) in 25l of phosphate buffer solution (PBS), mouse anti-dansyl IgE
(Pharmingen, San Diego, CA) in 25u] PBS or diluent control (as stated). After a
resting period, to allow excess IgE to dissipate (7-14 days), mice were challenged
with an intravenous (i.v.) injection of Smg/ml trinitrophenyl BSA (TNP-BSA)
(Biosearch Technologies, Inc. CA, USA) in 250ul of saline. Mice were sacrificed
and their ear pinnae were removed after 18h or draining auricular LN excised
after 24h. For experiments using locally mast cell reconstituted W/Wv mice both

ear pinnae were injected with anti-TNP IgE 14 days prior to i.v. injection of TNP-
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BSA. In further experiments, one ear pinna was injected with anti-TNP IgE and
the other with anti-dansyl IgE 14 days prior to i.v. TNP administration. Some
animals were also examined 14 days after 1.d. IgE injection, but in the absence of

1.v. TNP-BSA administration.

2.3 Examining The Role of Histamine Receptors

To determine the role of histamine H1 and H2 receptors in the IgE-mediated
response, 14 days following IgE or control injection in the ear pinnae mice were
treated with either the H1 antagonist pyrilamine 50mg/kg i.p. or the H2 antagonist
cimetidine 50mg/kg i.p (Sigma, St. Louis, Mo,USA). The doses of histamine
receptor antagonists used were based on previous reports of a single dose in vivo
used in mice (Chen et al., 2001; Jin et al., 1986; Kurihara et al., 2003). 90 minutes
later the animals were injected i.v. with TNP-BSA and responses evaluated as
described below following harvest of LN cells 24h later.

To determine the role of histamine H1 and H2 receptors in the PGN-
mediated response, PGN or control diluent were injected in to the ear pinnae 90
minutes before either H1 antagonist pyrilamine 50mg/kg i.p. or the H2 antagonist
cimetidine 50mg/kg i.p. were injected. 18h later mice were sacrificed and LNs

were harvested and responses were evaluated as described below.

2.4 Examining The Role of Serotonin
To determine the role of serotonin (5-HT), 14 days following IgE or control
injection in the ear pinnae mice were injected i.p. with 1.6mg/kg of ketanserin, a

5-HT receptor antagonist (RBI, ON, Canada). 90 minutes later the animals were
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injected iv. with TNP-BSA and responses evaluated as described below

following harvest of LN cells 24h later.

2.5 Induction of Local Responses to Bacterial Products

To examine the effect of lipopolysaccharide (LPS) or peptidoglycan (PGN), mice
received an intradermal (i.d.) injection into the right ear pinna of 0.25pg of
Escherichia coli LPS serotype 055:B5 (Sigma, St. Louis, MO) or 2.5ug purified
Staphylococcus aureus derived PGN (Fluka BioChemika distributed by Sigma St.
Louis, Mo, USA) in 25pl and as a control 25ul of diluent in the left ear pinna.
After 18h mice were sacrificed and their draining auricular LN were excised. A
LN derived single cell suspension (LNC) was prepared, counted, washed and
resuspended in RPMI 1640 medium. Either cytocentrifuge preparations were
made or flow cytometric analysis of the LNC performed as described below. For
experiments using locally mast cell reconstituted #//" mice both ear pinnae were

injected with PGN.

2.6 Mast Cell Reconstitution

Bone marrow-derived mast cells (BMMCs) were generated from the bone marrow
of WBB6F -+/+ (+/+) mice according to the method of Tertian et al. (Tertian et
al., 1981), a minimum of 98% pure cells were used. W/Wv mice were locally
reconstituted as previously described (Nakano et al., 1985). Cells derived from
+/+ mice (0.5x10°% were locally injected into the right ear pinna of W/Wv mice

and allowed to mature for 10 weeks.



2.7 Preparation and Analysis of Epidermal Sheets

Epidermal sheets were prepared as previously described by Baker et. al (Baker et
al., 1983). Briefly, mice were sacrificed and their ears were split into dorsal and
ventral halves by forceps. The dorsal halves were incubated for 2h at 37°C with
10mM disodium ethylenediamine tetraacetic acid (BDH, Inc., Toronto, Canada)
dissolved in PBS. Ears were washed with PBS, and then under a dissecting
microscope the epidermis was pealed off using forceps. The epidermis was then
fixed in cold acetone (-20°C) for 2 minutes, washed in PBS, and stored at 4°C

until immunohistochemical staining.

2.8 Preparation of Auricular Lymph Node Cells

After the mice were challenged with TNP-BSA, the draining (auricular) LNs were
excised and, in some experiments (as stated), pooled for each animal. A LN
derived single cell suspension (LNC) was prepared, washed and resuspended in
RPMI 1640 medium. Viable cell counts were performed using trypan blue, and
the cell concentration was adjusted to 1x10° cells/ml. Cytocentrifuge preparations
of the LNC were made and cells were stained with anti-Langerin/CD207 or

control antibody according to the immunohistochemical procedure described

below.

2.9 Immunohistochemistry and Cell Counts
Immunostaining was preformed on epidermal skin sheets, LN frozen sections, and

on cytocentrifuge preparation of LN cell suspensions. Following fixation, sheets
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or slides were washed with PBS, and incubated with 3% BSA (Boehringer
Mannheim, Germany) for 1h. Sheets or slides were then incubated with either
anti-Langerin antibody/CD207, clone 959F3 rat IgGl (DCGM4) (0.75ug/ml)
(courtesy of Dr. S. Saeland, Schering-Plough, France) or in some experiments (as
stated) with an anti-mouse MHC class II antibody MRC OX-3 (Cedarlane,
Homby, ON, Canada) (12.5pg/ml) or an isotype matched control antibody for 16-
18h at room temperature. Sheets or slides were washed and incubated with
biotinylated goat anti-mouse antibody, then detected using streptavidin
horseradish peroxidase (DAKO LSAB-2 System, Mississauga, Ontario) and
aminoethylcarbazole (AEC) substrate (Zymed Laboratories, Inc. San Francisco,
USA). A randomly chosen 10 fields (0.25mm?) of epidermal sheets were counted
and at least 2000 cells were assessed/slide for examination of cell suspensions.
All counts were performed on coded slides with the observer being unaware

which slides belonged to which experimental group.

2.10 Flow Cytometry

Cells were washed twice with 2% FBS/PBS, fixed with 1% PFA/PBS for 30
minutes and washed with 2% FBS/PBS. The cells were permeabilized with 0.1%
saponin/2% FBS/PBS for 20 minutes and stained with anti-Langerin (CD207) Ab,
anti-fascin Ab or an isotype control for 20 minutes. Following staining the cells
were washed twice by gentle shaking in 0.1% saponin/2% FBS/PBS for 5 minutes
before centrifugation. Cells were incubated with the secondary Ab, an FITC-

labeled mouse anti-rat IgG Ab and a PE-labeled goat anti-mouse IgG Ab for 20
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minutes, followed by the same washing procedure. To block free Ab binding
sites, the cells were incubated with 5% rat serum and 20pg/ml hamster IgG. Cells
were washed twice with 0.1% saponin/2% FBS/PBS, once with 2% FBS/PBS and
then stained for cell surface markers with a PE-conjugated anti-CD86, CD40 or
isotype control as well as an APC-conjugated CD11c or isotype control. Finally,
the cells were washed twice with 2% FBS/PBS. The specificity of
Langerin/CD207 staining was confirmed using isotype control Ab in place of
anti-Langerin/CD207, no positively stained DC were observed under these
conditions (data not shown). For flow cytometric analysis 3 x10* cells were
acquired with a FACScalibur (BD Bioscience Pharmingen, CA, USA) (BD) and
analyzed with Cellquest (BD). All antibodies were purchased from (BD) except
for anti-fascin, which was purchased from Dako Cytomation (Mississauga, ON,
Canada) and the PE-labeled goat anti-mouse IgG Ab which was purchased from

Molecular Probes (Leiden, Netherlands).

2.11 Evaluation of Anti-TNP Antibody Responses

Serum antibody responses against TNP were evaluated by ELISA. Briefly, the
wells of ELISA plates were coated with TNP-KLH (Calbiochem) and non-
specific binding blocked by incubation with 1% BSA. A series of dilutions of
serum samples from immunized and non-immunized mice were added to the
washed plate and incubated for 16-18h. Binding of antibodies was detected using
a biotinylated goat anti-mouse IgG/IgA/IgM antibody (Cedarlane) followed by a

commercial amplification substrate system (Life Technologies).
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2.12 Statistical Methods

Following confirmation of appropriate data distribution, differences between left
and right epidermal sheets or left and right LNs were evaluated using a paired
Student’s t-test. Differences between groups of animals were assessed using an

unpaired Students’s t-test.



CHAPTER 3

“IGE-MEDIATED MAST CELL ACTIVATION
INDUCES LANGERHANS CELL MIGRATION IN

Vivo»
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3.1 Introduction

In atopic individuals, IgE antibodies are observed to a large number of
environmental antigens (Leung, 1993), which sensitize mast cells and basophils,
for subsequent responses to allergen. Sensitization to environmental antigens is
dependent upon effective antigen presentation within the draining LNs, a process

in which the migration of resident tissue dendritic cells plays a key role.

Langerhans cells (LC) are immature dendritic cells found in the epidermal
layer of the skin. They are characterized by the presence of Birbeck granules,
expression of high levels of MHC class II and a characteristic dendritic
morphology. Recently, Langerin/CD207, a transmembrane C-type lectin and an
unconventional endocytic receptor associated with the formation of the Birbeck
granules, has been identified as a LC marker (Valladeau et al., 2002). LC act as
sentinels for immune responses by capturing antigen in the epidermis in response
to appropriate signals, and by maturing and migrating into the draining LN where
they become very potent in antigen presentation (Banchereau and Steinman,
1998; Streilein and Grammer, 1989). A number of cytokines are important
inducers of LC maturation and/or migration including GM-CSF (Heufler et al.,
1988), TNF and IL-1B (Cumberbatch et al, 1997c; Roake et al.,, 1995).
Recombinant TNF and IL-1B induce a significant migration of LC from the
epidermis and a consequent accumulation of dendritic cells in the draining LN
(Cumberbatch et al., 1997a; Cumberbatch et al., 1994; Cumberbatch and Kimber,
1992).
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Mast cells are also present in the skin and are mostly studied in the context
of allergy, but also have an important role in host defence. They express high
affinity FceRI and IgE-mediated activation leads to the release of multiple
preformed, newly formed and lipid mediators. Preformed mediators, include
histamine and granule-associated TNF, which induce dendritic cell maturation
(Caron et al., 2001b; Mazzoni et al., 2001). Mast cells produce a number of
cytokines in the hours following IgE-mediated activation with known effects on
dendritic cells including TNF, IL-1f and GM-CSF (Burd et al., 1989; Gordon and
Galli, 1990; Plaut et al., 1989). CD40 ligand, is also expressed by mast cells, and
is important in regulating dendritic cell migration in vivo (Moodycliffe et al.,
2000). Exosomes from IgE-activated human mast cells have recently been shown
to induce human dendritic cell maturation in vitro (Skokos et al., 2003). IL-1B,
TNF and GM-CSF have all been clearly demonstrated to have the ability to
induce dendritic cell maturation in vivo or in vitro (Cumberbatch et al., 1997c;
Cumberbatch et al., 1994; Cumberbatch and Kimber, 1992; Heufler et al., 1988;
Rupec et al., 1996). A study by Alard er al. suggested that mast cell derived TNF
might inhibit contact sensitization through effects on dendritic cells in mice
(Alard et al., 1999). A recent report has also demonstrated, that mast cell derived
TNF is primarily responsible for LN swelling following bacterial or compound
48/80 induced mast cell activation (McLachlan et al., 2003), while histamine did
not contribute significantly to this response. Dendritic cells have, however, been

shown to express HI, H2 and H3 receptors and to undergo significant
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maturational changes as a result of histamine treatment (Caron et al., 2001a;

Caron et al., 2001b; Gutzmer et al., 2002; Idzko et al., 2002).

Herein, we examined the role of mast cells in LC migration from the skin
to the draining auricular LN using a mouse model. We demonstrate that local IgE-
mediated mast cell degranulation provides an effective signal for LC migration to
the draining LN in vivo, in the absence of additional local antigen or Toll-like

receptor activator administration.
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3.2 Results

3.2.1 Mast cell deficient mice exhibit a normal distribution of LC in the
epidermis

The consequences of functional c-kit deficiency on the normal distribution of LC
in the skin of W/Wv mice were examined to confirm the appropriateness of this
mouse model for these studies. The number of Langerin/CD207 positive cells in
the epidermis of untreated mast cell deficient W/Wv mice was compared to those
in the wild type control +/+ mice. No significant differences in LC distribution

or morphology were observed (Figure 3.1).

3.2.2 IgE-mediated mast cell activation induces a reduction of LC in the skin
and an increase in Langerin/CD207 positive dendritic cells in the draining
LN

IgE-mediated mast cell activation was employed to selectively activate mast cells
in one ear pinna. C57BL/6 mice were injected with anti-TNP IgE antibody into
the right ear pinna and saline into the left ear pinna 14 days prior to antigen
challenge with an i.v. injection of TNP-BSA. After a further 18h time, selected on
the basis of pilot experiments, the number of LC in the epidermal sheets were
assessed. A significant (p<0.05) reduction in the number of Langerin/CD207
positive LC was consistently observed in the right (IgE-injected) ears of the mice
compared to their left (control) ears (Figure 3.2.A and B). These results were
confirmed using MHC class II as a second marker of LC (data not shown). The

mean reduction in LC inthe IgE injected skin, compared with the control skin
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Figure 3.1 Mast cell deficient W/Wv mice exhibit a normal distribution of LC in
the epidermis. Immunohistochemical staining of LC using anti-Langerin/CD207
in ear pinna epidermal sheets obtained from mast cell deficient W/Wv mice (A)
compared to (B) their wild type control +/+ mice. (C) The mean + SEM numbers
of LC (n=4). Note similar numbers of LC and similar distribution in W/Wv

compared to wild type control +/+ mice.
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Figure 3.2 LC numbers decrease in the epidermis and increase in the draining LN
following IgE-mediated mast cell activation. Saline or anti-TNP IgE were given
i.d. in ear pinnae 1 week prior to the i.v. TNP-BSA injection and tissues harvested
after 18h for examination of ear tissue or 24h for LN. All tissues were stained
using anti-Langerin/ CD207 antibody. (A) LC in epidermal sheet of saline
injected mouse ear pinna. (B) Anti-TNP IgE injected mouse ear pinna. (C) LC
density in epidermal sheets from individual mice (#=6). (D) Mean + SEM number
of total cells/draining LN. Frozen section of draining LN from the nodes draining
the (E) saline injected side and (F) anti-TNP IgE injected side. (G) Mean + SEM
numbers of Langerin/CD207 positive dendritic cells/draining LN. (H)
Cytocentrifuge preparation of draining LN cell suspension showing

Langerin/CD207 positive dendritic cells. * represents P<0.05
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was 16.4% (Figure 3.2.C) using Langerin/CD207 staining and 16.7% using
MHCII staining.

In separate animals, the auricular LNs draining ear pinnae that had been
previously sensitized with anti-TNP IgE (as above) or with saline as control were
excised 24h following i.v. antigen challenge and the total cellularity and number
of Langerin positive dendritic cells determined. A 2.1 fold increase (p<0.02) was
observed in the total cell numbers recovered from nodes draining sites of IgE-
mediated mast cell activation compared to control sites (Figure 3.2.D).

The decrease in LC at skin sites of IgE-mediated activation was mirrored
by an increase in the number of Langerin positive dendritic cells within the
draining LNs (Figure 3.2.E and F). A 2.3 fold increase (p<0.05) was observed in
the number of Langerin/CD207 positive cells/LN draining sites of IgE-mediated
activation compared to control sites (Figure 3.2.G and H). The specificity of
Langerin/CD207 staining was confirmed using isotype control antibody in place
of anti-Langerin/CD207, no positively stained dendritic cells were observed under

these conditions (data not shown).

3.2.3 LC migration in W/Wv mast cell deficient mice

To determine the role of mast cells in IgE-mediated LC migration, both mast cell-
deficient W/Wv mice and their wild type control +/+ mice were injected with
anti-TNP IgE antibody and challenged with i.v. antigen as described above. No
significant decrease in the numbers of Langerin positive cells was observed in the

IgE injected ear pinnae of W/Wv mice (Figure 3.3.A). However, a small but
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Figure 3.3 Mast cells are required for changes in LC distribution following local
IgE-mediated activation. Genetically mast cell-deficient W/Wv mice, and normal
congenic +/+ (mast cell containing) mice received a saline injection as a control in
one ear pinna and an anti-TNP IgE injection in the contralateral ear pinna. 7 days
later, mice were injected with TNP-BSA iv. and the numbers of their LC
examined after 18h using anti-Langerin/CD207 immunohistochemistry. The
density of LC stained with anti-Langerin in epidermal sheets from both W/Wv
mice (A) (n=8), and from +/+ mice (B) (n=6) was determined. Cells from the
draining LN were also examined 24h after the i.v. challenge. Numbers of total
cells/draining LN from W/Wv mice (C) (n=10) and +/+ mice (D) (n=10).
Numbers of Langerin/CD207 positive dendritic cells/draining LN from W/Wv
mice (E) (n=10) and from +/+ mice (F) (n=10). All numbers represent the mean
values = S.EM. * represents P<0.05, ** represents P<0.01, *** represents

P<0.001.
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consistent increase in the number of Langerin/CD207 positive LC cells was
observed. In control +/+ mice, a 23% decrease in Langerin/CD207 positive LC
cells (P<0.01) was observed in the IgE injected ear pinna compared to the control
site (Figure 3.3.B). Consistent with these data, only a 25% increase (P<0.05) in
total LN cellularity was observed in W/Wv mice in the LNs draining the IgE
activated ear pinnae compared with controls (Figure 3.3.C). In contrast, a 2 fold
increase (P<0.0001) in total cellularity was observed in +/+ mice in the LNs
draining the IgE activated side compared to control (Figure 3.3D). No significant
increase was observed in the numbers of Langerin/CD207 positive cells in the LN
of W/Wv mice (Figure 3.3.E). However, a 2.5 fold increase (P<0.01) in the
numbers of Langerin/CD207 positive cells was observed in control +/+ mice
(Figure 3.3.F). These observations suggested that the induction of LC migration
following local IgE-mediated activation is mast cell dependent.

The anti-TNP antibody (IgG and IgM) response in #W/Wv and control mice
was determined 2 weeks after i.v. antigen injection in a separate set of animals
(n=5/group). There was no significant difference in the anti-TNP titre between the
mast cell deficient and mast cell containing mice (data not shown). These
observations confirm the ability of mast cell deficient mice to mount a normal

immune response following systemic antigen administration.

3.2.4 LC cells observed in draining LNs have undergone maturation
To examine the maturation status of LC within LNs draining sites of IgE-

mediated mast cell activation a flow cytometric approach was employed. The dual
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Langerin positive and CD1 1¢ positive cells were examined for their expression of
the well-defined maturation markers CD86, fascin and CD40. LC at these sites
were found to be on average (n=6) 85% CD86 positive, 87% fascin positive and
45% CDA40 positive (data not shown). This marker profile is in keeping with a
matured LC phenotype. The marker profile of LC was not significantly different
between nodes draining sites of IgE mediated mast cell activation and control

sites.

3.2.5 LC migration in W/Wv mice with local mast cell reconstitution

To more directly address the role of the mast cell, W/Wv mice were locally
reconstituted by intradermal injection with BMMC in the right ear only. After a
10-week resting period, to allow mast cells to mature in vivo, mice were injected
with anti-TNP IgE antibody in both ear pinnae. One week later, mice were
challenged with TNP-BSA antigen i.v. and both epidermal sheets (18h) and
auricular nodes (24h) were examined for their numbers of Langerin/CD207
positive dendritic cells. Examination of the epidermal sheets from the ear pinnae
revealed that Langerin/CD207 positive cell numbers were significantly (P<0.01)
decreased in the mast cell reconstituted site compared with non-reconstituted site
(Figure 3.4.A). A significant (P<0.01) increase in total cellularity was observed
in the LNs draining the mast cell-reconstituted ear pinna (Figure 3.4.B). A
significant (p<0.02) increase in the number of Langerin/CD207 positive dendritic

cells/LN was also observed at this site (Figure 3.4.C).
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Figure 3.4 Local mast cell reconstitution restores LC migration. Mast cell
deficient W/Wv mice were injected with cultured bone marrow derived mast cells
in the right ear only. After 10weeks, both ears were injected with anti-TNP IgE
and after a further 7 days, the mice were challenged with TNP-BSA i.v. After 18h
the number of LC in the ear pinna epidermis for individual mice (»=5) was
determined (A). After 24h, cells from the draining auricular LN (n=5) were
examined. (B) Numbers of total cells/draining LN. (C) Numbers of
Langerin/CD207 positive dendritic cells/draining LN. All numbers represent the

mean values + S.E.M.* represents P<0.05, ** represents P<0.01.
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3.2.6 LPS induces LC migration in mast cell deficient /Wy mice

LPS is a known inducer of dendritic cell migration (Roake et al., 1995) via
interactions with Toll-like receptors, but does not induce mast cell degranulation
(Leal-Berumen et al., 1994). Both W/Wv mice and wild type control +/+ mice
were injected with LPS into their right ear and saline into the left. After 18h, mice
were sacrificed and LN examined. In the draining LN, there was a similar
significant (p<0.01) increase in the number of total cells in the LPS draining node
compared to the control in both W/Wv mice (2 fold) (Figure 3.5.A) and control
+/+ mice (2.6 fold) (Figure 3.5.B). In addition, the numbers of Langerin/CD207
positive dendritic cells showed a significant (p<0.05 and p<0.01) increase in the
sites draining LPS injected skin compared to control in both W/Wv mice (3.4 fold)

(Figure 3.5.C) and +/+ mice (4 fold) (Figure 3.5.D).

3.2.7 Changes in LC numbers are dependent upon specific antigen
administration

In order to investigate the mechanism of these responses in more detail we
focused on the changes in Langerin positive cells and total cellularity observed in
the auricular LNs draining sites of IgE-mediated mast cell activation. Murine LC
do not express FceRI (Hayashi et al., 1999), however they do express the low
affinity FceRII/CD23. There was no significant difference in the number of
Langerin/CD207 positive cells found within the LNs draining IgE injected or
control (saline injected) ear pinnae (Figure 3.6.A and B). As further confirmation

that the substantial dendritic cell responses observed in the LNs were the result of
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Figure 3.5 LPS induces similar levels of LC migration in W/Wv and control mice.
Genetically mast cell-deficient W/Wv mice (n=5) and their normal congenic +/+
mice (n=5) received saline as a control in the left ear pinna and LPS (0.75ug) in
the right ear pinna. 18h later, mice were sacrificed and the total number of cells
and Langerin/CD207 positive dendritic cells in the draining auricular LN were
examined. Mean + SEM numbers of total cells/draining LN from W/Wv mice (A)
and from +/+ mice (B). Mean + SEM numbers of Langerin® dendritic
cells/draining LN from W/Wv mice (C) and from +/+ mice (D). * represents

P<0.05, ** represents P<0.01.
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Figure 3.6 Changes in LC numbers are antigen and specific IgE dependent. A
and B, Saline or anti-TNP IgE were given i.d. in the ear pinnae alone without
further antigen challenge. LN tissue were harvested at day 14 and total cells and
Langerin/CD207 positive cells were counted. (A) Numbers of total cells per
draining LN. (B) Numbers of Langerin/CD207 positive dendritic cells per
draining LN. C and D, anti-dansyl IgE or anti-TNP IgE were given i.d. in the ear
pinnae 14 days prior the i.v. TNP-BSA challenge injection. LN tissues were
harvested and total cells and Langerin/CD207 positive cells were counted. (C)
Numbers of total cells per draining LN. (D) Numbers of Langerin/CD207 positive
dendritic cells per draining LN. All values represent groups of 6-8 animals, mean
values = S.EM. * represents P<0.05, ** represents P<0.01, *** represents

P<0.001.
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antigen specific IgE-mediated mast cell activation, one ear pinna of a group of 6
C57Bl/6 mice was injected i.d. with anti-dansyl IgE while the other was injected
with anti-TNP IgE. 14 days later the mice were injected i.v. with TNP-BSA and
after 24h the draining auricular LNs were excised and examined for the number of
Langerin/CD207 positive cells. Again, the LNs draining the site of IgE-mediated
mast cell activation (injected with anti-TNP IgE) showed significantly increased
numbers of Langerin/CD207 positive cells compared with the site that received

anti-dansyl IgE injection alone (Figure 3.6.C and D).

3.2.8 Consequences of H1 and H2 histamine receptor blockade

In view of the known effects of histamine on dendritic cell maturation and
function the consequences of pharmacologic blockade of either H1 receptors
using pyrilamine or H2 receptors using cimetidine were examined. LNs draining
sites of IgE-mediated mast cell activation were examined in C57Bl/6 mice that
had been pre-treated with cimetidine, pyrilamine or with diluent (control)
injection i.p. 90 minutes prior to i.v. antigen challenge of IgE sensitized mice
(anti-TNP IgE 14 days prior to antigen injection). The numbers of
Langerin/CD207 positive cells migrating to the LN draining sites of IgE mediated
activation were similar in diluent treated animals and following H1 blockade
(Figure 3.7.B and D). In marked contrast, following H2 blockade, increases in
Langerin/CD207 positive cells in the auricular node draining sites of IgE-
mediated activation, were almost completely blocked (Figure 3.7.F) (90.5%

inhibition compared with diluent treated control group). The increase in total LN
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Figure 3.7 Histamine effect through H2 receptor is required for LC migration.
Saline or anti-TNP IgE were injected i.d. in the ear pinnae. After 7 days mice
were injected ip. with water (diluent control), pyrilamine (HI1 antagonist),
cimetidine (H2 antagonist) or a combination of cimetidine and pyrilamine 90
minutes prior to i.v. TNP-BSA antigen challenge injection. LN tissues were
harvested and total cells and Langerin/CD207 positive cells were counted. (A)
Numbers of total cells/draining LN in diluent control treated animals. (B)
Numbers of Langerin positive dendritic cells/draining LN of diluent control
treated animals. (C) Numbers of total cells/draining LN of pyrilamine treated
animals. (D) Numbers of Langerin/CD207 positive dendritic cells/draining LN of
pyrilamine treated animals. (E) Numbers of total cells/draining LN of cimetidine
treated animals. (F) Numbers of Langerin/CD207 positive dendritic cells per
draining LN of cimetidine injected animals. (G) Numbers of total cells/draining
LN of cimetidine and pyrilamine treated animals. (H) Numbers of
Langerin/CD207 positive dendritic cells/draining LN of cimetidine and
pyrilamine treated animals. All values represent groups of 6-12 animals, mean
values £ S.EE.M. * represents P<0.05, ** represents P<0.01, *** represents

P<0.001.
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cellularity, as a result of IgE-mediated mast cell activation, was not significantly
inhibited by cimetidine pre-treatment of the animals. The effects of combined
cimetidine and pyrilmaine treatment were similar to those of cimetidine alone
(Figure 3.7.G and H).

To further evaluate the ability of histamine alone to mimic the effects of
local mast cell degranulation of LC, separate groups of C57Bl/6 mice were
injected i.d. with 2.75pg or 27.5pg of histamine. 24h later the presence of LC in
the draining LNs were evaluated. No significant LC increase in the draining LNs
was observed following such histamine injection compared with diluent injected
controls (data not shown).

Serotonin is also found in large amounts in rodent mast cells. In order to
examine the ability of this mediator to participate in the observed LC response,
the serotonin receptor antagonist ketanserin was employed. Ketanserin was
completely ineffective in blocking LC migration in response to mast cell
activation when employed at in vivo doses that have been shown to be highly
effective in blocking other serotonin dependent events (Matsuda et al.,, 1997).
Ketanserin was injected 90 minutes before antigen challenge, and both the
number of total cells and Langerin positive cells were determined. Total cells in
the IgE injected side were 5.6x10° cells verses 3.2x10° cells in the control side.
Langerin positive cells were 17x10° cells in the IgE injected side verses 8.3x10°

cells in the control injected side with a p value <0.0001.
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3.3 Discussion

This study directly demonstrates the role of mast cells in vivo in the regulation of
LC migration. Both decreases in LC in the epidermis following IgE/antigen
challenge and increases in Langerin/CD207 positive cells in the draining auricular
LNs were mast cell dependent using the W/Wv mast cell deficient mouse model.
Results of experiments using the H2 receptor blocker cimetidine strongly
implicate histamine as the major mast cell mediator involved via interaction with

the H2 receptors known to be present on dendritic cells.

Several different approaches confirmed that changes in LC populations
were the result of mast cell activation and not IgE administration alone or
IgE/antigen interactions on other cell types. First, when W/Wv mice were
selectively reconstituted in one ear pinna with mast cells and then injected in both
ear pinnae with IgE, prior to iv. antigen challenge a significant (p<0.01)
difference was observed between the mast cell containing site and the non-
reconstituted site. Both a decrease in Langerin/CD207 positive cells in the
epidermal sheets where mast cells were present and an increase in
Langerin/CD207 positive cells in the draining auricular LN were observed when
compared with the mast cell deficient ear sites within the same animals (Figure
3.4). Second, we confirmed that IgE injection into the ear pinna alone, in the
absence of iv. antigen challenge did not induce changes in the number of
Langerin/CD207 positive cells within the draining LNs when compared with

saline injected control ears in the same animals (Figure 3.6.B). As a further
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control for potential effects of IgE injection alone on LC migration, some animals
were injected in both ears with IgEs of differing specificity. When antigen was
injected i.v., only the LC populations from sites injected with IgE of appropriate
specificity were observed to substantially migrate from the ear epidermis to the

draining node (Figure 3.6.D).

It is notable that the observed changes in Langerin/CD207 positive cells
within the epidermal sheets were lower than might have been expected given the
substantial increases in Langerin/CD207 positive cells within the draining
auricular node. The scale of change in both the epidermal site and the draining
node are consistent with that observed by others using direct injection of TNF
and/or IL-1P into the skin (Cumberbatch et al., 1997a; Cumberbatch et al., 1994).
The small overall reduction in LC numbers may, in part, be explained by
recruitment of new LC to the site of mast cell activation (Cyster, 1999). Henry et
al. have demonstrated that the numbers of Langerin positive cells in LN draining
the skin are normally regulated by a steady state of migration, consistent with the
presence of some Langerin/CD207 positive cells in the control LN (Henri et al.,
2001). In addition, Stoitzner ef al. have shown that Langerin/CD207 positive cells
in the skin-draining LN are mostly mature (Stoitzner et al., 2003). Changes in LC
numbers in both the ear epidermis and draining LN were consistent with IgE-
mediated mast cell activation inducing LC migration in the context of a
background level of continuous recruitment of immature LC to the skin and

subsequent migration of cells to the draining LN. The appropriateness of the
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specific auricular node selected for our study was confirmed by pilot experiments
in which India ink was injected i.d. into the ear pinnae of mice (data not shown).
This enabled us to isolate a single LN for study, reducing any contribution from
other tissues to the changes in LC populations we examined. However, we cannot
completely rule out the possibility that Langerin/CD207 positive cells from
neighboring sites might contribute to the increase in Langerin/CD207 positive

cells within the node.

The LC that migrated to draining LNs following IgE-mediated mast cell
activation appear to have a similar phenotype to those found normally at this site
and to have undergone some degree of maturation. A high percentage of
Langerin/CD207 positive cells in these LNs were fascin and CD86 positive, a
profile typical of a mature dendritic cell. It has been suggested that as LC mature
in the LN they will lose their expression of Langerin/CD207 so that both the
numbers of LC migrating to the draining nodes and the degree of maturity, we are

reporting, might be underestimates.

The ability of LPS administration to induce LC migration in both W/Wv
and control +/+ mice, to a similar extent, illustrates that mast cell activation is not
required for LC migration in response to all stimuli. Although murine mast cells
express the TLR4 receptor and have been shown to respond functionally by
producing multiple cytokines in response to LPS (lkeda and Funaba, 2003;

McCurdy et al., 2003; Supajatura et al., 2002; Supajatura et al., 2001), the mast
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cell contribution to LC mobilization, under our experimental conditions was not
significant. These data also illustrate that the LC in W/Wv mice are capable of
being mobilized normally following appropriate stimulation, further confirming
that the functional c-kit deficiency in W/Wv mice has not substantially altered the
ability of LC to migrate normally. It is also notable, that while changes in
auricular LN cellularity in response to IgE/antigen mediated activation were
highly mast cell dependent, LPS injection induced similar changes in LN
cellularity in both mast cell containing and mast cell deficient mice. These data
suggest that mast cell independent mechanisms for LN activation are mobilized
following LPS injection in addition to the mast cell-derived TNF-dependent

mechanisms that have been recently described (McLachlan et al., 2003).

The mechanism by which mast cells induce LC migration appears to be
highly dependent upon histamine and H2 receptors. Our data demonstrates a
critical role for H2 receptors in the migration of LC to draining LNs following
IgE-mediated mast cell activation. It is notable, however, that H2 blockade was
not effective as an inhibitor of mast cell dependent increases in total LN
cellularity. These data are in keeping with recent studies suggesting that this
process is mainly TNF-dependent (McLachlan et al., 2003). H1 blockade did not
significantly alter total LN cellularity or LC migration to draining LNis at sites of
IgE-mediated activation. However, there was a slight trend towards reduced LC
numbers in the activated LNs, which may reflect some cross inhibition of H2

receptors by the relatively high doses of pyrilamine employed in this study.
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Histamine up-regulates the expression of CD86, CD40, CD54, CD80 and MHC
class II, as well as inducing pro-inflammatory cytokine and chemokine production
by human immature dendritic cells through H1 and H2 receptors (Caron et al.,
2001b). However, histamine alone does not up-regulate CCR7, which is thought
to be crucial for dendritic cell migration and can be regulated by IL-1B or TNF
(Forster et al., 1999; Yanagihara et al., 1998). While histamine is clearly required,
it is probably not the only necessary mast cell derived factor involved in the
process of mast cell-dependent LC mobilization. Indeed, administration of
histamine alone into ear skin did not induce LC migration, suggesting a role for
other factors induced from mast cells or neighboring cells as a result of IgE-
mediated mast cell activation. One potentially important factor is TNF, which is
found both preformed in mast cells and newly synthesized following activation
(Gordon and Galli, 1990). Intradermal administration of TNF induces LC
migration and dendritic cell accumulation in the draining LN in mice
(Cumberbatch et al., 1994; Cumberbatch and Kimber, 1992). Other additional
candidate inducers of mast cell mediated LC migration include IL-1B8, GM-CSF
and CD40 ligand, which have been implicated in dendritic cell migration or
maturation and are expressed by activated human and rodent mast cells (Galli et
al., 1989; Gauchat et al., 1993). Mast cell exosomes may provide many of these
mediators, or additional signals and have been shown to up-regulate dendritic cell
MHC class II, CD80, CD86, and CD40 molecules. Mast cell exosomes,

containing histamine, also induce dendritic cells to become efficient antigen-
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presenting cells, eliciting both IgG1 and IgG2a antibodies in mice following

immunization with exosome-associated antigens (Skokos et al., 2003).

Complement activation has also been implicated as an important signal for
mast cell activation and subsequent interaction with dendritic cells. Tsuji et al.
have shown that C5 is required early for the elicitation phase of contact sensitivity
and delayed-type hypersensitivity. C5 was required for macrophage chemotactic
activity and the late production of IFN-y (Tsuji et al., 1997). C5a has also been
shown to induce serotonin release from mast cells which induces endothelial cells
activation and Thl cells extravasation (van Loveren et al., 1983). The design of
the current studies largely preclude an important role for complement locally
within one ear as compared with the contralateral ear. Mouse IgE, particularly
when bound to FceRI is not considered an effective complement activator. Free
IgE has a relatively short (12h) half-life in rodents and is injected 7-14 days prior

to i.v. antigen administration in our experiments.

The data reported here, do not directly implicate mast cells in the process
of antigen presentation or contact sensitization, which has previously been
implied (Askenase et al., 1983; Galli and Hammel, 1984). For example, Bryce et
al. have shown that mast cells are required for contact sensitivity and dendritic
cell reduction in the epidermis following hapten exposure (Bryce et al., 2004).
However, our results indicate that LC migration to draining LNs can be induced

by IgE-mediated mast cell activation. Further signals may then be required to
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allow such LC to present antigen effectively. The process of mast cell induced LC
migration, suggests a potential role in the perpetuation of chronic allergic disease.
Once an IgE response to a specific environmental antigen has been established,
subsequent exposure may lead to mast cell activation and release of mediators.
Potentially, these mediators may enhance the migration of further local LC,
carrying further environmental antigens to the draining LN. This process could
increase the possibility that additional IgE responses would occur in response to
common environmental antigens. Histamine has been demonstrated to enhance
Th2 responses through effects on dendritic cells (Caron et al., 2001a). Our current
studies demonstrate that mast cell derived signals, including histamine, also
provide key stimuli for inducing LC migration in vivo. The importance of mast
cell dependent mobilization of LC to both allergic sensitization and the rapid
development of effective immunity to pathogens will be important topics for

future studies.
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CHAPTER 4

LANGERHANS CELL MIGRATION IN RESPONSE
TO BACTERIAL PEPTIDOGLYCAN IN VIVO IS

MAST CELL AND COMPLEMENT (C3) DEPENDENT
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4.1 Introduction

Early innate and later adaptive immune responses are closely related and
interdependent. One compelling example is the mechanisms whereby dendritic
cells, necessary for many adaptive immune responses to develop, mature and
migrate into the draining LN under the influence of potent signals provided by the
innate immune response. Mast cells, complement activation and Toll-like

receptors (TLR) have all been implicated in this process.

Mast cells have been widely studied in allergy, however, they also have a
critical role as sentinel cells in host defence (Echtenacher et al., 1996a; Malaviya
et al., 1996a). Strategically located at host-environmental interfaces, such as the
skin, they produce a wide range of mediators including histamine, arachidonic
acid derivatives and numerous cytokines and chemokines which can be released
selectively depending on the stimuli (Burd et al., 1989; Plaut et al., 1989). Mast
cells also express a wide range of immune receptors that aid in pathogen
recognition, including TLR, complement receptors, CD48 and many others

(reviewed in (Marshall and Jawdat, 2004)).

Langerhans cells (LC) are immature DC present in the skin. They express
high levels of MHC class II and are characterized by the presence of Birbeck
granules and characteristic dendritic morphology. Their major function is to
capture antigen and, in response to appropriate signals, mature and migrate to the

draining LN and present the antigen to T lymphocytes (Banchereau and Steinman,
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1998; Streilein and Grammer, 1989). Recently, a monoclonal antibody (Ab)
specific for LC (Langerin/207) was identified (Valladeau et al., 2002) and shown
to enable the tracing of LC from the epidermis to the draining LN (Stoitzner et al.,
2003). Since LC down-regulate Langerin following arrival in the LN. Langerin-

positive DC within LN represent recent immigrant LC from the skin.

We have previously shown that LC migration from the skin into the
draining auricular LN in response to a classic IgE mediated allergic immune
response is mast cell dependent (Jawdat et al., 2004). IgE antibodies on the
surface of mast cells have also been demonstrated to enhance contact
sensitization to irrelevant antigens possibly as a result of mast cell effects on DC
migration (Bryce et al., 2004). Mast cells have also been implicated in the process

of LN activation following bacterial challenge (McLachlan et al., 2003).

Atopic dermatitis is a common chronic inflammatory skin disease. The
skin of over 90% of atopic dermatitis patients is colonized with Staphylococcus
aureus (S. aureus) a Gram positive bacteria, that may exacerbate the severity of
the disease (Leung et al., 2004). The major cell wall component of this bacteria is
peptidoglycan (PGN) which can activate innate immune responses via interaction
with TLR2 (Schwandner et al., 1999). PGN has also been shown to activate the
complement system through the classical, alternative and lectin pathways
(Greenblatt et al., 1978; Ma et al., 2004; Verbrugh et al., 1979). Some studies

have correlated increased numbers or activation of mast cells with the severity of
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the atopic dermatitis (Damsgaard et al., 1997; Mihm et al., 1976), however their
role in this disease is unclear. DCs have also altered function in atopic dermatitis.
Sensitization to a large number of environmental antigens and very high serum

IgE levels are commonly observed in this patient population (reviewed in (Leung

etal., 2004)).

Cultured murine mast cells have been shown to respond to PGN from S,
aureus via TLR2 leading to mast cell degranulation and the release of IL-4 and
IL-5. In addition they facilitate increased neutrophil recruitment via a TLR2
dependent mechanism (Supajatura et al., 2002). In the current study, we examined
the role of mast cells in inducing LC migration in response to S. aureus derived
PGN. Our results demonstrate a critical role for both mast cells and complement

activation in this process.



4.2 Results

4.2.1 PGN-induced LC l;ligration is mast cell dependent

To determine the role of mast cells in LC migration, in response to S. aureus
derived PGN, mast cell deficient W/#* mice and mast cell containing +/+ mice
were injected with PGN into the right ear pinna and saline into the left ear pinna.
After 18h, the draining auricular LNs were excised and the total cellularity and
number of Langerin-positive DC were determined. In mast cell containing +/+
mice a significant increase in the number of Langerin-positive cells was observed
in the LN draining the PGN-injected site compared to LN draining the saline
injected side. In contrast, no increase in the number of Langerin-positive cells was
observed in the LN draining the PGN-injected site compared to saline injected
sites in W/W" mice (Figure 4.1). The total number of cells within the draining LN
increased in concert with the numbers of Langerin-positive DCs.

To more specifically address the role of mast cells in this response, mast
cell deficient W/W” mice were locally reconstituted by intradermal injection with
BMMC in the right ear only. After a 10-week resting period, to allow mast cells
to mature in vivo, mice were injected with PGN into both ear pinnae. After 18h,
the ear pinna draining auricular LN were excised and the total cellularity and
number of Langerin-positive DC were determined. A significant increase in the
number of Langerin-positive cells was observed in the mast cell reconstituted site
compared with non-reconstituted site confirming the requirement of mast cells to

induce LC migration. Changes in total LN cellularity were also examined. The
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Figure 4.1 PGN induced LC migration is mast cell dependent. Genetically mast
cell-deficient W/W" mice, and their normal congenic +/+ mice received a saline
injection as a control in one ear pinna and PGN injection in the contralateral ear.
W/W" reconstituted with mast cells in one ear pinna only received PGN injection
into both ear pinnae. After 18h draining LN tissues were harvested and total cells
and Langerin-positive cells were counted using anti-Langerin/CD207 immuno-
histochemistry. A, Mean + SEM numbers of Langerin/CD207 positive cells
/draining LN. B, Mean + SEM number of total cells/draining LN. * represents

P<0.05
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increase in LN cellularity observed 18h after PGN administration was substantial

and mast cell dependent.

4.2.2 PGN-induced LC migration is TLR2 and TLR4 independent but
requires complement

To examine the contribution of TLR2 to the mast cell dependent increase in
Langerin-positive DC in draining LN, C57BL/6 and TLR2 deficient mice (TLR2-
/-) (Takeuchi et al., 1999) on a similar genetic background were injected with
PGN into the right ear pinna and saline into the left ear pinna. After 18h, the ear
pinna draining auricular LNs were excised and the total LN cellularity and
number of Langerin-positive DC were determined. Surprisingly, both TLR2-/-
mice and their control C57BL/6 mice showed a significant increase in the number
of Langerin-positive cells in the PGN injected side compared to saline injected
side, with the TLR2-/- mice having a significantly (p<0.001) greater response to
PGN. In view of the possibility that TLR4-mediated activation might contribute to
the PGN response, both TLR4 deficient C57BL10ScNJ mice that have a gene
deletion of TLR4 and their appropriate control C57BL/10J were injected with
PGN into the right ear pinna and saline into the left ear pinna and examined as
previously. Both TLR4 deficient and wild type control mice showed a similar
significant increase in the number of Langerin-positive DC in the LN draining the
PGN injected ear pinna compared to saline injected side. Notably, the total LN

cellularity increases observed as a result of PGN administration were also
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Figure 4.2 PGN induced LC migration is not TLR2 or TLR4 dependent but
requires complement C3. C57BL/6, TLR2-/-, TLR4-/- and WT control, C3-/- and
WT control received a saline injection as a control in one ear pinna and PGN
injection in the contralateral ear. After 18h draining LN tissues were harvested
and total cells and Langerin positive cells were counted using anti-
Langerin/CD207 flowcytometry. A, Mean + SEM numbers of Langerin/CD207
positive cells /draining LN. B, Mean + SEM number of total cells/draining LN. *

represents P<0.05 ** represents P<0.01, *** represents P<0.001
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unchanged in TLR2 or TLR4 deficient animals when compared with control
animals.

To examine the possibility of a contribution from complement activation
by PGN, both C3-/- mice and their wild type control mice were injected with
PGN into the right ear pinna and saline into the left ear pinna. After 18h, the ear
pinna draining auricular LNs were excised and the total cellularity and number of
Langerin-positive DC was determined. Interestingly, unlike their congenic
controls C3-/- mice did not show a significant increase in the number of Langerin-
positive cells in the LN draining the PGN injected ear pinna compared to the
saline injected site (Figure 4.2). Notably, the increase in draining LN total
cellularity was abrogated following PGN injection in C3-/- mice compared with

control mice.

4.2.3 Histamine receptors H1 and H2 do not block LC migration in response
to PGN

Langerhans cell migration in response to IgE mediated mast cell activation has
been previously shown to be histamine dependent (Jawdat et al., 2004) therefore
C57BL/6 mice were pretreated with either pyrilamine (H1 antagonist) ,
cimetidine (H2 antagonist) or diluent control 90 min before PGN and saline ear
pinna injections. After 18h, the draining auricular LNs were examined.
Surprisingly, neither H1 nor H2 blockade inhibited the increase in LC in the
draining LNs after PGN administration. The increase in the total cellularity of

LNs was also unaffected by anti-histamine treatment (Figure 4.3).
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Figure 4.3 Blocking histamine receptor H1 or H2 does not inhibit LC migration.
C57BL/6 mice were injected with diluent, pyrilamine 20 mg/Kg or cimetidine
50mg/Kg i.p. 90 min prior to PGN and saline injection into the ear pinnae. After
18h LN tissue were harvested and total cells and Langerin-positive cells were
counted using anti-Langerin/CD207 flowcytometry. A, Mean = SEM numbers of
Langerin /CD207 positive cells /draining LN. B, Mean + SEM number of total

cells/draining LN. * represents P<0.05, *** represents P<0.001
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4.2.4 TNF contributes to LC migration in response to PGN

To examine the role of TNF in PGN induced LC response, TNF-/- mice and their
wild type controls were treated with PGN. TNF-/- mice showed a significantly
(p<0.01) reduced Langerin-positive cell response in LNs draining sites of PGN
injection when compared with control mice. However, the absence of TNF did not
completely block LC migration. In contrast to the effects of TNF deficiency on
the increase in Langerin-positive DC within the draining node, lack of TNF had
no significant impact on the PGN-induced and mast cell dependent increase in

total LN cellularity (Figure 4.4).

4.2.5 The Langerin-positive DC observed in the skin draining LN have
undergone maturation.

In order to examine the maturational status of LC within auricular nodes
following PGN treatment LN cells were stained with the maturation marker
CD86. The proportion of CD11c+ cells that were CD86+ remained high (>80%)
in all groups, TLR2, TLR4, C3 and TNF deficient mice all demonstrated similar
proportions of CD86+/ Langerin-positive cells within the nodes following saline
or PGN treatment of the ear pinnae (Table 4.1).

The proportion of CD11c+ LN DC that were Langerin-positiye and the
overall number of CDllc+ cells/node were also determined (Table 4.1).
C57BL/6 mice, TLR4 and TLR2 deficient mice showed significant increases in
the number of CD11c+ cells in the LN draining PGN injected sites, with the

TLR2-/- mice having a significantly (p<0.05) greater response to PGN than the
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Figure 4.4 TNF significantly contributes to degree of LC migration. TNF-/- mice
and their WT control received a saline injection as a control in one ear pinna and
PGN injection in the contralateral ear. After 18h draining LN tissues were
harvested and total cells and Langerin-positive cells were counted using anti-
Langerin/CD207 flow cytometry. A, Mean + SEM numbers of Langerin/CD207
positive cells/draining LN. B, Mean = SEM number of total cells/draining LN. *

represents P<0.05 ** represents P<0.01, *** represents P<0.001
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Table 4.1. CD11c and CD86 positive cell populations in the draining auricular
nodes of various mouse strains 18h after PGN or saline injection of the ear pinna

Number of CD11¢” cells

% of CDI11c* cells

% of Langerin-

(Thousands) that are positive cells that
Mouse Strain CD86" are CD86"

PGN Saline PGN Saline PGN Saline
86.0+ 541+ 512+ 8701+ 8591

CS7BL/6 100 276148 35 41 1.9 28
1218+ ) 636+ 97+ 887+ 906+

TLR2-- 1594k 330149 28 52 28 24
1505+ 662+ 718+ 920+  9%.7%

CSTBL/0J 19.0 ** 79.0£9.5 29 21 14 1.2
1356+ 622+ 624+ 618+ 907 936+

C57BL/10ScNJ 29,0 + 132 12 33 1.7 0.9
383+ 10.6 + 699 + 60.4 + 93.9 + 94.7 +

B6/129 102 * 1.93 23 4.1 1.7 24
14+43 99t 679% 9382 922+

C3-/- i 5615 6.6 33 29 0.9
CS7BLI/6 + N1+ 361+ 563+ 563+ 945+ 882+

diluent 347+ 821 39 57 29 52
CS7BLIG+ 1556+ 541+ 651+ 658+ 997+ 971+

pyrilamine 23.5+* 10.7 4.1 4.1 0.1 2.8
CSTBLIG + 956+ 62451 607t  573x  940% 923

cimetidine 14.4 **+ 2 55 59 36 46
528+ 545+ 515+  975: 996+

B6/129SF2 159+ 148122 28 29 14 0.4
374437 458+ 426+  972% 983+

TNF-- e 123217 1.7 57 11 11

In each group LN draining PGN injected site was compared to contralateral saline
injected site. * represents P<0.05 ** represents P<0.01, *** represents P<0.001. #
denotes significantly (P<0.05) reduced number of CDI11c +ve cells compared to PGN
injected site in B6/129 control animals.
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C57Bl/6 mice. In contrast, C3 deficient mice showed significantly (P<0.05)
lower numbers of CD11c+ cells in the LN draining PGN injected sites. C57BL/6
mice injected with diluent, pyrilamine or cimetidine had similar responses to
control C57Bl/6 mice. TNF deficient mice and their congenic controls both
showed similar increases in the number of CD11c+ cells in LN draining PGN

injection sites.



Discussion

In this study the role of mast cells in inducing LC migration in response to
the bacterial product PGN was examined using mast cell deficient W/W* mice.
Our results demonstrate a high degree of mast cell dependency to this response.
LC migration in response to PGN was also TLR2 independent whereas a
contribution from the complement system, specifically C3, was shown to be
required. This study also demonstrates that histamine might not be required based
on the application of H1 and H2 blockade. However, TNF showed a significant

role as an important mediator in inducing LC migration in response to PGN.

The requirement for mast cells indicated by comparison of responses in
W/W" and +/+ mice was confirmed by reconstituting W/W" mice with mast cells
in one ear only which was able to restore the ability of LC to migrate in response
to PGN as well as the ability of PGN to induce an increase in total LN cellularity .
These findings are consistent with McLachlan et al. who showed that mast cells

are required for LN activation in response to certain whole bacteria (McLachlan et

al., 2003).

TLR2 is a major recognition receptor for PGN, studies by Supajatura et al.
have suggested that murine mast cells become activated via a TLR2 dependent
mechanism following PGN administration in the skin (Supajatura et al., 2002).
Interestingly, in the current study it was shown that the absence of TLR2 had no

inhibitory effect on LC migration in response to PGN suggesting that TLR-
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independent pathways play a major role in regulating this response. Indeed a
greater LC response to PGN was observed in TLR2 deficient mice than control
mice. To role out any potential effects of endotoxin contamination of the PGN,
TLR4 deficient mice were examined. Again both TLR4 containing and TLR4
deficient animals showed similar responses. Taken together, these data indicate
that neither TLR2 nor TLR4 are essential for the observed mast cell-dependent

DC response following PGN administration.

Complement components can play an important role in mast cell
activation especially through the actions of the anaphylatoxins C3a and C5a. Mast
cells also express other complement product receptors C3R (CD11b/CD18) and
C4R (CD11¢/CD18). Complement activation has previously been demonstrated to
be important for effective, mast cell dependent anti-bacterial responses (Prodeus
et al., 1997). Thus, the requirement for complement activation in PGN-induced
LC migration was examined. PGN administered in vivo might activate any of the
three major complement pathways (Greenblatt et al., 1978; Ma et al., 2004;
Verbrugh et al., 1979), therefore C3-/- mice were selected for this study. C3-/-
mice did not show a significant increase in the number of Langerin-positive cells
in the LN draining the PGN injected ear pinna compared to the saline injected
site. In addition, the increase in draining LN total cellularity was abrogated
following PGN injection in C3-/- mice compared with control mice. These results
clearly demonstrate the importance of complement activation in inducing mast

cell-dependent LC migration.
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PGN has previously been suggested to induce mast cell degranulation in
vivo and using an IgE -mediated mast cell degranulation model we have
previously demonstrated that mast cell medicated LC migration can occur via a
histamine H2 receptor dependent mechanism (Jawdat et al., 2004). Histamine has
also been demonstrated to have profound effects on DC maturation in vitro
(Mazzoni et al., 2001). However, our current data suggest that histamine is not a
major mediator for PGN induced mast cell dependent LC migration. since both
pyrilamine and cimetidine histamine blockade had no effect on LC migration,
although cimetidine was employed at a dose previously demonstrated to be
effective in blocking LC migration in vivo following antigen/IgE mast cell

activation (Jawdat et al., 2004).

Mast cells are known to produce multiple mediators capable of inducing
DC maturation and migration, these include the potent pro-inflammatory cytokine
TNF, which is found preformed within mast cells and can also be newly generated
in response to multiple forms of activation (Gordon and Galli, 1990). TNF has
been shown to be required for mast cell dependent increases total LN cellularity

in response to Gram-negative bacteria (E. coli) (McLachlan et al., 2003).

TNF-/- mice showed a significantly reduced Langerin-positive cell
response in LNs draining sites of PGN injection compared with that observed in
control mice. However, the absence of TNF did not completely block LC

migration suggesting additional contributions by other mediators. The ability of



PGN to induce changes in LN cellularity however, was largely unnaffected by the
absence of TNF. These latter observations are in marked contrast to the results of
studies using Gram-negative bacteria in vivo, which suggested that mast cell
derived TNF was a critical contributor to LN activation (McLachlan et al., 2003).
These observations suggest alternate mechanisms whereby mast cells can enhance
LN activation, dependent on the type of activating stimulus encountered. Notably,
TNF deficient mice and their congenic controls both showed similar increases in
the number of CD11c+ cells in LN draining PGN injection sites consistent with

changes in the total cellularity of the auricular LN.

The LC migrating to the draining LNs varied in number following PGN
administration but appeared to undergo appropriate maturational changes
regardless of the type of mice used for the studies as indicatd by the high
proportion of CD86" Langerin-positive dendritic cells observed in each of the
animal groups (Table 4.1). It is also notable that increased numbers of Langerin
positive DCs were accompanied by substantial overall increases in the numbers of

CDl11c positive cells observed within the draining nodes.

The ability of local immature DC to respond to mast cell activation by
undergoing maturation and relocation to draining LNs has some important
implications for the role of mast cell in the development of acquired immune
responses. Bryce et al. have recently demonstrated an important role for mast

cells in contact hypersensitivity responses related to decreases in LC numbers



within the skin. The microenvironment in which DC mature can have a profound
impact on their ability to interact with T-cells and the polarization of the T-cell
response that ensues. Both histamine and TNF have been demonstrated to regulate
these processes. It remains to be investigated, whether alternate routes of mast cell
dependent LC maturation and migration to draining LNs lead to different types of
immune responses. The ability of PGN to act via mast cells to enhance LC
maturation and migration may also be of importance in diseases such as atopic
dermatitis where high levels of infection with S. aureus are observed. The
activities of mast cells activated by PGN or other bacterial products could
enhance the process of sensitization to multiple environmental antigens by
increasing the turnover of LC under conditions in which the epidermal integrity

may already be reduced.

Overall, our data demonstrate a novel complement and TNF-dependent
mechanism of mast cell mediated LC maturation and accumulation in draining
LNs in response to PGN. This mechanism does not require TLR2 or TLR4 and is
mechanistically distinct from the histamine (H2) dependent LC migration that
occurs as a result of IgE/antigen mediated mast cell activation. One potential
model for this response would involve PGN activation of the complement
pathway, subsequent activation of mast cells to produce TNF as a result of
interactions with complement split products and subsequent TNF-dependent
maturation and migration of resident skin LC. Since LC also express complement

receptors including C5a (Morelli et al., 1996), it is possible that complement
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induce LC maturation directly, however other signals such TNF from mast cells
are also required. Multiple mast cell dependent and independent mechanisms
contribute to this process in response to different pathogen associated stimuli.
Further studies of these pathways should provide novel opportunities to modulate

the earliest stages in the development of immune responses.



CHAPTER S

CONCLUSION
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5.1 Summary of Major Findings

Originally it was thought that the immune system consisted of two
separate responses, an early non-specific innate and a late specific adaptive
immune response. However, over the last several years, a number of studies have
provided evidence that both responses function together rather than separately and
there is a requirement for an appropriate innate immune response for an optimal
adaptive response to occur. It is also now recognized that the innate immune
response can be activated selectively by certain pathogens through PRRs
expressed by many cells. Activation of these cells can then act on DCs, inducing
maturation and other events and thus link innate to adaptive immunity. The
important role of DCs as professional APC has made them a subject of interest to
many scientists. Not only are they the major initiators of adaptive immune
responses, but also, thus far, the only known cells that can activate naive T
lymphocytes. The main function of DCs is to capture intruding antigen, process it
migrate to the draining lymphoid tissues and present the antigen, complexed to
MHC class II, to antigen-specific T lymphocytes to activate them and initiate an
immune response. It is hoped that by understanding what regulates DC function, it
will be possible to better manipulate the immune response. Of particular interest
are LCs, which are classical immature DCs in the skin. These are particularly
amenable to study in view of our ability to trace their migration from the skin to
the draining LN, in response to a particular stimulus. Several mediators have been
shown to be involved in LC maturation and /or migration including TNF, IL-1B

(Cumberbatch et al., 1997b), GM-CSF, CD40 ligand (Moodycliffe et al., 2000),



LTCs4 and histamine (Caron et al., 2001b; Mazzoni et al., 2001). Interestingly,
mast cells are also present in the skin in large numbers. Following activation,
mast cells can produce all of these mediators to a greater or lesser extent
depending on the stimulus. Thus, we hypothesized that locally activated mast
cells can induce LC migration from the skin to the draining LN. Our preliminary
objective was to locally activate mast cells in the skin and then observe LC
responses to such activation. Using a specific antibody for LC “anti-Langerin”
(CD207) it was possible to count their numbers in the epidermis and, based on
widely recognized previous studies (Stoitzner et al., 2003), the same antibody was

used to identify L.C that had emigrated from the skin into the draining LN.

In our initial study (Chapter 3), the ability of locally activated mast cells to
induce LC migration was examined. IgE and antigen was chosen as the mast cell
activating stimulus to mimic a classical allergic response. Using anti-
Langerin/CD207 antibody, it was possible to count the numbers of LC both in the
skin epidermis and draining LN, following local IgE-mediated activation.
Following this type of mast cell activation a significant decrease in the number of
LC was observed in the skin, where as a significant increase in Langerin-positive
cells were observed in the LN. As this response was not seen in mast cell deficient
W/W” mice it was suggested that mast cells played a critical role in this process.
To further confirm the importance of mast cells, /W mice were locally
reconstituted with mast cells. This reconstitution was able to restore the LC

migration response and confirmed that LC migration in response to IgE-mediated
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activation was mast cell dependent. Notably IgE injection alone did not induce
LC migration.

It was also shown that histamine was required for this response as no
significant increase in Langerin-positive cells in the draining node was observed
following blockade of histamine H2 receptors using cimetidine. However,
injecting histamine alone, at doses similar to those likely to be generated by local
mast cells, was not sufficient to induce LC migration. Thus, it was suggested that
in addition to histamine, other mediators may also be required. These data
indicate an important role for mast cells in inducing LC migration in response to
IgE and antigen activation, mainly through the effect of histamine with the help of

other still unknown mediators or cell-cell interactions.

In our second study (Chapter 4), we were interested in examining the role
of mast cells in LC migration in a different model, such as would be observed in
host defense against pathogens. We were particularly interested in bacterial
infections since mast cells have been shown to play an essential role in host
defense against certain types of bacteria. In particular, we wanted to examine the
effect of the bacterial cell-wall component PGN from Gram-positive bacteria S.
aureus. This is also relevant to certain types of allergic disease since more than
90% of patients suffering from atopic dermatitis are colonized on the skin with S,
aureus (Leung et al., 2004). Patients with this disease usually have a high level of
IgE antibodies to different environmental antigens in their serum. However, the

role of mast cells in skin disease in these patients is still not clear. Thus, we



wanted to study the effects of PGN injection on LC migration and the role of mast
cells in this process. Both mast cell deficient mice and their wild type controls
were used. Surprisingly, only wild type mice and not mast cell deficient mice had
a significant increase of Langerin-positive cells in the skin draining LN that was
injected with PGN compared to saline which suggests a mast cell requirement for
inducing such a response. To further confirm mast cell dependency, we
reconstituted mast cell deficient mice with mast cells in one ear only and then
injected PGN into both ears. The side that received both mast cells and PGN was
completely restored in its ability to induce significant LC migration.

We then considered the mechanisms that could be involved. PGN is one of
the PAMPs that have been shown to be recognized by PRRs such as TLRs.
Numerous studies have implicated the requirement for TLR2 for mediating PGN
responses. Since mast cells express TLR2, we wanted to examine the role of
TLR2 in response to PGN in inducing LC migration. We used TLR2 knockout
mice and their wild type controls. Surprisingly, both groups of mice had a
significant increase in the number of LC in the draining LN in the PGN injected
side compared to saline which suggest that TLR2 may not be required. Moreover,
TLR2 knockout mice had a significantly higher LC migration response than wild
type mice. More recent observations have suggested that NOD-1 and NOD-2 may
be more important for responses to PGN than previously recognized and this may
provide some explanations for these results (Royet and Reichhart, 2003; Tanabe
et al., 2004; Viala et al., 2004). Interestingly, another TLR2 ligand (Borrelia

burgdorferi lipoproteins) has been shown by another group to induce acquired



humoral responses in TLR2 knockout mice (Leung et al., 2004). They suggested
that TLR2 was required for innate host defense, but not for some inflammatory
responses or specific antibody development. We also examined the role of TLR4
which is widely recognized as a receptor for LPS. Both TLR4 deficient mice and
their wild type control had a significant increase in the number of Langerin-
positive cells in the draining LN in the PGN injected side compared to saline,
which suggested that TLR4 was also not required. We then considered the role of
complement since PGN has the ability to activate all three major complement
pathways. We decided to use C3 knockout mice since C3 is involved in all three
complement pathways. Interestingly, C3 knockout mice compared to their wild
type controls had no significant increase in the number of Langerin-positive cells
in the PGN injected side compared to saline, which suggested an important role of
complement activation in inducing LC migration in response to PGN.

In order to determine the key mediators that could be involved, we
considered histamine since we had already seen an important role for histamine in
inducing LC in response to IgE-mediated mast cell activation. Thus, we used
histamine receptor blockade (pyrilamine and cimetidine) as used in our first
model. Surprisingly, neither of the two histamine receptors appeared to mediate
the response to PGN. These observations suggest the requirement of different
mediators in two mast cell dependent models of LC migration. We then examined
the role of TNF since TNF is a key inducer of LC migration when injected into
mice directly. In addition, mast cells can release TNF within seconds of

activation. When we compared TNF knockout mice and their wild type controls,



TNF knockout mice had a much lower LC migration response than the control
mice, which suggested an important role for TNF in inducing LC migration in
response to PGN.

Overall, these data indicate an important role of mast cells in inducing LC
migration in response to the bacterial cell-wall product PGN. Surprisingly, this
response was shown to be TLR2 and TLR4 independent while C3 was required.
In addition, neither H1 nor H2 receptor blockade, were able to block this
response. However, TNF was a major contributor in inducing mast cell dependent
LC migration in response to PGN. Our proposed model suggests that when a
specific bacteria such as S. aureus enters the skin it may activate the complement
system through one of the complement activating pathways. This in turn will
activate the mast cells in the skin either through the anaphylatoxins (C3a or C5a),
which are widely recognized to induce mast cell degranulation, or through
binding to specific complement receptors expressed by mast cells, such as CR3
and CR4. Mast cell activation will then lead to the release of mediators such as
TNF, which may provide a danger signal for LCs. This will then lead to LC
activation and migration from the skin into the draining LN. Emigrated LCs will

then present the antigen to T lymphocytes and initiate an immune response (see

Figure 5.1).

5.2 Relationship to Previous Studies of Mast Cell and DC Interactions
Initial studies, in the literature, examining LC migration used mainly

contact sensitizers such as fluorescein isothiocyanate (FITC) and traced their
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Figure 5.1 Proposed model for mast cell inducing Langerhans cell migration
in response to PGN.
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migration into the draining LN where they will present FITC to T lymphocytes.
This method was widely appreciated as it allows studies of the role of LC in
delayed hypersensitivity to various chemicals (Kinnaird et al., 1989; Macatonia et
al., 1987). Using this method also permits the tracing of the newly emigrated LC
as they will express the easily detectable chemical in the draining node. However,
it is important to know that these chemicals can be transported via the lymph from
the skin to the LN and then be picked up by resident DCs and thus, the number of
the chemical positive expressing DCs may not always represent a true number of
emigrated LC. Following the discovery of LC function in response to numerous
chemicals and contact sensitizers a great deal of interest shifted to studying the
mechanisms regulating LC migration. TNF and IL-1B were among the first
essential mediators to be discovered (Cumberbatch et al., 1997d). It was thought
that the TNF is released by keratinocytes and the IL-1p by the LCs themselves.
Although mast cells are also in the skin and thus far the only cell known to store a
large 2 mount of TNF in their granules, no specific role was mentioned for mast
cells in these responses. However, when the role of CD40 ligand was studied
which is required for LC migration and expressed by mast cells, it was suggested
that mast cells might be important in this process (Moodycliffe et al., 2000).

More recent studies have examined the role of histamine on DC
maturation and activation (Caron et al, 2001b; Mazzoni et al., 2001).
Interestingly, histamine was shown to be able to up-regulate several maturation
markers on DCs. However, histamine did not induce full maturation of DCs in

vitro. These observations were consistent with our initial study of IgE-mediated
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mast cell activation inducing LC migration which was shown to require
histamine. We also injected histamine alone in the ears which did not induce LC
migration. Thus, both our study and the in vitro study of histamine suggest that
histamine plays an important role in this response. Histamine did not induce full
maturation of DCs nor LC migration by itself, indicating a requirement of other
mediators or cellular interactions. Surprisingly, in our second study where LC
migration was mast cell dependent in response to PGN histamine receptor
blockade had no significant effect. This suggests the ability of mast cells to induce
LC migration via two independent mechanisms. This is consistent with that IgE
and antigen induced mast cell degranulation and the release of histamine while
PGN induces cytokines without degranulation. A study by Supajatoura et al.
previously showed that PGN can induce murine mast cell degranulation, but this
was not shown in our lab in vitro or in vivo. These experiments however only
assess classical or compound degranulation which is measured within minutes of
mast cell activation but not piecemeal degranulation which is another type of
degranulation in which mediators are released slower over a long time. Thus, we
cannot role out the possibility the PGN induces piecemeal degranulation of mast
cells which could be examined by electron microscopy.

Mast cell exosomes as mentioned earlier have also shown by Skokos ef al.
to induce immature DCs to up-regulate the expression of MHC class II and co-
stimulatory molecules. They demonstrated that mast cell exosomes can harbor
exogenous antigens and are able to elicit specific antibody immune responses

(Skokos et al., 2003). They also showed that antigen associated with mast cell
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exosomes can be delivered to DCs ir vivo inducing efficient antigen presentation.
Whether mast cell exosomes play an important role in our system is not known.
However, it is worth considering that some antigens such as PGN might be
engulfed by mast cells and then delivered to LC through exocytosis.

A study by Mclachlan et al. showed that mast cells are also required in
inducing LN hypertrophy in response to bacterial infection such as E. coli
(McLachlan et al., 2003). This response was also shown to be TNF dependent.
Although we have also shown that mast deficiency almost completely abrogated
LC migration and total LN cellularity and that TNF is a major contributor in
inducing this response, the absence of TNF, in TNF knockout mice, did not alter
increase in total LN cellularity. Whether the difference between the two studies
reflects the differences between Gram-positive versus Gram-negative bacteria is
not known. Since we have only used a bacteria cell-wall component and they have
used whole bacteria other differences in the system used might alter the relative
importance of TNF.

One of the latest studies on mast cells and DCs by Bryce et al. was
published around the same time as our first study. They showed that mast cells are
required for efficient contact sensitization through their FeeRI. They also
concluded that the dependency on mast cells varies among chemical haptens used
(Bryce et al., 2004).

All these studies implicate an important role for mast cells in modulating

DCs, which might have significant effects on manipulating immune responses to a

variety of stimuli.
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5.3 Clinical Implications
5.3.1 Atopy/Sensitization

In our initial study (Chapter 3) we have shown an important role for mast
cells in inducing LC migration from the skin to the draining LN in response to
IgE and antigen. It is possible that this may have implications for individuals
suffering from allergic diseases specifically skin allergies. Those individuals often
produce a large amount of IgGE antibodies when exposed to environmental
antigens. These IgE molecules will then bind to their high affinity receptors
(FceRI) on mast cells in the skin. Subsequent exposure to the same antigen will
then lead to mast cell activation and degranulation. If the model that we have
developed from our studies is correct, mast cell mediators will then activate LC in
the skin and induce their migration to the draining LN where they can present
additional antigens to T lymphocytes and maybe initiate an immune response to
such additional environmental stimuli. Thus, it is possible that the activation of
mast cells by a particular antigen provides a maturational signal for LCs which
might at the same time be exposed to normal environmental antigens. In the
absence of mast cell activation, LC will not get activated by contact with those
harmless environmental antigens alone and thus no immune response will be
developed. Individuals suffering from type I hypersensitivity mediated disease in
the skin will continuously have mast cell activation and degranulation, which then
in turn activate the LC carrying other environmental antigens and thus increase
the chances of having more IgE responses and allergies to different antigens

working as a continuous circle. This may explain the generation of antibodies to
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an increased range of environmental antigens and contribute to the chronicity of

some allergic diseases.

5.3.2 Immunity or Tolerance?

One of the most important decisions made during the generation of a
response to a given antigen is whether it induces immunity or tolerance? DCs
were originally thought of as the natural “adjuvants” for inducing primary
immunity to foreign-antigens. However, they are also becoming widely
recognized as the initiators of tolerance to self-antigens. DCs not only play a key
role in central tolerance by inducing apoptosis of potentially self-reactive T
lymphocytes, but also are the main inducers of peripheral tolerance. However, the
exact mechanisms of peripheral tolerance are not understood. Two mechanisms
have been proposed (1) the existence of a specific subset of DCs that is
responsible for inducing tolerance “tolerogenic DCs”; and (2) the ability of one
subset to induce either immunity or tolerance depending on its stage of maturation
or activation. The initial and simple model was that immature DCs induce
tolerance while mature DCs induce immunity (Dhodapkar et al., 2001; Steinman
et al., 2000). However, it is widely recognized that DCs even in the steady state
have to mature in order to be able to migrate out of the tissue into the lymphoid
organs. Thus, this concept was modified and it is now believed that mature but
quiescent DCs induce tolerance whereas, mature but “fully activated” DCs induce
immunity. The “fully activated” DCs might be induced by receiving a danger

signal which could either be an additional signal to what quiescent DCs receive,
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or a much stronger signal than what is normally present (Albert et al., 2001;
Shortman and Heath, 2001). Since mast cells can produce both T cell activator
cytokines as well as immune regulatory cytokines, their close proximity to DCs,
together with their ability to both recruit T cells as well as migrate to lymphoid
tissues it is tempting to suggest that mast calls can manipulate an immune
response toward immunity or tolerance. Whether this occurs in vivo is not known
and will be hard to determine, however trying to induce such a route might be
worthwhile for clinical therapies. Tolerogenic DCs are suggested to be an
effective mechanism to treat graft rejection, autoimmune disease and allergic
disease. Much more work is required to define the role of mast cells in such

models.

5.3.3 Vaccine Development

Immunization against pathogens is a powerful weapon and in high
demand. However, despite antigen availability and characterization, the
development of effective immunity is not always successful. Since mast cells
have been shown to have such an important role in inducing LC migration and
perhaps the initiation of an immune response we have considered the possibility
that these cells could be exploited in novel vaccine development approaches in
particular by enhancing the development of adaptive immunity through the
activation of LC. A number of current adjuvants may have mast cell activating
activity, especially those based upon known TLR activators, such as lipid A or

CBG-DNA. Through targeted mast cell activation, in the absence of
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degranulation, effective new adjuvant approaches might be developed. The ability
of mast cells to selectively produce either type I (e.g. IFN-y) or type II (e.g. IL-4,
IL-13) cytokines dependent on the stimuli used, adds to their attractiveness as

targets in adjuvant approaches.

5.3.4 Atopic Dermatitis

PGN is a part of the cell-wall of Gram-positive bacteria including S.
aureus. Infection with this organism is observed in more than 90% of patients
with atopic dermatitis. These patients also have increased numbers of mast cells
however their role in atopic dermatitis is still not understood. In our initial study
(chapter 3) we suggested that repeated activation of mast cells may contribute to
the chronicity of some allergic diseases such as atopic dermatitis. Since PGN
induction of LC migration is also mast cell dependent, it is tempting to assume
that this type of activation may occur in those patients. However, this requires
further investigation using whole S. aureus in place of purified PGN. Other S.
aureus associated molecules such as the IgG binding protein A may contribute to
mast cell activation in this context. The potential use of blockade of mast cell
mediators or mast cell activation, early in disease, as a mechanism to reduce

sensitization to additional environmental antigens, also needs to be considered.
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5.4 Limitations of The Current Work
5.4.1 Species Differences

One of the greatest criticisms of this work is the use of a murine model
instead of a human system. The use of in vivo models is often of high impact
since it reflects what happens in a host as a whole instead of a single cell in
culture. However, the fact that cell function in different species can be varied is
widely recognized. For instance, in our system, murine mast cells differ from
human mast cells in their granule contents, cytokine expression and most
importantly to their responses to different stimuli. Thus, there are limitations in
the conclusions that could be drawn without knowing if specific events happen in
the human system. It would be nice to have both systems to examine in parallel.
Thus, showing these responses using human mast cells might add some
confirmation to our system. In vitro studies using cultured mast cells and
monocyte-derived DCs have been done by other groups and suggest that mast
cells are capable of providing maturational signals to human DCs (Caron et al.,
2001b). The consequences of these responses for human immune activation in

vivo remain to be determined.

5.4.2 Redundancy

Using knockout mice is an extremely important approach to identify the
role of a specific cells or molecules within a particular response. It is often more
efficient than using blocking antibodies in which its always a challenge to block

completely and specifically. In addition to the side effects a blocking antibody
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may have on the host if injected systemically. However, even though the use of
knockout mice seems optimal, one should not forget the possibility of
redundancy. Showing that the absence of a specific cell or molecule is important,
in a particular response, may not always reflect the real picture of their role in a
normal animal. Several knockouts were used in this study. The most striking
result was the discovery that TLR2 was not required for mast cell induced LC
migration in response to PGN. Although several studies indicate the importance
of TLR2 for mediating responses to PGN this was not the case in our system. The
question is does this reflect what naturally occurs in the host thus PGN activates
mast cells through a different receptor, in the case of LC migration, or is it that the
TLR2 knockout host is able to compensate for the lost molecule with another that
can mediate the same response or maybe even better? Additional controls using
selective TLR2 deficient mast cells reconstituted in a TLR2 containing host or use

of blocking antibodies locally could help clarify some of these issues.

5.4.3 LC Function in Knockout and Deficient Mice

Since several knockout mice have been used in our studies, one of our
major concerns was whether LCs are responding normally in these animals. An
initial question was whether the negative response we have seen in mast cell
deficient W/W* mice was due to a the absence of mast cells or due to another
abnormality of the LC in these mice. In W/W” mice we counted the number of LC
in both epidermis and draining LN which were similar to their wild type control.

We also tested LC function in migration in response to LPS which appeared to be
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independent of mast cells which suggests that these LCs in W/W” are able to
respond normally to some stimuli. Similarly, in the case of C3-/- or TNF-/- mice
there remains the possibility that deficiency could alter LC development or
responses or mast cell functional development such that our observations are
over-interpretated due to a functional role of these molecules. Thus, further
experiments challenging the ability of LC in such mice to respond to skin LPS or
IgE-mediated mast cell activation would be particularly useful to clarify this

issue.

5.4.4 Langerin/CD207 As a Marker

Anti-Langerin antibody has been well recognized as an important tool to
trace LC migration from the skin to the draining LN in the literature (Romani et
al., 2001; Stoitzner et al., 2003). Therefore, Langerin was used as a specific
marker of LC both in the skin and the draining LN throughout the current study.
However, since we are not able to see the migrating LC per se, there is a
possibility that the response to mast cell challenge may down-regulate Langerin
expression in the skin and up-regulate its expression in the draining LN. However,
the chance of this providing an explanation for our results is very minimal. In
epidermal sites, we also used MHC class II as a marker for LC. Consistent with
our anti-Langerin staining results, anti MHC class II positive cells were
significantly fewer in the mast cell activated epidermal sites compared to control
sites. As for the draining LN, we also counted the number of CD11c¢" cells and the

overall total number of cells. These were in concert with CD207 positive cells and
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consistently increased in nodes draining the mast cell activated side compared to
the control side. However, there remains the possibility that some of the
treatments used in our study might also modify the length of time of Langerin
expression within the node. More detailed studies of DC subsets within the LN

following mast cell activation will help to clarify these issues.

5.4.5 The Use of Pharmacological Agents

The use of pharmacological agents always has some potential risks as we
don’t know if there are any non-specific effects caused by particular drugs that are
responsible for the blockade observed. In the current study, several drugs have
been used including pyrilamine and cimetidine. However, no further studies such
as antibody blockade or receptor knockout mice were used to confirm the function
of these drugs. It would be important to evaluate alternate strategies to block the
effect of histamine such as the use of mast cells from histidine decarboxylase
knockout mice in reconstitution experiments. Alternatively, other H1 and H2

blocking agents should be employed

5.4.6 The Lack of Identifying a Specific Complement Component Pathway

In our second study (chapter 4) the involvement of complement
components in inducing LC migration in response to PGN was significant. This
was shown with mice lacking C3 which is involved in all three complement
activating pathways. Since PGN can also activate all the three pathways we were

not able to determine which particular pathway is involved without using
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additional blocking antibodies or knockout mice as discussed later. However, the
high cost and difficulty in obtaining these mice have limited additional studies in

this area.

5.4.7 The Lack of Functional Consequences of The Migrating LC

We have demonstrated an essential role for mast cells in inducing LC
migration from the skin to the draining LN in two different models and yet we
have not shown any consequences of these events. It is possible that through our
models we enhanced the migration of LC but not their function in T cell
activation. Or, as previously mentioned, we may induce tolerance via this type of
LC activation. In some experiments we have examined some maturation markers
such CD86 and CD40 which were consistently up-regulated in the emigrated
cells. However, additional studies are required to examine T cell activation as

discussed later.

5.5 Future Directions

In our first study (chapter 3) we demonstrated that IgE-mediated mast
activation induces LC migration from the skin to the draining LN. It is possible
that this activation of mast cells may lead to the migration of LC that have
simultaneously taken up environmental antigens. These antigens will be carried
into the LN and an immune response will be initiated, which is ultimately
dependent on the mast cell activation. In the absence of such mast cell activation,

LC activation would not occur and thus environmental antigens will be carried by
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quiescent or not fully activated LC which when they arrive in the LN will not
initiate an immune response. If this theory is correct, then it may explain aspects
of the chronicity of some allergic diseases. In order to examine this theory, one
could test several harmless allergens or haptens known not to normaly induce
immune responses. For example, most studies examining LC migration have used
contact sensitizers such as FITC or oxazolone which normally induced LC
migration from the skin to the draining LN. However, some sensitizing antigens
have no effect on LC migration. Thus, by using one of these non-LC migration
inducers as a surrogate environmental antigen and injecting it simultaneously with
IgE-mediated mast cell activation, it would be interesting to see whether the host

will develop an immune response to this particular antigen.

In our second study (chapter 4) we have shown that complement
activation is required to induce LC migration in response to PGN. Specifically C3
which is involved in all three complement pathways. To identify which
complement activation pathway is involved additional, knockout or antibody
studies might be used. C4 knockout mice would allow us to determine the
involvement of the classical pathway. Factor B knockout mice could permit
studies of the involvement of the alternative pathway. MBL knockout mice would
allow us to determine the involvement of the lectin pathway. Once the exact
pathway is identified, we may examine which molecule or receptor is required.
We know that mast cells express several complement receptors including CR3,

CR4, C3a and C5a. Blocking any of these receptors may provide information on
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which exact receptor is involved. In addition, to determine if this complement
component and receptor interact directly on the mast cells, we could reconstitute
W/W' mast cells deficient mice with mast cells deficient in that particular
receptor. In addition, factor H is the main inhibitor of the alternative pathway and
factor H deficient mice tend to have uncontrolled C3 activation. Thus, it would
also be interesting to see wheather factor H deficient mice have more LC
migration compared to wild type in response to PGN. These observations might

also be important for potential clinical use for therapies.

We have also shown that PGN inducing LC migration is mast cell
dependent and requires TNF production. However, we do not know if the TNF is
directly released from the mast cells or other cells. Since keratinocytes are also
present in the skin and can also produce large amounts of TNF, it is possible that
the TNF might be released from other cells, but yet requires specific mast cell-
mediator to induce this production. However, it is still tempting to assume that the
TNF is released from the mast cells since they are the only cell that can release it
within seconds of activation while other cells need longer. In addition, TNF might
be required early at the time of PGN exposure. In order to examine whether the
TINF is required directly from the mast cells, we can reconstitute mast cell
deficient W**/W** mice with cultured TNF knockout BMMC and see whether this

will restore or inhibit LC migration in response to PGN.
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In general the most essential study regarding both models is the
examination of the functional consequences of the emigrated LC from the skin to
the draining LN in response to the IgE-mediated mast cell activation and also in
response to PGN. It would be of great interest to see whether the responses of LC
migration initiate specific immune responses or whether they induce a tolerogenic
effect and whether this varies depending on the mode of mast cell activation. For
instance, looking at the expression of IL-2. In the case of initiating immunity it
would be interesting to see whether it is a type 1 or type 2 immune response by
looking at the expression of IL-4 versus IFN-y. It would also be interesting to see
if the outcome response varies between different mouse strains such as CS7Bl/6
and BALB/c, which may reflect the differences between normal individuals and

atopic individuals.

One of our most interesting observations was the independence of LC
migration in response to PGN on TLR2. This was striking, as PGN is a known
ligand for TLR2 and numerous studies indicate the requirement of TLR2 to
mediate cellular responses such as cytokine release. Now the question is whether
TLR2 is truly not required for LC migration in response to PGN or whether TLR?2
is usually required, but that knockout mice have developed redundancy by using
another receptor which could be another TLR or another PRR. Regarding the
question of whether another TLR is required, MyD88 knockout mice could be

used. However, this will only tell us if any TLR that uses an MyD88 dependent
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pathway is involved. Using one of the MyD88 independent pathway involved
signalling molecules knockouts such as IRF-3 will be potentially useful here.
New studies are emphasizing the importance of NOD in recognizing PGN
instead of TLR2. It would also be interesting to examine the involvement or
requirement of NOD1/2 in our system by using NOD knockout mice and see

whether this will abrogate LC migration in response to PGN.

5.6 Concluding Remarks

Overall, our studies have provided a novel discovery about the function of
mast cells. In response to specific stimuli, mast cells can induce LC migration
from the epidermis into the draining LN. Since LCs are professional APCs, this
suggests an important role for mast cells in manipulating immune responses
following the encounter with specific pathogens or allergens.

It is important to understand that the purpose of this study is not just to
introduce the key roles of mast cell in response to pathogens or allergens, but
rather to show the ability of mast cells to interact with the initial stages of
adaptive immune functions, which could potentially be of great benefit if used

therapeutically to manipulate the immune response.
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APPENDIX

PRELIMINARY STUDIES OF THE ROLE OF CD14 IN
PEPTIDOGLYCAN INDUCED LANGERHANS CELL

MIGRATION
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6.1 Introduction

PGN is an essential cell wall component of all bacteria especially Gram-
positive bacteria where it accounts for almost half of the cell wall mass. PGN
consists of a polymer of N-acetylglucosamine and N-acetylmuramic acid cross-
liked by short peptides which surrounds the cytoplasmic membrane of the bacteria
and is important for maintaining the shape and osmotic pressure of the cell
(Schleifer and Kandler, 1972). Since PGN is present in almost all bacteria it is an
excellent target for studies of bacterial infection especially those involving Gram-

positive bacteria.

Atopic dermatitis is a chronic inflammatory skin disease associated with
hyperreactivity to environmental allergens. It is mostly characterized by skin
lesions, pruritus, dry skin and high levels of IgE antibodies to a variety of
environmental antigens (Johnson et al., 1974). Atopic dermatitis mostly effect
children, often developing during infancy. Interestingly, atopic dermatitis patients
often suffer from serious skin infection, more than 90% of the patients skin are
colonized with the Gram-positive organism S. aureus in their skin lesions and
suffer from relapsing disease (Leung, 2002). However, the mechanisms that result
in bacterial infection in atopic dermatitis and consequences for disease

progression are not well understood.

DCs are the most potent APCs. They are specialized to capture antigen,

process it into peptides and migrate to the draining LN where they present the
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antigenic peptides to T lymphocytes to initiate an immune response (Banchereau
and Steinman, 1998). One of the subtypes of immature DCs in the skin are the
LCs. These cells have a characteristic dendritic morphology and their migration to
the LN has recently been shown to be traceable, through their specific expression
of Langerin/CD207 that can be detected by anti-Langerin antibodies (Stoitzner et
al., 2003). The role of DCs in atopic dermatitis has been widely recognized.
Interestingly, increased numbers of LCs have been reported in the epidermis of
patients with atopic dermatitis in addition to another type of LC which differ form
the classical type identified as inflammatory dendritic epidermal cells (IDECs).
These LCs have been shown to possess an abnormal phenotype with increased
expression of the FceRI and enhanced ability to capture normal environmental
antigens, which were believed to activate CD4" T cells to induce a Th2 type
cytokine response (Leung et al., 2004). Although DCs are the focus of attention in
atopic dermatitis to many researchers, the exact role and mechanism by which
they enhance the disease process and interact with ongoing bacterial infection in

this disease is not completely understood.

Mast cells are sentinel cells of the immune system, although initially
associated with allergic immune responses, more recently their function in host
defense has become widely recognized. Their effects are not limited to innate
immunity, since mast cells have also proven to be important in LC migration
necessary for adaptive immune responses. Recently we have shown that IgE-

mediated mast cell activation induces LC migration from the skin into the
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draining LN (Jawdat et al., 2004). Whether this process has a link to atopic
dermatitis is not known. We have also shown that LPS-induced LC migration
from the skin into the draining LN is mast cell independent. Whereas, PGN-
induced LC migration is mast cell dependent, whereas mast cell deficient (W/W")
mice subcutaneously challenged with PGN, showed almost completely abrogated

LC migration response.

CD14 is a cell surface GPI-liked glycoprotein expressed by several cells
including LCs, but also exists in a soluble form. CD14 does not possess a
transmembrane or cytoplasmic domain, so it may not transduce signals
independently. CD14 is widely recognized as a coreceptor for LPS from Gram-
negative bacteria through association with TLR4 (da Silva Correia et al., 2001).
More recently it was shown that CD14 also binds to PGN (Gupta et al., 1996b).
Interestingly, although TLR4-mediated responses to LPS are CD14 dependent,
TLR2-mediated responses to PGN do not require CD14. However, CD14 has
been reported to enhance TLR2-mediated responses to PGN and induce the
production of pro-inflammatory mediators. Mast cell expression of CD14 is low
to absent in our hands. However, a study by Ikeda and colleagues shows mast cell
expression of CD14 (Ikeda and Funaba, 2003). Since CD14 can bind PGN and
LCs express CD14 but only weakly express TLR2, the role of CD14 in a mast

cell-dependent PGN-induced LC migration was studied.
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6.2 Results and Discussion

CD14 is not required for mast cell dependent IgE-mediated Langerhans cell
migration.

CD14 deficient mice and wild type control mice were injected with IgE for the
hapten TNP-BSA subcutaneously in the right ear pinne and as a control with
saline in the left ear pinne. After 14 days mice were intravenously challenged with
TNP-BSA. After 24h mice were sacrificed and their ear skin draining LNs were
harvested and the number of Langerin-positive cells were determined as well as
the total LN cellularity. As demonstrated in (Figure 6.1) the LC migration
response was normal in CD14 deficient mice compared to controls. In addition,
more than 80% of the Langerin—positive cells were CD86". This suggest that
CD14 is not required for inducing LC migration in response to IgE-mediated mast

cell activation.

CD14 is required for PGN induced Langerhans cell migration.

CD14 deficient mice and wild type control mice were injected subcutaneously
with PGN in the right ear pinna. And as a control with saline in the left ear pinna.
After 18h mice were sacrificed and their ear draining LNs were harvested and the
number of Langerin-positive cells and the total LN cellularity were determined.
Interestingly, CD14 was shown to be required for inducing LC migration in
response to PGN (Figure 6.2), which we found mast cell dependent but TLR2
independent. Since LC express CD14 but only weakly express TLR2 it is possible

that CD14 interacts with another receptor to induce response to PGN which could
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Figure 6.1 CD 14 is not required for inducing LC migration in response to IgE-
mediated mast cell activation. CD14-/- mice and WT control. Saline or anti-TNP
IgE were given i.d. in ear pinnae 7-14 days prior to the i.v. TNP-BSA injection.
After 18h cells from draining LN were harvested and total cells and Langerin-
positive cells were counted. A, Mean + SEM numbers of Langerin/CD207
positive DC/draining LN. B, Mean + SEM number of total cells/draining LN. *

represents P<0.05 ** represents P<0.01
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Figure 6.2 CD14 might be required for mast cell induction of LC migration in
response to PGN. CD14-/- mice and WT control received a saline injection as a
control in one ear pinna and PGN injection in the contralateral ear. After 18h
draining LN tissues were harvested and total cells and Langerin-positive DC were
counted using anti-Langerin/CD207 flow cytometry. A, Mean = SEM numbers of
Langerin/CD207 positive DC/draining LN. B, Mean + SEM number of total

cells/draining LN. * represents P<0.05



165

00:0:0°0°0°0-9-0°
Yo% %0000 % %0 2e 0%

Kl Saline
= PGN
CD14./-

* %k *
C57BL/6

L 1 1 1 !
o w N
N = +« 9 ¢ ©

< (c-01X) NV/sI199 +upiabue

oV e
RS
rODODODO)ODOb.

%* % %

=]
- 0 0w < o o

(s-01X) NV/sHi@0 |ejoL

CD14-/-

C57BL/6

Figure 6.2



166

be another TLR. However, this is unlikely to be TLR4 since the role of TLR4 in
response to PGN in inducing Langerhans cell migration was ruled out using TLR4
deficient mice (chapter 4). Since complement components were shown to be
required for inducing this response it is extremely interesting how these different
molecules interact with PGN simultaneously to induce LC migration.

Mast cells may not express CD14, however PGN can bind to both soluble
and membrane CD14. Interestingly, it has been shown that soluble CD14-PGN
complexes have the ability to indirectly activate CD14-negative endothelial cells
through the secretion of TNF and IL-1B by monocytes (Jin et al., 1998). Thus,
CD14 possesses the ability for both direct and indirect activation of cells. Since
both mast cells and LCs express complement component receptors and
specifically C3 is required to induce LC migration it is not impossible to suggest
that CD14 interacts with complement system. Indeed, it has been shown that
CD14 and CR3 and CR4 were required in response to whole bacteria (group B
streptococci) to induce NF-xB activation and the release of TNF (Medvedev et al.,
1998). This study demonstrates the complexity of our immune system and the
importance of multiple receptor interactions. It also demonstrates the importance
of CD14 not only for enhancing pro-inflammatory reactions but in the induction

of DC migration which is the first step for primary adaptive immune responses.
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