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Abstract

1 Abstract

Allergic contact dermatitis (ACD) is a T cell-mediated chronic inflammatory skin
condition. ACD is one of the most common occupational diseases worldwide and
causes severe quality of life impairment. Mast cells (MCs) are key players in chronic
inflammation and involved in the regulation of immune homeostasis and
immunosurveillance in various tissues including the skin. As of now, the role of MCs
in the chronification of ACD is poorly understood. To address this, we induced
chronic contact hypersensitivity (CCHS) to oxazolone (OXA), a contact allergen, in
mice as a model for human ACD. Using different murine models, we investigated the
role of MCs in CCHS. Mice deficient for MCs or treated with the MC inhibitor
cromolyn developed exacerbated CCHS reactions and the reconstitution of MCs in
MC-deficient mice prevented this. This exacerbation of inflammation and the
protective effects of MCs in CCHS were both restricted to skin sites that had
previously been exposed to the allergen, suggesting that MCs control CCHS
inflammatory reactions by effects in local skin T cell populations. In support of this,
skin areas pre-exposed to allergen showed more tissue resident memory (TRM)
CD8B" T cells in MC-deficient mice. These T cells were found to produce the
cytokine interferon gamma (IFNy), and this pro-inflammatory cytokine was increased
in the inflamed skin during CCHS responses in MC-deficient mice. The reduction of
TRM CD8B" T cells in MC-deficient mice prevented the exacerbation of inflammatory
CCHS responses.

In conclusion, these findings demonstrate that MCs protect from exacerbated
inflammatory responses in CCHS by controlling the accumulation of local cutaneous
TRM CD8B" T cell populations.
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2 Zusammenfassung

Die allergische Kontaktdermatitis (allergic contact dermatitis (ACD)) ist eine
chronische Hauterkrankung, die auf Reaktionen gegen Kontaktallergene in
sensibilisierten Patienten besteht. Sie ist eine der haufigsten berufsbedingten
Krankheiten weltweit und fuhrt zu schwerer Beeintrachtigung der Lebensqualitat.
Mastzellen (MZ) spielen eine zentrale Rolle bei andauernden Entzindungen und sind
an der Regulation des immunologischen Gleichgewichts und an der Immunkontrolle
in verschiedenen Geweben, einschlieldlich der Haut, beteiligt. Dennoch ist die
Funktion von MZ in der Entwicklung der ACD kaum verstanden.

Um dies zu untersuchen, haben wir als Model fir humane ACD in Mausen wiederholt
Kontakthypersensitivitatsreaktionen (chronic contact hypersensitivity (CCHS))
gegenuber Oxazolon, einem Kontaktallergen, ausgelost. Unter Verwendung
verschiedener Mausmodelle wurde die Beteiligung von MZ bei der CCHS untersucht.
Mause ohne MZ, sowie Mause, die mit dem Mastzell-Blocker cromolyn behandelt
wurden, entwickelten eine deutlich starkere CCHS Reaktion. Das Wiedereinsetzen
von MZ in MZ-defizienten Mausen beugte der Entwicklung starkerer CCHS-
Antworten vor. Der schutzende Effekt von MZ war auf Hautstellen beschrankt, die
vorher dem Allergen ausgesetzt waren. So vermuteten wir, dass MZ CCHS-
assoziierte Entzundungsreaktionen durch Effekte auf das lokale Immunsystem der
betroffenen Hautpartien kontrollieren und dass die MZ-bedingten Veranderungen fur
die Schwere der Entzindungen in CCHS-Antworten verantwortlich sind. Wir fanden
heraus, dass CCHS-Hautareale eine erhohte Anzahl an Hautgedachtnis- (tissue
resident memory (TRM)) CD8B" T-Lymphozyten aufweisen. Diese TRM CD8B" T-
Zellen produzierten Interferon-gamma (IFNy), ein pro-entzundliches Zytokin und
Mause ohne MZ zeigten wahrend CCHS Reaktionen eine vermehrte IFNy-
Produktion. Die Reduktion von Haut-TRM CD8B" T-Zellen mittels depletierender
Antikorperbehandlung fuhrte zu einer Normalisierung der entzindlichen CCHS
Reaktionen in MZ-defizienten Mausen. MZ schutzen also vor uberschie3enden
inflammatorischen CCHS-Reaktionen, indem sie die Anzahl von Haut-TRM CD8B" T-
Zellen in Hautarealen reduzieren, welche zuvor mit dem Allergen in Kontakt

gekommen sind.
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Zusammenfassend zeigen diese Ergebnisse, dass MZ durch die Kontrolle der Haut-
TRM CD8B" T-Zellen in Hautregionen, die dem Kontaktallergen ausgesetzt waren,
vor schweren entzundlichen CCHS Reaktionen schutzen.
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3 Introduction

3.1 Allergic contact dermatitis and chronic contact hypersensitivity

3.1.1 Pathogenesis

Allergic contact dermatitis (ACD) is a chronic inflammatory skin disease caused by
repeated exposure to contact allergens. The clinical picture of ACD is characterized
by eczematous lesions appearing after cutaneous exposure to a contact allergen in
individuals sensitized to this allergen. Common contact allergens are drug
derivatives, transition metals and fragrances (Martin, 2012, Jack et al., 2013). ACD
lesions typically appear between 24 to 72 hours after allergen contact. In the early
stages of ACD, the skin shows redness, papules and vesicles. In contrast, late
lesions are characterized by skin peeling, scaling and thickening with appearance of
linear fissures (Skotnicki-Grant, 2008). It is estimated that ACD represents about
20% of occupational skin disorders. It often starts at a young age with a prevalence
of 15% in 12 to 16 year old individuals (Peiser et al., 2012). The treatment of ACD is
the avoidance of relevant allergens and the use of topical steroids and
immunosuppressive drugs, e.g. calcineurin inhibitors (Alase and Wittmann, 2012).
However, the difficulties in avoiding widespread allergens, e.g. Nickel, and the low
efficacy and side effects from long-term use of pharmacological treatments, call for
the development of new therapeutic strategies.

Immunologically, ACD is a type IV hypersensitivity according to the classification of
Gell and Coombs (Texbook of immnunology, 1963). Type IV hypersensitivities are
characterized by a delayed inflammatory onset and by a dependence on T cells. This
is in contrast to type | hypersensitivity, which is an immediate inflammatory allergic
response mediated by humoral immunity, i.e. IgE antibodies (Fig. 1), (Mal'tsev et al.,
2012).
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Figure 1. Classification of hypersensitivity reactions. Cellular and soluble immune components
implicated in hypersensitivity responses. Abbreviations: IgE - Immunoglobulin E, IgG - Immunoglobulin
G; IL- Interleukin, IFNy - Interferon-gamma, TNFa - tumor necrosis factor-alpha, NK - natural killer,
Tyl - T helper 1, T42 - T helper 2, CTL - cytotoxic T lymphocytes, CXCL8 - CXC ligand 8, GM-CSF -
Granulocyte-macrophage colony-stimulating factor, AGEP - Acute generalised exanthematous
pustulosis (Modified from Pichler 2013).

Since ACD is a T cell-mediated response, the lesional skin of ACD patients contains
infiltrating T cells that produce pro-inflammatory mediators (Yawalkar et al., 2001,
Bangert et al., 2003, Dyring-Andersen et al., 2013). The sensitizing effect of all
contact allergens, also called haptens, depends on their capacity to bind autologous
proteins within the tissue. Hapten-protein binding interactions lead to changes in the
structure of the targeted protein, which allows the immune system to recognize the
hapten-protein complexes as foreign antigens. In order to generate hapten-specific T
cells, the antigen presenting cells (APC) migrate to the draining lymph nodes (dLNs)
and present the modified protein to naive T cells. Thus, the development of ACD
requires a previous sensitization step before the appearance of clinical symptoms

upon reexposure. Sensitization results in the generation of T cells that respond
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specifically to the relevant hapten-protein complex. This feature distinguishes ACD
from irritant contact dermatitis, which does not require sensitization to induce

cutaneous eczematous lesions (Skotnicki-Grant, 2008).

The physicochemical properties of contact allergens/haptens usually do not allow an
efficient antibody response, but antibodies against haptens can be found in some
ACD patients (Thierse et al., 2005, Seier et al., 2010). Generally, responses to
contact allergens require direct and specific T cell recognition (Moed et al., 2005).

Haptens can be divided into three categories (Fig. 1): 1) Derived from pro-haptens,
i.e. substances that become immunogenic only after they are metabolized, e.g.
urushiol, the allergenic essence of the North American poison ivy. 2) Transition
metals such as chromium, beryllium or nickel. These haptens are able to form non-
covalent bonds with proteins (Thierse et al., 2005). 3) Low molecular chemicals such
as oxazolone and other experimental haptens, which covalently bind to proteins
(Thierse et al., 2005, Martin and Jakob, 2008). The percutaneous penetration of
haptens is facilitated by their low molecular weight, which is a common trait of
contact allergens (Nosbaum et al., 2009).

3.1.2 Contact hypersensitivity (CHS)

Contact hypersensitivity (CHS) is defined as a type IV hypersensitivity reaction
elicited by a topical application of experimental haptens, e.g. DNFB, TNCB,
oxazolone or FITC, in sensitized animals (Honda et al., 2013). CHS is commonly
used as a model to investigate the immunologic mechanisms of ACD (Friedmann
and Pickard, 2014). The use of CHS as a model in mice has made it possible to
identify three distinct phases, i.e. sensitization, elicitation and resolution.

3.1.2.1 The sensitization phase of CHS

During the sensitization phase of CHS, when the mice are exposed for the first time
to the hapten, the contact allergen penetrates the skin and forms complexes with
proteins in the extracellular matrix. These hapten-protein complexes are recognized
by dendritic cells (DCs) and processed for antigen presentation. DCs migrate to the
dLNs and present the hapten-protein complexes to naive T cells (Fig. 2), (Honda et
al., 2013). This process induces hapten-specific T cells to proliferate and then

6
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migrate to peripheral organs such as the blood and the spleen (Saint-Mezard et al.,
2004).

One of the primary events during the sensitization phase is the activation and
chemical destruction of keratinocytes inflicted, for example, by the acidic properties
of some haptens (Fig. 2, step 1). As a consequence, keratinocytes release pro-
inflammatory mediators including tumor necrosis factor a (TNFa), IL-18 and
prostaglandin E2 (Cumberbatch and Kimber, 1995, Cumberbatch et al., 1997,
Kabashima et al., 2003).

In addition, activated keratinocytes also release danger signals such as Reactive-
Oxigen-Species (ROS) that subsequently induce the degradation of hyaluronic acid
and other components of the extracellular matrix. The degradation products of these
components bind to Toll-like receptor 4 (TLR-4) present on DCs, mast cells (MCs)
and other cells, which induces the activation of these cells (Martin and Jakob, 2008).
Inhibition of the degradation of hyaluronic acid impairs the sensitization process (Fig.
2, step 2), (Honda et al., 2013).

The activation of the TLR2/4 pathway as well as the inflammasome pathway plays a
central role in the activation, migration and maturation of DCs during the sensitization
phase of CHS (Arthur et al., 2010, Kimber et al., 2012, Peiser et al., 2012). Several
subtypes of DCs are present in the skin. They can be divided into Langerhans cells
(LCs) and dermal dendritic cells (dDCs). Within dDCs there are functional differences
found between CD207" and CD207" cells. CD207" dDCs are thought to be the main
subtype responsible for sensitization after hapten contact (Fig. 2, step 3),
(Kissenpfennig et al., 2005, Bursch et al., 2007, Xu et al., 2008). However, LCs can
compensate for this in the absence of CD207" dDCs (Honda et al., 2010b,
Noordegraaf et al., 2010). In contrast, some authors have suggested that LCs have a
immunosuppressive effect in CHS by producing IL-10 during the sensitization phase
(Igyarto et al., 2009).
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Hapten

.. Step 1| Activation of innate immune system (KCs, DCs, and mast cells)
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Figure 2. The sensitization phase of CHS. Immunologic steps during the sensitization phase of
CHS. The hapten penetrates the skin barrier and forms complexes with autologous proteins. The
contact with the hapten activates the innate immune system, e.g. KCs, MCs and DC (1). Activated DC
maturate and migrate towards dLN carrying the protein-hapten complexes (2). T cells that specifically
recognize the hapten-protein complexes presented by DC, differentiate to effector T cells followed by
its clonal expansion (3). Abbreviations: dDC - dermal DC, dLN - draining lymph nodes, LC -
Langerhans cell, LN - lymph node, Tc - T cytotoxic, Th - T helper, Treg - regulatory T cell, KCs —
keratinocytes (Modified from Honda et al. 2013).

3.1.2.2 The elicitation phase of CHS

As early as five to seven days after sensitization, a secondary contact to the hapten
results in the elicitation of skin inflammatory reactions. The elicitation phase of CHS
is characterized by extensive crosstalk between cells of the innate and adaptive
immune system of the skin, which is responsible for the cutaneous inflammatory
responses to the allergen. The tissue damage induced by the hapten triggers the
release of local danger signals, which attracts innate immune cells, e.g. leukocytes
(He et al., 2009). Hapten-specific T cells migrate to the allergen challenged skin
sites, because of chemotactic signals provided by tissue cells and innate immune
cells. This is crucial for CHS inflammatory responses, as only sensitized animals with

8
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allergen specific T cells, but not non-sensitized animals show CHS inflammatory
responses (Akiba et al., 2004). This demonstrates the importance of T lymphocytes
during the elicitation phase (Fig. 3. Step 1), (Wang et al., 2000). The time required for
the migration of effector T cells and the production of pro-inflammatory molecules by
these hapten-specific T cells is responsible for the delayed onset of inflammation at
up to 24 hours after the contact to the hapten, a common feature of contact
hypersensitivity reactions (Fig. 3. Step 2). The inflammation can persists 24 to 72
hours and decreases gradually over the next 5-10 days. The time of recovery
depends on the dose and the experimental model (Bacci et al., 1997).

The relevance of alpha-beta T cells, i.e. CD4" and CD8" T cells, in the context of
CHS responses was demonstrated by experiments with mice lacking either one or
both alpha-beta T cell populations. In the absence of alpha-beta T cells, mice did not
show inflammation during the elicitation phase of CHS (Wang et al., 2000).

The injection of antibodies that deplete either CD8 or CD4 positive cells in WT mice,
demonstrated different roles of these T cell populations. CD8" T cells play a pro-
inflammatory role in CHS, whereas a sub-population of CD4" T cells, the CD4" T
helper 2 (Th2) cells contribute to down regulate CHS inflammatory responses. These
findings were verified in T cell-deficient mice reconstituted with either CD8" or CD4™ T
cells (Gocinski and Tigelaar, 1990, Bour et al., 1995).

However, Wang an coworkers in 2000 showed that the pro-inflammatory role of CD8"
T cells, in animals lacking these cells, can be assumed by a sub-population of pro-
inflammatory CD4™ T cells, i.e. the CD4™ T helper 1 (Th1) cells, which revealed
cellular compensatory mechanisms in the alpha-beta T cell compartment in CHS
reactions (Fig. 3, step 1). Additionally, Bacci and coworkers in 1997 demonstrated
that CD4" T cells collaborate with CD8" T cells during the effector phase of CHS in

order to mount normal inflammatory responses.

Invariant natural-killer T (iNKT) cells, in particular IL-4-derived iNKT cells, control the
CD8" T cell population by reducing the production of IFNy in the dLNs during the
sensitization and elicitation phase of CHS (Goubier et al., 2013). Gamma-delta T
cells were reported to assist alpha-beta T cells in the elicitation of CHS to the hapten
paraphenylene-diamine (Yokozeki et al., 2001).
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Among T cell-derived products, both type 1 and type 2 cytokines can be found in
challenged areas. CD8" T cells produce IFNy, whereas IL-4 and IL-10 are produced
by CD4" T cells (Fig. 3, step 2), (Xu et al., 1996). Depending on the immunogen the
inflammation can be driven by IFNy or IL-4 (Grabbe and Schwarz, 1996). A
subpopulation of IL-17 expressing CD4" T cells also appears to be important for the
induction of CHS. Animals that lack IL-17 expression display a reduced inflammatory
outcome and reconstitution of these animals with IL-17°CD4" T cells restores normal
CHS responses (Peiser, 2013).

Hapten: activation of innate immune systems
(KCs, mast cells, endothelial cells)
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Figure 3. The elicitation and resolution phases of CHS. Immunologic steps during the elicitation

Effector T cells

phase and the resolution phase of CHS. The hapten penetrates the skin barrier and forms complexes
with autologous proteins (1). The contact with the hapten activates the innate immune system, which
attracts neutrophils and T cells. The combination of pro-inflammatory mediators released by hapten-
specific effector T cells and by innate immune cells, e.g. dDCs, result in signs and symptoms of CHS
inflammation (2). T regulatory cells migrate to the site of inflammation and constrain the pro-
inflammatory activity of hapten-specific effector T cells and innate immune cells. This results in the
resolution of inflammation (3). Abbreviations: Ag — antigen, dDC - dermal DC, dLNs - draining lymph
nodes, LC - Langerhans cell, LN

KCs - keratinocytes (Modified from Honda et al. 2013).

- lymph node, Tc - T cytotoxic, Th - T helper, Treg - regulatory T cell,
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During the elicitation phase of CHS the infiltration of the allergen-challenged tissue
by hapten-specific T cells is crucial. Animals sensitized with a given hapten do not
cross-react, when challenged with an unrelated hapten (Baker et al., 1991, Asherson
and Dieli, 1992, Okazaki et al., 2002). The recruitment of hapten-specific T cells to
the area of allergen challenge requires previous steps, i.e. inflammasome activation,
activation of TLR4 expressing cells, DC migration towards dLNs (Honda et al., 2013)
and recruitment of neutrophils to the site of allergen challenge through the secretion
of chemokines by keratinocytes and MCs (Fig. 3, step 1), (Kneilling et al., 2009).
Mast cell (MC)-derived histamine can also contribute to the attraction of neutrophils
(Dudeck et al., 2011). Honda and coworkers in 2013 suggested that IL-13 and TNFa-
mediated the activation of the endothelium leads to the expression of adhesion
molecules such as ICAM-1, P/E-selectins, which allows the migration of T
lymphocytes to the challenged skin. This may be potentiated by neutrophils, because
the depletion of neutrophils inhibits the inflammatory response in CHS through the
inhibition of CD8™ T cell recruitment (Dilulio et al., 1999, Engeman et al., 2004).

3.1.2.3 The resolution phase of CHS

The resolution phase of CHS is the time following maximum inflammation to its
complete resolution. The cellular and molecular mechanisms that contribute to the
resolution of inflammation in CHS are largely unknown. During the resolution phase
of CHS, interleukin 10 (IL-10) contributes to the suppression of the activation of
leukocytes, which reduces the duration of inflammatory CHS responses (Lehtimaki et
al., 2012). MCs and T regulatory cells (Treg), i.e. CD4" CD25"FoxP3", located in the
inflamed area, are a source of this cytokine (Grimbaldestone et al., 2007, Honda et
al., 2010a, Ring et al., 2011). Although it is not clear the time when exactly these
cells release IL-10, their mRNA levels peak locally within the first 24 hours after the
elicitation of inflammation and are abrogated after 48 hours (Lehtimaki et al., 2012).
During the resolution phase, Treg also suppress leukocyte activation and recruitment
through the local release of adenosine in the inflamed skin (Fig. 3, step 1) (Ring et
al., 2011). Honda and coworkers in 2013 postulated that the remigration of Treg from
the skin to the dLNs after challenge is another mechanism that contributes to the
resolution of CHS.
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3.2 Mast cells (MCs)

3.2.1 Background

Mast cells (MCs) were described for the first time by Paul Ehrlich in 1877. He used
Aniline Blue/Methyl Blue staining and described highly granulated cells present in the
intestinal mucosa (Ehrlich, 1877). Ehrlich also discovered that these cells increase in
pathological conditions involving chronic inflammation (Ehrlich, 1878). In 1966
Enerback characterized two different types of murine MCs: 1) Mucosal tissue MCs
‘MMCs”, e.g. MCs in the gut. 2) Connective tissue type MCs “CTMCs”, e.g. skin
MCs. This classification is still used and is based on the tissue localization, size and
features of their secretory granules (Enerback, 1966). In MMCs, the granules contain
Chondroitin E, whereas CTMCs granules contain Heparin (Bienenstock et al., 1982).
The most important difference between MMCs and CTMCs, which is also related to
their functions, is the protease composition of the granules. According to their
proteolytic activity, MC proteases are subdivided in three major groups, i.e. tryptases,
chymases and carboxypeptidases. Mast cell proteases contribute to the elimination
of extracellular pathogens and to the inactivation of hazardous bioactive products,
e.g. toxins, venoms and cytokines. CTMCs express one a-chymase, the MC
protease 4 (MMCP-4), one 3-chymase the MMCP-5, two tryptases MMCP-6 and -7,
and the carboxypeptidase A3 (CPA3). MMCs express two (-chymases, i.e. MMCP-1
and -2, but do not express tryptases or carboxypeptidases (Pejler et al., 2007).

MCs are derived from CD34" myeloid pluripotent progenitors (MCPs) in the bone
marrow (Kirshenbaum et al., 1991, Gurish and Boyce, 2006). The specific factors
responsible for the differentiation to CTMCs or MMCs are largely unknown. The initial
differentiation of CD34" progenitors to MCs is dependent on Stem Cell Factor (SCF)
(Kirshenbaum et al., 1991). Mice caring loss of function mutations in the receptor for
SCF (cKit) are devoid of MCs (Jarboe and Huff, 1989). In humans, a gain of function
mutation in the same receptor is positively correlated with mastocytosis, a disease
characterized by increased numbers of MCs in different organs (Kristensen et al.,
2011).

In mice, interleukin-3 represents a maturation factor necessary for the complete
development from MCPs to mature MCs (Razin et al., 1981, Lantz et al., 1998, Ord
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et al., 2012). In humans, this function appears to be covered by interleukin-4 (Toru et
al., 1998). There are many unresolved questions regarding the development,
proliferation and migration of MCs in physiological as well as in pathological

conditions.

3.2.2 MC activation and products

MCs express a wide variety of receptors such as for immunoglobulins, complement,

cytokines, neuropeptides and toll-like receptors (Table 1) (Marshall, 2004).

Immunoglobulin E (IgE) crosslinking is the most studied mechanism of MC activation.
It represents the backbone of type | immediate hypersensitivity reactions. This
activation mode is selective, because IgE recognizes only relevant allergens. MCs
release pro-inflammatory mediators by degranulation two to five minutes after
allergen binding and IgE crosslinking. The primary contact to a relevant allergen
induces the production of allergen-specific IgE antibodies by B cells. The high affinity
IgE receptor (FceRlI), expressed on the membrane of MCs, binds the antigen-specific
IgE. MCs reside in the interphase between internal and external environment, e.g.
skin, gut and lungs. At these sites, MCs “armed” with IgE will get activated upon new
encounter with the relevant allergen. When the allergen binds two or more IgE
simultaneously (crosslinking), a signaling cascade initiated by a delta sub-unit of the
FceRI evolves and leads to an increase of intracellular calcium influx, which results in:
1) MC degranulation, 2) Synthesis of eicosanoids, i.e. prostaglandins and
leukotrienes, from the metabolism of arachidonic acid and 3) De novo production of
cytokines motivated via activation of Ras and NF-kB (Gilfillan and Tkaczyk, 2006,
Kalesnikoff and Galli, 2008).

Table 1. Mediators released by MCs. (Modified from Marshall, 2004)

Mediators Examples of function

Granule-associated

Histamine and serotonin Alter vascular permeability
Heparin and/or chondroitin sulphate Enhance chemokine and/or cytokine
peptidoglycans function and angiogenesis

Tryptase, chymase, carboxypeptidase and
other proteases

TNF, VEGF and FGF2 Recruit effector cells and enhance angiogenesis
Lipid-derived

LTC4, LTB4, PGD2 and PGE2

Remodel tissue and recruit effector cells

Recruit effector cells, regulate immune responses, and
promote angiogenesis, edema and bronchoconstriction
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Platelet-activating factor Activates effeptor pellg, enhance_s angiogenesis and
induces physiological inflammation

Cytokine

TNF, IL-1a, IL-18, IL-6, IL-18, GM-CSF,

LIF, IFNa and IFN

IL-3, IL-4, IL-5, IL-9, IL-13, IL-15 and IL-16  Functions of T helper 2-type cytokines

Induce inflammation

IL-12 and IFNy Functions of T helper 1-type cytokines

IL-10, TGF-B and VEGF Regulate inflammation and angiogenesis
Chemokine

CCL2, CCL3, CCL4, CCL5, CCL11 and Recruit effector cells, including dendritic cells, and
CCL20 regulate immune responses

grﬁcé;(’ccl_);fl‘z’ A8, ©ek), BXelil Recruit effector cells and regulate immune responses
Other

Nitric oxide and superoxide radicals Bactericidal

Antimicrobial peptides Bactericidal

The release of MC granules occurs within minutes after the IgE crosslinking. Once
the granules are discharged to the extracellular medium, changes in the pH allow the
release of the bioactive molecules from the proteoglycan granule matrix (Ruoss et
al., 1991). In the granules, not only proteases but also biogenic amines, lysosomal
enzymes and cytokines can be found (see table 1), (Lundequist and Pejler, 2011). A
key factor for the pro-inflammatory effects of MC degranulation is histamine, a
mediator of allergic symptoms par excellence due to its effects on immune cells,
blood vessels and nerve endings (Gri et al.,, 2012). MC-proteases are essential for
the inactivation of poisons (Akahoshi et al., 2011), the killing of extracellular parasites
(Anthony et al., 2007) and the induction of tissue remodeling (Galli and Tsai, 2008).
Pre-stored cytokines such as TNFa and IL-4 are also released during MC
degranulation, whereas de novo synthesis and release of cytokines after MC
activation through IgE/allergen takes several hours to occur and several days to
subside (Marshall, 2004).

Another well-studied mechanism of MC activation is through scavenger receptors,
e.g. Toll-like receptors (TLR). TLRs can sense microenvironmental danger signals
and get activated when the homeostasis of the tissue is disturbed. For example, most
subtypes of MCs express TLR-2 and -4 (Varadaradjalou et al., 2003), which are
responsible for lipopolysaccharides (LPS) binding in Gram-negative bacteria. After
binding of LPS, MCs start to produce and release cytokines but do not degranulate
(Sandig and Bulfone-Paus, 2012). In humans, one of the most prominent contact
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sensitizers, Nickel, binds and activates TLR-4 (Rothenberg, 2010). Human MCs
express all known TLRs, i.e. 1 - 10, except for TLR-8 (Chen et al., 2011).

3.2.3 Immune crosstalk of MCs in the skin

In the skin MCs are located strategically in the dermis and subcutis. The most likely
explanation for this distribution is that this tissue is a primary target site for pathogens
(Metz et al., 2007). Within the skin, MCs are found in the vicinity of nerve fiber
bundles near the hair follicles (Fig. 4), (Hendrix et al., 2008, Harvima and Nilsson,
2012). Under both immunologic and physical stress the sensory C-nerve fibers
release neuropeptides, e.g. VIP and Substance P, which are sensed by MCs. In
response, MCs degranulate and activate the nerve fibers through the release of
histamines and tryptases (Kleij and Bienenstock, 2005, Harvima et al., 2010). Hair
follicles are rich in sensory nerves and express and release hormones, and MCs also
contain receptors for hormones, e.g. Corticotropin-realising hormone receptor
(CGRP), (Botchkarev et al., 1997). The crosstalk between MCs and hair follicles
appears to be relevant in neurogenic inflammation (Naukkarinen et al., 1993,
Harvima et al., 2010).

Another location within the skin where MCs are commonly found, is around blood
and lymph vessels (Fig. 4), (Marshall, 2004). MCs can activate the endothelium
through the release of pro-inflammatory mediators (Gerritsen, 1996). For example,
MCs can also control the migration of leukocytes into inflamed areas by modulating
the expression of leukocyte-adhesion molecules in the vasculature, e.g. MC-derived
TNFa, interleukin-1 and -6 as well as histamine and tryptase (Kunder et al., 2011).
The MC-vessels proximity allow MCs to release bioactive molecules to the
bloodstream following their activation and degranulation, e.g. during anaphylactic
responses to bee sting (Marichal et al., 2013). MCs contribute to edema formation,
by changing the endothelium permeability, for example, by releasing histamine and
eicosanoids (Bellanti, 2012). Another advantage of MCs being next to the
vasculature is the capacity to extend cytoplasmic protrusions through the vessel
fenestration in order to catch IgE circulating in the blood (Cheng et al., 2013). MC-
vessel proximity is important for the recovering and de novo generation of vessels.

For example, Crivellato and coworkers reported that MC-derived mediators can
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induce angiogenesis as well as lymphangiogenesis in the skin, e.g. interleukins -1, -6
and -8 as well as TNF, VEGF, bFGF and TGFp (Crivellato et al., 2008).

In the skin, MCs also interact with dendritic cells (DC), for example during the
sensitization to allergens, which indirectly control the development of adaptive
responses, i.e. the generation of effector and memory T cells. In this context, a study
show the capacity of MCs to potentiate the emigration of Langerhans cells (LCs) from
the epidermis to the dLNs in response to infection with pathogens or after skin
exposure to the contact allergen oxazolone (Bryce et al., 2004). In other settings
MCs induce the migration of LCs to the dLNs upon IgE stimulation (Jawdat et al.,
2004). MC-derived TNFa also potentiates the migration of CD11c” DC to the dLNs in
a contact hypersensitivity (CHS) model elicited with fluorescein isothiocyanate
(FITC), (Suto et al., 2006).

MC-derived mediators also affect the maturation and activation state of DC, e.g. MC-
derived histamine enhances the expression of MHC-II and co-stimulatory molecules
in DC in vitro (Caron et al., 2001b), and histamine and prostaglandins induce DC to
promote Th2 immunity (Caron et al.,, 2001a, Faveeuw et al., 2003, Gosset et al.,
2003).

MCs also interact with skin structural cells such as fibroblast and keratinocytes. Skin
MCs can produce diverse fibroblast growth factors, e.g. FGF-10 and -7, and induce
fibroblasts to produce other growth factors, e.g. FGF-2, in a histamine-dependent
mechanism (Artuc et al., 2002). Keratinocytes act as immune sensors during different
physiologic and pathologic conditions (Nestle et al., 2009). MCs respond to IL-1, IL-
33 and vitamin D stimulation (Biggs et al., 2010) and the main source of these
products in the skin are activated keratinocytes (Albanesi et al., 2005, Nestle et al.,
2009, Ziegler and Artis, 2010, Hart et al., 2011). MCs can also induce the production
of antimicrobial peptides in keratinocytes through the release of histamine and
prostaglandin D2 (Ishikawa et al., 2009, Kanda et al., 2010).

Skin MCs can reportedly contribute to responses of dLNs by delivering their granular
content to dLNs through lymphatic vessels and by directly migrating into these
organs (Hershko et al., 2011, Liu et al., 2013). Nanoparticles carrying TNFa have
been shown to be released upon MC degranulation and to travel through the
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lymphatics to reach and activate the dLNs (Kunder et al., 2009, Gunzer, 2012, St
John et al., 2012).

Epidermis

Demis

Hypodemnis

& Mast cells === Blood vessels
— Nerve = |Lymph vessels

Figure 4. Skin localization of mast cells. (1) Mast cells can be found in surrounding blood (1) and
lymphatic vessels (2), next to the hair follicle and subcutaneous nerve plexus (3) and close to dermal
nerve sensory fibers (4). Mast cells can eventually be found arbitrarily in the skin (5). Abbreviations:
SC - stratum corneum, SG - stratum granulosum, SS - stratum spinosum, SB - stratum basale
(Modified from Wong DJ, Chang HY., 2008-2009).

Hershko and coworkers show that MC migration to dLNs and spleen is required to
control inflammation in a model for chronic CHS. In this study, they show that after
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repeated hapten-challenge MCs migrate from the skin to dLNs and from dLNs to the
spleen. They also demonstrated that the migration of MCs to lymphoid organs was
accompanied by increased levels of interleukin 2 in those organs, i.e. a growth factor
for T cells, which was required to control the degree of inflammation (Hershko el al.,
2011).

3.2.4 Murine models for MC deficiency

To study the role of MCs in vivo, the use of MC-deficient mouse models is crucial.
The available MC-deficient mouse models can be classified in Kit-dependent and Kit-

independent mouse models.

The stem cell factor (SCF), which is the ligand of the Kit receptor, is expressed by
various structural cells in hematopoietic organs, e.g. fibroblasts, endothelial cells,
etc., as well as by immune cells and structural cells during inflammatory conditions in
the skin and lungs (Reber et al., 2006, Kent ef al., 2008, Metz et al., 2007). SCF is
the main growth factor for MCs, promoting their generation from CD34" progenitor
cells (Nakahata and Toru, 2002).

The term “mast-cell deficient mouse” was used for the first time in 1970 (Mayer,
1970) to describe mice containing naturally occurring mutations at the Dominant
white Spotting (W) locus on chromosome 5 (Kit"/Kit" mice). This is a loss-of-
function mutation, which affects the SCF receptor named Kit (CD117). The direct
consequences of that mutation are the lack of melanocytes (white coat color) and
profound deficiency of MCs in all examined organs (Grimbaldeston et al., 2005).

A second Kit-dependent MC-deficient strain was reported for the first time in 1982
(Lyon and Glenister, 1982) and characterized in detail by Galli and coworkers in
2005. This strain, named Kit"*"/Kit"*" has a genomic mutation that hits the same
target gene as in Kit"/Kit"" mice. As a consequence, both Kit"*"/Kit"*" mice and
Kit"/Kit"" mice share the MC deficiency and the lack of melanocytes (white coat
color) (Grimbaldeston et al., 2005). However, some disparities between Kit"/Kit""
and Kit"*"/Kit">" remain unexplained. Kit"/Kit"" mice are neutropenic, whereas
Kit""/Kit"*" mice have increased numbers of neutrophil-like cells named myeloid-
derived suppressor cells (MDSC) (Michel et al., 2013). The mutation in Kit""/Kit"Vs"

consists in a genomic inversion. This genomic inversion truncates the final product of
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the gene corin. The protein Corin is important for the myocardial cells. Kit""/Kit" "
mice have cardiomegaly and thrombocytosis, i.e. the presence of high platelet counts
in the blood. In Kit"s"/Kit"*" mice the cardiomegaly compensates for the loss-of-
function of Corin and the thrombocytosis compensates for their cardiomegaly
(Nigrovic et al., 2008).

The Kit-independent mouse models can be further subdivided in Cre dependent and
Cre independent. Cre dependent MC-deficient mouse strains were developed with
the Cre-Lox technology (Matthaei, 2007, Smith, 2011).

MC deficient mice having Cre under the control of the Mcpt5 promoter are presented
in two modalities, the constitutive, i.e. Mcpt5-Cre x R-DTA, and the inducible, i.e.
Mcpt5-Cre x iDTR. Those models result from the crossbred of two knockout mouse
lines, the MCPT5-Cre with the R-DTA, and the MCPT5-Cre with the iDTR
respectively (Dudeck et al. 2011). For this study we only used the Mcpt5-Cre x IDTR
inducible model.

Mast cell protease 5 (Mcpt5) is expressed exclusively in connective tissue type mast
cells (CTMCs), but not in mucosal MCs (MMCs) or in other cell types in the skin
(Scholten et al. 2008). The MCPT5-Cre mice express the Cre-recombinase protein
(Cre) under the control of the MCPT5 promoter. The Cre protein recognizes and
cleaves DNA regions surrounded by a specific nucleotide sequence called LoxP, e.g.
5 LoxP — Gene X — LoxP 3'.

iDTR mice have a modified version of the gene encoding for the human diphtheria
toxin receptor (DTR) under the control of the ROSA26 promoter. The ROSA26
promoter is ubiquitously distributed in the murine genome and it is constitutively

active.

The gene encoding for DTR contains a 5 LoxP — Stop codon — LoxP 3’ construct,
which prevents the transcription of its functional proteins. Consequently, Cre
expressing cells, i.e. CTMCs, delete the stop codon and allow the expression of DTR
in the Mcpt5-Cre x iDTR mice.

Mcpt5-Cre x iIDTR mice are called inducible, because a treatment with diphtheria
toxin (DT) is required to deplete the CTMCs from the system. Because murine cells

19



INTRODUCTION

are naturally protected from the effects of DT, the other cells of the animal are
minimally affected by the DT treatment (Scholten et al., 2008, Reber et al., 2013).

Additional MC-deficient mouse models are available, but they are not used in this
study. Two of them are based on the expression of Carboxypeptidase A3 (Cpa3)
(Feyerabend et al., 2011, Lilla et al., 2011). There is also a Kit-independent and Cre
independent mouse model named Mas-TRECK, and it is based on the expression of
IL-4 by MCs (Otsuka et al., 2011).

3.3 MC involvement in CHS responses

The role of MCs in CHS is controversial. In some studies, MC-deficient Kit"/Kit"""
mice exhibit reduced inflammation to TNCB-induced CHS (Askenase et al., 1983;
Biedermann et al., 2000). The report of Askenase and coworkers shows that MCs
contribute to CHS during the elicitation phase, suggesting that MC-derived
vasoactive mediators allow T cells to leave the intravascular space, enter the tissue,
and become activated by the hapten. Biedermann and collaborators concluded that
MCs modulate TNCB-induced CHS by controlling T cell-dependent neutrophil
recruitment through two mediators, tumor necrosis factor (TNF) and the CXC
chemokine macrophage inflammatory protein 2 (MIP-2). In contrast to these reports,
two studies show undiminished CHS responses induced by OXA or by DNFB in
Kit"/Kit""" mice (Galli and Hammel, 1984; Mekori and Galli, 1985). Galli and Hammel
reported that neither infiltrated cells nor swelling responses were altered in the ears
of sensitized Kit"/Kit""" mice challenged with OXA as compared to wildtypes. Mekori
and Galli confirmed that MCs are not critical in DNFB-induced CHS inflammation or
in the gain of tolerance after supraoptimal sensitization with DNFB in this CHS
model. In 2007, Grimbaldeston et al. using Kit"/Kit" mice and Kit"">"/Kit""S" mice,
reported that MCs have regulatory effects in CHS and that they limit and reduce CHS
responses through the production of IL-10. They came to this conclusion, because
MC-deficient mice as well as MC-deficient mice reconstituted with MCs that lack IL-
10 exhibited increased DNFB-induced CHS as compared to wildtype mice or MC-
deficient mice reconstituted with wildtype MCs (Grimbaldeston et al., 2007). Dudeck
et al., who used different MC-deficient mouse models, i.e. MCPT5-Cre x iDTR and
MCPT5-Cre x R-DTA mice, did not reproduce the results from Grimbaldeston and
coworkers. Dudeck et al. described that mice depleted of MCs exhibited reduced

20



INTRODUCTION

CHS inflammation to DNFB and to OXA. They attributed the detrimental contribution
of MCs to CHS to MC-derived adjuvant effects occurring after challenge, e.g. release
of histamine. In addition, the deletion of MC-derived IL-10 did not result in
exacerbated CHS inflammation in this study (Dudeck et al., 2011). Employing Mas-
TRECK mice, i.e. another MC-deficient mouse model, Otsuka and coworkers found a
pro-inflammatory contribution of MCs in CHS reactions to FITC and to OXA. In this
report, they concluded that MCs improve the migration and maturation of skin DC
during the sensitization phase, which facilitates the efficient generation of hapten-
specific T cells. Additionally, they show that MC-DC interactions were exerted via
ICAM-1, lymphocyte function-associated antigen 1 and by membrane-bound TNFa in
MCs (Otsuka et al., 2011).

To date, the reasons for these discrepancies remain unclear, but several lines of
evidence point to differences in the experimental settings as a possible explanation.
For example, Askenase et al. in 1983, Biedermann et al. in 2000, Galli and Hammel
in 1984, and Mekori and Galli in 1985 used the same MC-deficient mouse model in
their studies, i.e. Kit"/Kit"" mice, but employed different haptens and hapten
concentrations. Of note, CHS reactions to TNCB, DNFB and OXA are similar, but not
identical. For example, 49% of the up-regulated gene expression profile after DNFB
sensitization differs from that after OXA sensitization (Saito et al. 2013). Furthermore,
unlike CHS to TNCB, CHS to OXA results in long-term accumulation of T
lymphocytes in the challenged skin (Rana et al. 2008). On the other hand, responses
to haptens are dose-dependent. Norman et al. show that low dose OXA challenge
results in diminished CHS responses in Kit"/Kit"" mice, whereas high dose OXA
challenge show severe CHS responses (Norman et al., 2008). In addition, because
of the congenital absence of MCs in Kit-dependent MC-deficient mouse models, a
compensatory mechanism may exist, such as neutropenia in Kit"/Kit"" mice and
increased numbers of neutrophil-like cells named myeloid-derived suppressor cells
(MDSC) in Kit"="/Kit"*" mice (Michel et al., 2013). In Mas-TRECK mice the depletion
of MCs also involves reduction in a sub-population of basophils as reviewed
elsewhere (Reber et al. 2012). Basophils may have a role in CHS, as basophil-
derived Amphiregulin, i.e. a growth factor for T regulatory cells, is essential for
Ultravioulet-B irradiation-induced immune suppression in a model of CHS to DNFB
(Meulenbroeks et al., 2014). Another explanation for the discrepancies in previous
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reports about the role of MCs in CHS may be that MC-deficient mouse models, which
relay on the deletion of these cells, have variable depletion efficiencies. For example,
MCPT5-Cre x iDTR mice show an average of 89% skin MC reduction after diphtheria
toxin treatment, whereas Kit"/Kit"" mice and Kit">"/Kit">" mice are above 97%
deficient in MCs as compared to WT mice (Reber et al. 2012). It is possible that MCs
contribute to CHS responses as a sum of forces. This means that the quantity of
MCs in the skin is proportional to their contribution in the CHS inflammatory outcome.
Consequently, the combination of MC-deficient mouse models, which contain
different numbers of MCs, makes it difficult to draw conclusions about the real role of
MCs by hindering the discrimination of their contribution from strain-specific effects.
Further studies that compare CHS responses in different MC-deficient mice
subjected to the same CHS protocol are needed.

3.4 Skin tissue resident memory (TRM) T cells

Effector T cells are released to the circulation after their clonal expansion in the
dLNs, i.e. antigen specific proliferation in secondary lymphoid organs. Thereafter,
these cells recirculate between the blood and secondary lymphoid organs. Without
further stimulation, effector T cells survive between 5 to 7 days after their generation
(Hand and Kaech, 2009). Effector T cells that find their relevant antigen and become
activated survive longer and produce a specific mediator-profile depending on their
sub-phenotype, e.g. Th1, Th2, Th17, Tc1, Tc2, Treg. Antigen-specific memory T
lymphocytes are generated in a similar way as effector T lymphocytes, but survive for
longer time periods (months to years) without requiring contact to the antigen (Kaech
et al., 2002). Antigen-specific memory T lymphocytes are subdivided in central
memory T cells (Tcm), effector memory T cells (Tem) and tissue resident memory
(TRM) T cells. This classification is based on the tissue localization and gene profiling
(Gebhardt and Mackay, 2012). In chronic inflammatory conditions, e.g. chronic
infection, autoimmune diseases and chronic skin diseases, certain populations of
long living memory T lymphocytes increase, survive and proliferate in the inflamed
tissues. These memory T lymphocytes are known as TRM T cells (Kaech et al.,
2002, Shin and Iwasaki, 2013). In the skin, the TRM T cell populations are important
players in skin viral infections and chronic skin diseases such as psoriasis (Boyman
et al., 2004, Verjans et al., 2007). However, the contribution of TRM T cells in the
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development of skin allergy is largely unknown and highly speculative (Islam and
Luster, 2013).

TRM T cells were discovered in a mouse model of herpes simplex virus infection. In
this model, they show that TRM CD8" T cells are more efficient in the elimination of
this infection in comparison with Tcm (Gebhardt and Mackay, 2012). Other reports
showed similar populations of TRM T cells in the brain and submandibular glands
after viral infection (Hawke et al., 1998, Wakim et al., 2010, Hofmann and Pircher,
2011).

Skin TRM T cells are positive for CD103, CD69 and CD127, and highly positive for
CD44. CD103 is the alpha subunit of the ag37 integrin, and it is responsible for their
permanence in the skin. CD69 and CD127 are responsible for TRM T cells survival
and proliferation, and CD44 is a memory marker responsible for tissue permanence
and migration. In addition, TRM CD8" T cells produce high amounts of IFNy upon
stimulation (Masopust et al., 2001, Gebhardt and Mackay, 2012). As for now, nothing
is known about the involvement of TRM T cells in contact hypersensitivity reactions,
and the present study is pioneer in this regard.

3.5 Aim of the study

The main goal of this project was to explore the role and relevance of MCs in a
chronic mouse model for ACD focusing on the crosstalk between MCs and memory T
cells.

Initially we established an experimental murine model representing the chronic
features of ACD in patients, called chronic contact hypersensitivity (CCHS). After
inducing CCHS inflammation in MC-deficient mice and WT mice treated with a MC-
inhibitor, we ascertained whether MCs represent a detrimental or a beneficial factor
in CCHS induced inflammation. Since chronically affected skin sites of ACD patients
show a remarkable accumulation of MCs (Wolverton and Gada, 2013), we verified
this observation in our CCHS model. Subsequently, we investigated whether the MC
contribution in this model was extended systemically or it was restricted to skin sites
of frequent hapten exposure.
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Since ACD is a memory T cell mediated disease (Islam and Luster, 2012, Schnuch et
al., 2009, Honda et al., 2012), a secondary goal of this study was to identify and
characterize the memory T cell population responsible for CCHS inflammation.
Therefore, we determined whether the activity of the relevant memory T cell
population was extended systemically or it was restricted to skin sites of frequent

hapten exposure.

The study achieved its main aim of identifying a protective role of MCs in CCHS by
controlling the accumulation of allergen-specific tissue resident memory CD8B* T
cells.
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4 Materials and methods

The appliances, chemicals, antibodies, media, buffers, kits and disposables used

during this study are listed below. The concentrations and specific applications of the

listed materials are specified in the corresponding method section.

4.1 Appliances

All the appliances and instruments used for this study are listed in table 2.

Table 2. List of appliances employed for this study

Appliance
Autoclave

Caliper (micrometer)
Cell sorter

Centrifuge

Chirurgic instruments

CO2-incubator

Confocal microscope

Draying cabinet

Electronic pipette boy

Electronic weighing machine

Flow cytometer

Inverted microscope

Multi channel pipette

Neubauer chamber

pH-Meter

Pipettes

Plate reader
Platform Shaker
Power Supply

Model

Series No 547,7300
FACS ARIA I
Megafuge 1.0 STR

Different scissors and

forceps
HeraCell 150

FV-1000 MPE
Hera Cell

Handy Step®
LA 4200 und PT120
MACSquant Analyzer

CKX 41
5ul - 50pl, 50ul - 300pl

Deep 0.1 mm; Big square

1 mm2
PB-11

2ul, 10pl, 20ul, 100ul,

200ul, 1000l

VICTOR X
VIBRAMAX 100
Power Pac 300

Distributor

MELAG, Berlin, Germany

Mitutoyo, Japan

Becton Dickinson, Germany
Heraeus, Hanau, Germany
Aesculab B. Braun, Tuttlingen,

Germany
Heraeus, Hanau, Germany

Olympus, Hamburg, Germany
Heraeus, Hanau, Germany

Brandt GmbH & Co, Wertheim,
Germany

Sartorius, Géttingen, Germany
Miltenyi Biotec, Bergisch Gladbach,
Germany

Olympus, Hamburg, Germany
Eppendorf, Hamburg, Germany

Marienfeld, Lauda Konigshofen,
Germany

Sartorius, Géttingen, Germany
Brandt GmbH & Co, Wertheim,
Germany; Eppendorf, Hamburg,
Germany; Gilson, Middleton, USA
PerkinElmer, Rodgau

Heidolph, Schwabach, Germany

BioRad, Munchen, Germany
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) ) Hirschmann® Laborgerate,
Suctions bulb pipetus®
Eberstadt, Germany
Thermomixer Thermomixer R Eppendorf, Hamburg, Germany
Thermo Fisher Scientific, Walldorf,
Tissue embedding machine Shandon CitadelTM 1000
Germany
Vortexer Model 72020 NeolLab, Heidelberg, Germany
Water bath WBT 222 Medingen, Dresden, Germany

4.2 Chemicals

The chemicals and reagents used for the development of this doctoral thesis are
listed alphabetically in table 3.

Table 3. List of chemicals employed for the study

Chemicals/Reagents Distributor
1-Fluoro-2,4-dinitrobenzene (DNFB) Sigma-Aldrich, Steinheim, Germany
4-Ethoxymethylene-2-phenyl-2-oxazolin-5-one

(Oxazolone) Sigma-Aldrich, Steinheim, Germany
4',6-Diamidino-2-Phenylindole, Dihydrochloride

(DAPI) Roche, Mannheim, Germany

Aqua ad iniectabilia Braun, Melsungen, Germany
Bovines Serum Albumin (BSA) Serva, Heidelberg, Germany
Bromphenolblau Merck, Darmstadt, Germany
D-biotinyl-e-aminocaproic acid-N-

hydroxysuccinimide ester (Biotin) Roche, Mannheim, Germany
Dimethylsulfoxid (DMSO) Sigma-Aldrich, Steinheim, Germany
Ethylendiamintetraessigsdure (EDTA) Merck, Darmstadt, Germany
Isofluran (Forene) Abbott, Baar, Schweiz

Liberase TL Roche, Mannheim, Germany
MACSFlow Miltenyi Biotec, Bergisch Gladbach, Germany
Methanol Merck, Darmstadt, Germany
Natriumhydroxid (NaOH) Merck, Darmstadt, Germany
Paraformaldehyd Sigma-Aldrich, Steinheim, Germany
PBS w/o Ca2+ and Mg2+ PAA, Pasching, Osterreich
Proteinase K (x10) DAKO, Hambug, Germany
Streptavidin-FITC DAKO, Hambug, Germany
Streptavidin-TexasRed Roche, Mannheim, Germany
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Tris-buffer saline (x10) Sigma-Aldrich, Steinheim, Germany
Trypan blue-Solution (0,4 %) Sigma-Aldrich, Steinheim, Germany
Tween-20 Sigma-Aldrich, Steinheim, Germany
H.0, steril Braun, Melsungen, Germany

a-Monothioglycerol Sigma-Aldrich, Steinheim, Germany

1-Fluoro-2,4-dinitrobenzene (DNFB)

4-Ethoxymethylene-2-phenyl-2-oxazolin-5-one

Sigma-Aldrich, Steinheim, Germany

Sigma-Aldrich, Steinheim, Germany

(Oxazolone)

4.3 Antibodies

The antibodies listed below (Table 4) were used for flow cytometric analyses or/and

for whole mount immunohistology studies of skin samples. The Isotypes were used

as background controls (Table 5). The Fc-lock reagent was included in each staining

to reduce the unspecific background (Table 5).

Table 4. List of antibodies employed for the study

Antigen Isotype Clone Dilution Conjugate
CD103  Armenian 2,00E-07 1:200 Fluorescein
Hamster IgG (FITC)
CD117 RatlgG2b 2B8 1:300 APC-Cy7
CD3 Armenian 145-2C11  1:50 PerCP-
Hamster IgG Cyanine5.5
(PerCP-Cy5.5)
CD4 Rat IgG2b GK1.5 1:200 Allophycocyanin
(APC)
CD44 Rat IgG2b IM7 1:300 APC-Cyanine7
(APC-Cy7)
CD45 Rat IgG2b 30-F11 1:300 PE-Cy7
CD45.1 Mouse (A.SW) A20 1:50 PE
lgG2a
CD8a Rat IlgG2a 2.43 per mg Unconjugated
CD8p Rat IgG2b YTS156.7 1:300 Phycoerythrin
7 (PE)

Distributor

Biolegend, London,
United Kingdom
eBioscience, Frankfurt,
Germany

eBioscience, Frankfurt,

Germany

Biolegend, London,
United Kingdom
Biolegend, London,
United Kingdom
Biolegend, London,
United Kingdom
eBioscience, Frankfurt,
Germany

Donated by Prof.
Blankenstain
Biolegend, London,
United Kingdom
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Fc- Rat 1gG2a, A 93 1:100/ Unconjugated Biolegend, London,
Block 1:50 United Kingdom
FceR1 Armenian mar-01 1:200 FITC Biolegend, London,
Hamster IgG United Kingdom
IFNy Rat IgG1 R4-6A2 1:50 Biotin Biolegend, London,
United Kingdom
IL-4 Rat IgG1 BVD6- 1:50 Biotin eBioscience, Frankfurt,
24G2 Germany
TCRB Armenian H57-597 1:50 PerCP-Cy5.5 Biolegend, London,
Hamster IgG United Kingdom

Table 5. List of isotype controls and Fc-block
Isotype Clone Conjugate Distributor

Armenian Hamster IgG eBio299Arm  FITC/ PerCP- eBioscience, Frankfurt, Germany

Cy5.5
Rat IgG1 R3-34 Biotin BD Pharmingen, Heidelberg,
Germany
Rat 1gG2a, « R35-95 PE BD Pharmingen, Heidelberg,
Germany
Rat IgG2b A95-1 PE/ APC/ BD Pharmingen, Heidelberg,
APC-Cy7/ PE- Germany
Cy7

4.4 Media and buffers

The components used to set up the media and buffers employed in the study are
listed in table 6. The list of media and buffers are arranged in table 7.

Table 6. List of isotype controls and Fc-block

Description Distributor

Bovine serum albumin (BSA) Sigma-Aldrich, Steinheim, Germany
FCS Biochrom AG, Berlin, Germany

Mouse recombinant interleukin-3 (IL-3) BD Pharmingen, Heidelberg, Germany
DMEM (with glucose) Biochrom AG, Berlin, Germany
Penicillin/Streptomycin Biochrom AG, Berlin, Germany

28



MATERIALS AND METHODS

Table 7. List of media and buffer employed in that study

Medium/ Buffers

Avidin mix buffer

BMCMC culture medium

Digestion buffer (pH 7.5 - 7.7)

FACS washing buffer

Flushing medium

Whole mount washing and staining buffer

RIPA buffer (x10)

4.5 Kits

Components

DAPI (1:1000 dilution)

Avidin-Texas Red or Avidin FITC (1:250
delution) in

1x TBS

DMEM with

10% FCS

1% Pencicilin/Streptomycin
0.002% a-Monothioglycerol

IL-3 [10 ng/ml]

1x Proteinase K in
0.05mol/L Tris-HCL

1x PBS with

0.01% EDTA

1% Pencicilin/Streptomycin

0.1% BSA

DMEM with

10% FCS

1% Pencicilin/Streptomycin
0.002% a-Monothioglycerol
1x TBS with

0.1% BSA
Cell Signaling technology® Frankfurt am
Main, Germany

A Cytokine detection kit was used for the quantification of cytokines in skin lysates

(Table 8).

Table 8. Kits employed in the elaboration of that study

Kit description

Multi-Analyte ELISArray Mouse (Th1/Th2/Th17) Kit

Distributor

Quiagen, Hilden, Germany
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4.6 Disposables

All disposables used in this study are listed below (Table 9).

Table 9. List of disposables used for the study

Material Type

96 well-plate Maxisorp®

Coverslips 24 x 46 mm

Gloves Nitril

Needles 30/25G

Glass slides Superfrost

Pipettes 5mlin 1/10, 10 mlin 1/10,
25 mlin 2/10

Pipette tips 10pl, 20ul, 100ul, 200ul,
300ul, 1000l

Reaction tubes 500pul - 2000pl

Reaction tubes 8-Tube Strips 0.2 ml

Sytinges 10ml, 50ml

Cell culture plates 6, 24, 96 well plates

Centrifuge vials 15 and 50ml

Other vials 0.5, 1.5 and 2ml

4.7 Mouse strains

4.7.1 C57BL/6 mice

Four to eight weeks old C57BL/6 wildtype females from our own breeding colony

were used as control animals and for experiments involving MC inhibitors, i.e.

cromolyn.

30

Distributor

NUNC, Wiesbaden, Germany

Menzel GmbH, Braunschweig, Germany
verschiedene Hersteller

Braun, Melsungen, Germany

Menzel GmbH, Braunschweig, Germany

BD FalconTM, Heidelberg, Germany;
Sarstedt AG & Co., Numbrecht-
Rommelsdorf, Germany

Sarstedt AG & Co., nerbe plus GmbH,
STARLAB GmbH

Sarstedt, Applied Biosystems, Eppendorf
Kisker GbR, Steinfurt, Germany
Braun, Melsungen, Germany

BD FalconTM, Heidelberg, Germany
BD FalconTM, Heidelberg, Germany,
Sarstedt AG & Co., Numbrecht-
Rommelsdorf, Germany; NUNC,
Wiesbaden, Germany

BD FalconTM, Heidelberg, Germany,
Sarstedt AG & Co., Numbrecht-
Rommelsdorf, Germany
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4.7.2 C57BL/6-Kit"*"/Kit"*" mice (Sash)

Four to eight weeks old Kit""/Kit"*" (Sash) females with a C57BL/6 background
from our own breeding colony were used as constitutive MC knockout mouse model
(see introduction section 3.2.4). Sash mice lack 98 to 100% of MCs in all tissues
examined (Grimbaldeston ef al., 2005).

4.7.3 MCPT5-Cre x iDTR mice

Four to eight weeks old MCPT5-Cre x iDTR females from our own breeding colony
were used as inducible MC knock out mouse model (see introduction section 3.2.4).
In 2011 Dudeck et al. reported that four intraperitoneal injections of DT administer
weekly were required to obtain a reduction of 97.5% of the peritoneal MC population.
An additional intradermal injection in the ears was required to get comparable
depletion levels of skin MCs. This is the same protocol employed in this work (see
methods section 4.8.3).

4.8 In vivo procedures

4.8.1 Maintenance of mice

All mice were kept under specific pathogen-free conditions in the animal facility of the
Center for Cardiovascular Research, Charité-Universitatsmedizin Berlin or technical
laboratory for Immunology, Cardiovascular and Renal Research of South-Denmark-
University Odense, Denmark. The animals were subjected to a standard circadian
cycles (12-hour light-dark), temperature, humidity and food. Hosted in type Ill cages
filled with granulated straw and provided with nesting material, hiding places, water
and pelleted dry food.

For all experiments, female mice were maintained in groups not bigger than 10
animals per cage. The starting age of the animals for the experiments was between 4
to 8 weeks. After the end of the experiments the animals were sacrificed by Isofluran
overdose and cervical dislocation. All conditions and experiments were performed in

accordance with the animal rights stipulated in the legislation stated by
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“‘Landesamtes fur Gesundheit und Soziales Berlin” (LaGeSo) and the Danish Animal

Experiments Inspectorate.

4.8.2 Contact hypersensitivity models

The concentrations and vehicles employed to prepare the haptens are listed below
(Table 10).

4.8.2.1 Conventional contact hypersensitivity (CHS)

Sensitization: The corresponding dose of hapten for the sensitization (Table 10)
was pipetted on the abdominal skin (Belly) on day -5. During the next ten seconds
after hapten application, the animal was maintained under sedation leading the

evaporation of the vehicle (acetone).

Challenge: The corresponding dose of hapten for the challenge (Table 10) was
pipetted on the left ears on day 0 and the opposite ears were treated with vehicle
(acetone). During the next ten seconds after hapten application, the animal was

maintained under sedation leading to the evaporation of the vehicle.

The concentrations and vehicle employed to prepare the haptens are listed below
(Table 10).

Table 10. List of haptens employed for that study

Hapten Vehicle  gensitization Challenge  Sensitizatio  Challenge ~ Volume
area area n dose dose
OXA Acetone  Abdomen Abdomen 1% to 6% w/iv 0.4 to 0.6% 20 ul
or ears wiv
DNFB Acetone  Abdomen Ears 0.3t00.5% viv 0.1t00.2% v/v 20 yl

OXA (oxazolone): 4-Ethoxymethylene-2-phenyl-2-oxazolin-5-one
DNFB: 1-Fluoro-2,4-dinitrobenzene
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4.8.2.2 Chronic contact hypersensitivity (CCHS)

For the induction of CCHS, the animals were sensitized and challenge with OXA as
described in figure 5.

Elicitation |

<4— Vehicle Vehicle —9 <4— Elicitation 1l Elicitation 11l —» . <4— Vehicle
Sensitization —j /

Ear swelling Ear swelling Ear swelling
* * measurement

measurement measurement
-5 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
Days after 1st challenge

@ Sensitization OXA @ Challenge OXA  [@ Vehicle
Figure 5. Experimental design of CCHS. The mice were sensitized with OXA at day -5 (belly) and
challenged with the same hapten on day O (left ears), day 30 (right ears) and day 60 (left ear). The
opposite ear was painted with acetone (vehicle). The ear thickness was measured daily starting before
every challenge and until 7 to 15 days after every challenge. Abbreviations: OXA - oxazolone, CCHS -

chronic contact hypersensitivity.

4.8.2.3 Modifications of the challenging pattern in CCHS

In order to study different aspects of the reaction, some steps were modified as

follows:
Modification 1 (“left ear—belly—ears” approach): On the 2" challenge, the hapten

was applied on the belly and the vehicle was applied on the left ear (Fig. 6). The rest
of the protocol was the same as for the CCHS “left-right-left” approach.

@@ ﬁ U——
" g et \

-5 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
Days after 1st challenge

@ Sensitization OXA @ Challenge OXA [@ Vehicle
Figure 6. Modification 1. The sensitization and 18t challenge were performed exactly as described in
figure 5. On the second challenge the animals received the challenging dose on the belly and vehicle
on the left ear. For the 3" challenge both ears were provoked with the hapten. Abbreviations: OXA -

oxazolone.
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Modification 2 (“belly—belly—ears” approach): For the 1%t and 2™ challenge, the
mice were elicited in the belly and the vehicle was applied on both ears. The 3"
challenge consisted in a topical application of the hapten on both ears. The rest of
the protocol was the same as for the CCHS “left-right-left” approach.

Modification 3 (“ears—belly—ears” approach): For the 15 and 3™ challenges, the
hapten was applied on both ears and the vehicle was applied on the belly. The 2"
elicitation consisted in a topical application of the hapten on the belly. The rest of the
protocol was the same as for the CCHS “left-right-left” approach.

Modification 4: Twenty-five days after the 3™ challenge with oxazolone (day 85 of
the whole CCHS protocol), the mice were sensitized with 1-Fluoro-2,4-dinitrobenzene
(DNFB) on the belly and 5 days after DNFB sensitization the mice were challenged
with oxazolone on the left ears and with DNFB on the right ears (Fig. 7). The

concentrations and vehicle employed to prepare the haptens are listed in table 10.

.4

4
Ear swelling
; ; measurement

85 90 95 100
Days after 1st challenge

Conventional CCHS | ===

@ Sensitization DNFB g Challenge OXA @8 Challenge DNFB
Figure 7. Modification 4. The sensitization and challenges with OXA were performed exactly as
described in figure 5 (basic method of CCHS). 85 days after the 18t challenge with OXA all the mice
were sensitized with DNFB and 5 days before challenged with the same hapten on the right ears. The
left ears were challenged with OXA. Ear swelling measurements were performed before the challenge
and daily the subsequent 7 days after challenge. Abbreviations: OXA - oxazolone, CCHS - chronic

contact hypersensitivity, DNFB - 1-Fluoro-2,4-dinitrobenzene.

4.8.3 Depletion of MCs with diphtheria toxin treatment

Four weeks old MCPT5-Cre x iDTR female mice were treated weekly for 4 weeks
with an intraperitoneal (i.p.) injection of diphtheria toxin [25 ng/ gr bodyweight in
saline] before the hapten-sensitization. Two days before the hapten sensitization an
intradermal (i.d.) injection of 40 ul of DT [5 ng/ gr bodyweight in saline] was practiced

in the ear pinnae of those animals. To maintain the MC depletion during the induction
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of chronic inflammation, further i.p. injections of DT [25 ng/ gr bodyweight in saline]
were administered weekly during the next 90 days after the 1% challenge with

oxazolone.

4.8.4 Depletion of CD8" T cells with anti-CD8 antibody

On day 5 and 6 after the 1% challenge with oxazolone, a single i.p. injection of 0.250
mg diluted in 500 yl of PBS of anti-CD8 antibody (clone 2.43) was applied to the

mice.

4.8.5 Treatment with Sodium Cromoglycate (Cromolyn)

Wildtype animals were injected i.p. with cromolyn (25pg/ gr bodyweight) diluted in
500 pl of saline. The cromolyn treatment was performed at 0 hours, 24 hours and 48
hours after every challenge, i.e. days 0,1, 2, 30, 31, 32, 60, 61 and 62 in the CCHS
protocol.

4.8.6 Reconstitution of MCs in the ears of Sash mice

Four weeks old, bone marrow cultured derived MCs (BMCMCs) were centrifuged and
resuspended (2x10° cells/ 40pl of saline). The purity of the cells was assessed by
Kimura staining and by the expression of cKit and Fc¢RI that was analyzed by flow
cytometry. Sash mice (4 to 6 weeks old) were sedated with Isofluran/O, mixture.
Using a 30g needle and 1 ml syringe, an i.d. injection of 40ul of cell suspension was
performed in the ear pinnae of those mice. Four to six weeks after the MC
reconstitution the animals were used for the CCHS protocol.

4.8.7 Adoptive transfer of total lymphocytes

Donor Ly5.1 mice as well as recipient animals, i.e. Sash and WT mice, were
sensitized (day -5) and challenged (day 0) with oxazolone on the same day.

On day 6 the draining lymph nodes (dLN) as well as total blood of donor animals
were collected. The organs were passed through a 70 ym cell strainer and washed
with PBS to bring it to cell suspension. Blood was depleted of erythrocytes by using
an erythrocyte lysis buffer and a lymphoprep centrifugation gradient (conditions
specified by the provider). The cellular suspension rich in lymphocytes was washed
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twice with PBS and pelleted by standard centrifugation, i.e. 300g for 10 min at 4 °C.
The cell-suspension from both organs was pooled and centrifuged once more. The
cells were incubated with anti-CD8B-PE antibody for 20 min, 20g in ice. Afterwards,
the cells were washed with FACS-buffer and pelleted by standard centrifugation.
Next, the cells were resuspended in PBS 0.1% BSA in a concentration of 10’
cells/ml. Subsequently, the CD8B" cells were purified (> 90% purity) by FACS sorting.
The positive fraction was washed and pelleted with FACS-buffer. The resultant pellet
was resuspended in 400 pl of PBS to 2x10’ cells and kept on ice prior to injection.
200 pl of the cell suspension was injected in the tail vein of each recipient mouse.

Two days after the adoptive transfer of CD45.1°CD8B" T cells, the ears and dLNs of
WT and Sash recipient mice were harvested as described above in this section and
the composition and number of CD45.1°CD8B" T cells expressing the TRM markers

were analysed by flow cytometry.

4.9 In vitro procedures

4.9.1 Culture and enrichment of bone marrow derived MCs

The bone marrow was obtained from C57BL/6 female animals that were between 4
to 6 weeks old. For the isolation of the bone marrow the femur and shinbone were
cleaned from the surrounded tissue and separated from the rest of the animal. The
bone marrow was retrieved by cutting the bone ends and flushing the medullary
cavity of the femur and shinbone with a 30g needle and a 10 ml syringe filled with
flushing medium. Subsequently, the bone marrow was collected in a petri dish. The
resultant cell suspension was transferred to a 50 ml falcon tube and pelleted by
standard centrifugation. The resuspension of the pellet was performed in culture
medium. The cell suspension was cultured for 4 weeks renewing the media every 7
days from the first 2 weeks and changing the half of the media in week 3 and 4 in the
same time interval. After 4 weeks culturing, the purity of bone marrow derived MCs
(BMCMC) was above 90%. The quantification of the purity was analyzed by Kimura

staining (granularity) and flow cytometry (co-expression of cKIT and FcRI; Fig. 8).
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Figure 8. Expression of FcgRl and CD117 (cKit) in bone marrow cells cultured in presence of IL-

3. The bone marrow was cultured in presence of IL-3 for four weeks and then stained with anti-cKIT
and anti-Fc.RI antibodies prior flow cytometric analysis. The left picture shows the expression of FcRI
against the isotype control. The center panel shows the expression of cKit in the same population
compared with the isotype control. The right panel shows the co-expression of both cell surface-
markers compared with their respective isotype controls. Abbreviations: FL - Fluorescence channel,
FITC - fluorescein isothiocyanate, FceR1 - Fc epsilon receptor 1, PE - phycoerythrin, IL-3 -

Interleukine-3.

4.9.2 Isolation of infiltrating immune cells from the skin

After euthanizing the mice their ears were collected and weighed. The ventral and
dorsal sides of each ear were separated from each other and placed in 1.5 ml vial
containing 0.2 mg/ml of Liberase TL diluted in RPMI and Streptomycin/Penicillin 1%
(300 pl of solution per ear). By using scissors the ears were cut in small pieces in a
1.5 ml vial and incubated in a thermomixer at 37 °C and 650 rpm with constant
shaking. The reaction was stopped after 45 minutes by adding 500 pl of RPMI with
10% FCS v/v. To bring the tissue to a cellular suspension, the digested tissue was
passed through a 100 ym cell strainer, pressed with a 10 ml syringe-plunger and
washed with ice cold PBS. To clean the cellular suspension from epidermal
conglomerates, the fluid was passed through a 40 uym cell strainer and collected in a
50 ml falcon tube. The cell suspension was pelleted by standard centrifugation and
resuspended in a staining master mix containing the selected antibody mixture

coated to different fluorochromes.
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Figure 9. Gating strategy and analysis of skin lymphocytes. Using the forward and side scatter the
lymphocytic gate was employed to exclude non-lymphocytic populations (upper left panel). The single
cells were selected using the FSC-W/FSC-H and SSC-W/SSC-H (upper center and left). Next, the
CD45 marker was used to exclude non-immune cell-populations (lower left). From CD45" cells the
TCRpB and CD103 double positive population was gated (lower center panel). The subpopulation of
CD45"TCRB'CD103" cells was then displayed in terms of CD8B" and CD4" expression (lower right
panel). The total cell counts and percentages were used as comparative variables. Abbreviations:
FSC - forward scatter, SSC - side scatter, TCRp - T cell receptor .

The cell staining was incubated for 30 min on ice and while mixed at 250 rpm. The
cells were washed once with ice cold PBS and centrifuged as described previously,
before cell-sorting. T cells were resuspended in 0.1% BSA in PBS and kept on ice
until cell-sorting. Cell sorting was performed according to the following criteria (Fig.
9): FSC-A/SSC-A gate (Lymphocyte gate), SSC-A/SSC-H (Singlet gate), CD45+
cells, CD4+ or CD8B+ cells. Some other makers were employed in specific

conditions for sorting and will be specified at the corresponding section.
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4.10Cell biological methods

4.10.1 Flow cytometry and cell sorting

Flow cytometry is a method for analysis of fluorescence labeled particles. Specific
sensors (photomultiplier tubes) installed in the machine are able to collect information
about the particles, when those particles (cells) are excited by lasers beam (Fig.
10A). The information collected from the lasers can be divided in three categories,
size (detected by the forward scatter “FSC”), complexity or/and granularity (detected
by the side scatter “SSC”) and the fluorescence intensity, which is detected by
different filters installed in the appliance.

The fluorescent information varies depending of the excitation and emission
wavelengths of the fluorescence and the exiting laser beam. Normally, fluorescent
particles are coated to antibodies, which recognize specific cell-markers, e.g. anti-
CD117 coated to phycoerythrin (aCD117-PE). The cytometer detects cells-binding
fluorescent antibodies as events. The cytometer-compute such parameters for each
analyzed cell and represents it in a two-dimensional plot on the screen. That plot
representation enables the user to select the population of interest by so-called
population gating (Fig. 10B). The gating of a specific cell-population can inform us
about the percentage of that particular population proportionally to other cells within
the cell mixture as well as the expression levels of the specific markers in the
population of interest (Fig. 10B and C).

Some cytometers are equipped with a sorting system and therefore also called cell-
Sorters. Cell sorters apply an electric charge to selected cells that after getting
charged, a magnetic field located at the end of the flow system can change the
trajectory of the charged cells towards a separated collector tube (Fig. 10A4).
Consequently only charged cells will end together in one tube obtaining a pure
population.

39



MATERIALS AND METHODS

A. B.

Cell suspension

Sheath fluid

1000
Filter /
5 Condenser ’
S Scattered
- n ﬂ light
Fluorescent * detector
light 2] *
detector . 100
o
i 3
Laser beam ) -
= '~ t;;«::;\ Cd
t%;\ S+
o | /¢ 10
06 .\ Drops with
ﬂooo.. no charge ce Sl . ,.l’.o-_:
o oo . . .
Drops with °0 500 X " e
lesser charge wooooo° ':; ~ - ~ "
e ~ ¥
® Fl o:. X 1 -, 2 N A
uorescent cells Drops with ok S
e Nonfluorescent cell greater charge 1 10 100 1000
°1 Fluorescent cell droplets Sorted charged Gl‘een
o droplets containing
e Nonfluorescent cell droplet fluorescent cells
500
., 400
Q
>
300
j=]
o
o
=

10 100 1000

Intensity
Figure 10. Principles of FACS analysis and cell sorting technology. Cells in suspension are
socked and transported through a capillary system in stream (Panel A1). Single cells go through the
laser detector-system. In that place is where the lacers-beam scans the cells. The light diffraction and
the fluorescence emitted by the cells are collected by the scatters and photomultiplier tubes (Panel
A2). The retrieved information (fluorescence intensity, size and granularity) is processed by the CPU
and represented in a two-dimensional dot-plot (Panel B). By using the dot-plot representation it is
possible to gate the population of interest, according to the parameters previously described, and
indicate to the sorter-unity which population of cells need to be sorted out of the cell mixture. The
selected cells will be electrically charged and passed through an electric field that will alter their
trajectory towards a collector tube (Panel A3 and A4). Panel C shows the schematic representation of
a two-dimensional plot in which it is possible to distinguish the cells in terms of the frequency within
the cell mixture and the relative expression of a specific marker measured in terms of the fluorescence
intensity. (Pictures adapted from: http://www.bio.davidson.edu/genomics/method/FACS.html,
http://www.studyblue.com/notes/note/n/unit-1-chapters-1-3-9-10/deck/3412445)
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4.11Histological methods

4.11.1 Ear whole mount for confocal analysis

41111 Tissue preparation

Before harvesting the ears, an intradermal injection of 80 ul of TBS 1x was practiced
on the ears. The ears were then fixed in TBS containing 4% PFA for 20 minutes and
at room temperature. The excess of PFA was washed by submerging the ears in 1x
TBS. Next, the ventral and dorsal sides of each ear were separated from each other
and incubated for 1 hours at 37 °C in digestion buffer (700 ul / Ear in a 1.5 ml vial)
and constant shaking (900 RPM). The ear sides were then washed in 1x TBS once
and incubated with Avidin mix diluted in 1x TBS for 15 minutes at 37 °C and constant
shaking (900 RPM). To remove the excess of Avidin the ear-sides were submerged
once in 1x TBS. The tissue was blocked with 1x Biotin block for 15 minutes at 37 °C
and constant shaking (900 RPM). Afterwards, the tissue was washed twice for 5
minutes in 1x TBS. Subsequently, the tissue was incubated with antibody mix diluted
in 1x TBS and 0,5% BSA for 1h at 37 °C and constant shaking (600 RPM). After
incubation, the tissue was washed twice for 5 minutes in 1x TBS, which induced the
spontaneous separation the epidermal layer from the dermis. The dermal layer and
epidermal layer were mounted in bi-distillated water and prepared for confocal

imaging.

411.1.2 Confocal imaging

The imaging was performed with an Olympus FV1000 MPE Confocal and
Multiphoton Laser Scanning Microscope. The lasers used according each type of
fluorochrome are listed in the table 11.

Table 11. List of lasers and its corresponding fluorochromes.

Laser Fluorochrome detection

405 DAPI

488 Alexa 488/ FITC

559 Rhodamine/ Texas red
635 Alexa 647/ APC
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Five consecutive microscopic fields of a 63X magnification objective were imaged in
a Z-stack format. The imaged area corresponded with the area of the ear swelling
measurements. For visualization, 50 ym of the Z-axis, were scanned with 10 intervals
of 5 ym between every picture (Fig. 11A). The imaging was performed with a single

photon setting.

Imaging analysis type 1 (MC counting): 5 Z-stacks were imaged per ear. The Z-
stacks containing the maximal number of MCs within each ear were selected to
represent this ear. The numbers of MCs were counted in the representative Z-stacks
(Fig. 11B).

Imaging analysis type 2 (Cytokine quantification): For cytokine semi-quantitative
analysis, all collected Z-stacks were processed as for type 1 analysis. In this
particular case the channel used for cytokine analysis was imaged alone. Using a
pixel quantification method, as explained in section 4.13.1.2, the concentrations of

extracellular and intracellular cytokines were analyzed (Fig. 11D).

o
A. e =] B. Mast cell counting algorithm ‘

5x
C. | Tissue topology, cell distribution D. ] Cytokine quantification method
and cell-cell contacts

N\

% of counts

N° of green pixels/area

Figure 11. Analysis of ear whole mount. (A) After whole mount staining, 5 microscopic fields within
the swelled area were imaged in a Z-stack format. Every Z-stack was transformed to a maximal
projection and used for cell counting, cell topology and cytokine quantification. (B) The microscopic
field showing the higher number of MCs in each ear was selected as representative of that ear and
displayed in a stripe together with other representative microscopic fields. (C) Cells were imaged and

analyzed in terms of numbers; cell-cell contact and position respect the challenged area and the
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central vessels rood. (D) Cytokine concentration was estimated by the amount of florescence

represented in form of pixel count within every Z-stack collected.

4.12Molecular biological methods

4.12.1 Isolation of total protein of skin lysates

Biopsies of 4 mm of diameter were taken from the central part of the ear lobule and
storage dry in 0.5 ml vial at -80 °C. Prior to analysis the biopsies from each group
were pooled and weighed. After, the samples of each group were collected in 1.5 ml
vial and cut in small pieces while digested with 1x RIPA buffer for 20 min at room
temperature. Using a glass douncer the proteins were further extracted from the
tissue. The protein lysate was collected and stored in -80 °C until its analysis.

4.12.2 Multiple Enzyme-Linked ImmunoSorbent Assay (Multi-ELISA)

Two hundred microliters of protein lysate extracted from ear-skin was transferred to
selected wells in a 98-well plate platform in order to perform a Multi-ELISA assay.
The procedure was followed as specified by the provider. The optical density
measured the concentration of cytokines, based on the radish peroxidase activity on
the colored subtract. Because the absence of a standard it was not possible to
assess the absolute concentration of cytokines in the samples, but the kit contained a
positive and a negative control to verify the functionality of the test

4.12.3 Trypan blue staining

To determine the cell numbers and viability of the cells 10 yl of the cell suspension
were mixed 1:2 in 0.4% trypan blue. Since dead cells lose membrane integrity, the
blue dye is able to diffuse into the cells. The stained and unstained cells were
counted using a Neubauer counting chamber. Taking into account the dilution factor
of the Chamber, the cell number was determined as followed:

+ Unstained cells x 10* (chamber factor) x dilution = number of viable cells per

mil.

* Stained cells x 10* (chamber factor) x dilution = number of dead cells per ml.
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4.12.4 Kimura staining

To check the MC purity 10 pl of the cell suspension were mixed 1:2 with a Kimura
solution163. Kimura dye turns the proteoglycans in MC granules purple. Using a
Neubauer counting chamber all stained and unstained cells were counted. Taking
into account the dilution factor of the chamber, the number of MCs was determined

as follows:

* Stained cells x 10* (chamber factor) x dilution = number of MCs per ml.

 Unstained cells x 10* (chamber factor) x dilution = number of non-MCs per ml.

4.13In silico methods

4.13.1 Imaging analysis of confocal microscopy

All pictures, Z-stacks and videos obtained by confocal microscopy were analyzed
with the open-software FIJI (ImageJ).

41311 Automatic cell counting

For automatic cell counting the whole Z-stack was transformed to a 16-Bit pixel
picture and flattened with the Z-project tool for Maximal intensity. Next, the 3D object
counter tool was employed to perform the automatic count (Threshold: 30000-60000,
filter size: 30 to 200 pixels). The Surface map and Object map output were used to
perform the counting. The counting was validated manually.

413.1.2 Cytokine quantification in whole mount samples

The Z-stack was flattened with a Z-project tool for Maximal intensity and transformed
to an RGB format. Next, the colored pixels were calculated using the Color histogram
tool. The values per unit area were normalized and the area under the curve
calculated using the software GraphPath Prism. The mean and the standard
deviation were taken as reference values to prepare the histograms (Fig. 12).
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— Isotype
- WT
- Sash

Area [cm?]

Figure 12. Graphic of pixel count and distribution in whole mount of ears used for cytokine

analysis. The histogram is showing the pixel distribution along of a Z-stack, which correlates with the

relative amount of cytokine within this Z-stack. Abbreviations and legend description: Isotype - ears

stained with Isotype control, WT - ears of wildtype mice stained with anti-IL-4 antibody, Sash - ears of
C57BL/6-Kit"*"/ Kit" " mice stained with anti-IL-4 antibody.

4.14 Statistical analysis

One-tailed/two-tailed student’s T-test for independent samples or Mann—Whitney U
test was employed to compare means in regular bases. Exceptional cases, requiring
other statistical tests, are specified in the corresponding section.

The statistical analysis was performed with the software GraphPath Prism (Version
6.1.1). For the selection of the representative Z-stacks used to count MCs in the skin,

an algorithmic selection was used (Fig. 11B).
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5 Results
5.1 Effects of MCs in chronic contact hypersensitivity (CCHS)

5.1.1 Genetically MC-deficient Sash mice show exacerbated CCHS reactions

The role of MCs in CCHS induced by multiple subsequent challenges with the
contact allergen oxazolone (OXA) was assessed by comparing the ear swelling of
genetically MC-deficient C57BL/6-Kit"""/Kit""*" (Sash) mice with the ear swelling of
control wildtype (WT) mice. To this end, the ears of mice were challenged with OXA 3
times, on day 0, day 30 and day 60, using the “left-right-left” approach (see methods
section 4.8.2.2). To compare CCHS responses of Sash mice and WT mice, the area
under the curve (AUC) was calculated for each animal using the ear swelling

measurements performed during eight days after each challenge (AUC™"@! day — end

day)

After the 1% challenge with OXA, i.e. during acute CHS, WT mice as well as Sash
mice showed maximum inflammation on day 2, and inflammatory responses
subsided around day 8 after the challenge (Fig. 13A, CHS area). After the 1°
challenge the ear swelling did not show significant differences between Sash mice
and WT mice (AUC"®: Sash = 275.2£91.1, WT = 203.9+47.2; n.s.).

After the 2" challenge with OXA, both Sash and WT mice showed maximum
inflammation on day 1 after its elicitation. In the WT group, the inflammatory
responses were completely resolved by day 7 after this challenge (day 37), whereas
in the Sash group the inflammation required more than 8 days to disappear
completely (Fig. 13A). The ear swelling responses after the 2 challenge with OXA in
Sash mice were 2.1 fold higher than those in their WT control littermates (AUC>*:

Sash 512.6+374.8, WT = 244.3+109.6; p-value < 0.01).
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Figure 13. Genetically mast cell-deficient Sash mice exhibit exacerbated inflammation during
chronic contact hypersensitivity (CCHS) reactions to oxazolone (OXA). Animals were sensitized
by a topical application with OXA on day -5 (belly) and inflammation was elicited by topical application
(challenge) with OXA at day 0 (left ears), day 30 (right ears) and day 60 (left ears). The opposite ears
were treated with vehicle (acetone) as control. (A) Ear swelling responses after each OXA challenge
(Orange arrows) in mast cell-deficient mice (Sash) and WT mice. Data are shown as means of pooled
values of n = 4 experiments, error bars indicate +SEM of 20 animals per group. Statistical significance
calculated with Mann—Whitney U test. P-value < 0.001 (***) compares OXA-challenged ears of Sash
mice (OXA-Sash) versus OXA-challenged ears of WT mice (OXA-WT) after the 3" challenge. (B)
Fold increase in ear swelling of Sash mice after CHS (following the 1 challenge) and CCHS (following
the 3™ challenge). (C) Ears of Sash mice and WT mice 8 days after the induction of CCHS (day 68 in

A). Each image was chosen as representative of the group. Abbreviations and legend description:

CHS - Conventional contact hypersensitivity, CCHS - chronic contact hypersensitivity, A Ear thickness
- ear swelling obtained after the subtraction of ears thickness baseline, ¥ - indication when an
individual Sash mouse ear became necrotic, # - indication when mice were challenged on the ears
with OXA, OXA-Sash - ears of C57BL/6-Kit""/Kit""" mice challenged with oxazolone, OXA-WT -
ears of C57BL/6-Kit’/ Kit" mice challenged with oxazolone, VEH-Sash ears of C57BL/6-Kit""/Kit"">"
mice treated with vehicle, VEH-WT ears of C57BL/6-Kit"/ Kit" mice treated with vehicle, MC - mast

cell, OXA - oxazolone.
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After the 3™ challenge with OXA, the WT group showed maximum inflammation 2
days after its elicitation. In contrast, the inflammatory response in Sash mice
increased gradually and reached its maximum 7 days after challenge. After this
challenge, neither Sash mice nor WT mice ears thickness returned to baseline values
during the observation period. The ear swelling responses after the 3™ challenge with
OXA in Sash mice were 2.6 fold higher than those in their WT control littermates
(AUC®®®: Sash = 1355+865.7 versus WT = 516.7+526.4, p-value < 0.001; Fig. 13A
the CCHS peak).

Next, we compared the inflammatory responses elicited by OXA after the 1t
challenge (CHS) to those after the 3™ challenge (CCHS). The difference in the
inflammation of the OXA-treated ears in Sash mice compared with that in WT mice
was higher during CCHS than during CHS (p-value < 0.01; Fig. 13B). Furthermore,
the visual examination of the ears revealed that around 25% of Sash mice developed
scaling and necrosis of the ears that received a 3™ challenge with OXA (see W
symbol in Fig. 13C). Necrosis was not observed in WT mice after the 1%, 2" or 3"
challenge or in Sash mice after the 1% or 2" challenge (Fig. 13C).

These findings show that genetically MC-deficient Sash mice exhibit uncontrolled
CCHS inflammation upon repeated exposure to OXA. We, therefore, hypothesized
that MC can protect from exacerbated inflammation during CCHS responses.

5.1.2 Genetically MC-deficient mice exhibit increased skin levels of pro-

inflammatory cytokines in CCHS

IFNy as well as other pro-inflammatory cytokines (i.e. IL-17 and IL-4) are up
regulated within the inflamed area after single exposure to OXA in sensitized mice
(Ulrich et al., 2001). Additionally, the inflammation associated with CHS responses to
OXA are driven by IFNy" effector T cells (Ku et al., 2009). We, therefore, measured
the levels of IFNy, IL-23, IL-17 and other cytokines in the ears of mice subjected to
CCHS using a multiple Enzyme-linked immunosorbent assay (see methods section
1.12.2).
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Figure 14. The pro-inflammatory cytokines IFNy, IL-17 and IL-23 are increased at skin sites of
CCHS reactions in genetically mast cell-deficient Sash mice. Cytokines levels of ear-skin were
measured by ELISA 24 hours after the 3" challenge with OXA (day 61). Data are shown as the mean
of pooled values of n = 3 experiments, error bars indicate £SEM of 9 animals per strain. Statistical
significance calculated with Student’s t-test. Abbreviations and legend description: IFNy - interferon
gamma, IL - Interleukin, p-value < 0.001 (***), p-value < 0.05 (*), Sash - ears of C57BL/6-Kit"*"/Kit"*"
mice challenged with OXA, WT - ears of Wildtype mice challenged with OXA, CCHS - chronic contact

hypersensitivity, MC - mast cell, OXA - oxazolone.

As early as 24 hours after the 3" challenge with OXA, the levels of the cytokines
IFNy, IL-17 and IL-23, but not of the cytokines IL-4, IL-6 or IL-10, were significantly
higher in the ears of Sash mice than in the ears of WT control mice (IFNy p-value <
0.001; IL-17 and IL-23 p-value < 0.05; Fig. 14). These results indicate that in CCHS,
exacerbated inflammation observed in Sash mice is accompanied by increased skin-

levels of certain pro-inflammatory cytokines.

5.1.3 Local MC reconstitution in genetically MC-deficient Sash mice reduces

CCHS-associated inflammatory reactions

To test whether the exacerbated inflammation seen in Sash animals in CCHS to OXA
is due to the lack of MCs and not due to other abnormalities present in these mice,
we reconstituted the ears of Sash mice with bone marrow derived cultured MCs
(Sash-Ear*®MC) six weeks before sensitization with OXA (see methods section
4.8.6).
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After the 3" challenge with OXA, maximum ear swelling of WT mice, Sash mice, and
Sash-Ear®°MC mice was observed at 24 hours, 48 hours, and 24 hours,
respectively. In contrast to the WT group, ear swelling responses in Sash mice and
Sash-Ear®MC mjce did not resolve during the first 8 days after challenge.

Sash-Ear®MC mice exhibited reduced inflammation after the 3™ challenge with
OXA as compared to Sash mice (AUC"®: Sash-Ear®M°MC = 476.7+268.4 versus
Sash = 926.3+375.4, p-value < 0.001; Fig. 15A). Sash-Ear®M°MC mice did not show
scaling or necrosis, whereas 4 out of 15 Sash mice developed scaling and necrosis
of OXA-treated ears during CCHS inflammation (Fig. 15A, see scaling or necrosis
symbol "¢”). CCHS ear swelling responses in MC-reconstituted Sash mice were
similar to those in WT mice in their kinetics and extent, although statistically
significantly stronger mice.
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Figure 15. Reconstitution of mast cells (MCs) in the ears of genetically mast cell-deficient Sash
mice protects from exacerbated inflammation during CCHS reactions to OXA. Ear swelling
responses after the 3" challenge with OXA in Sash mice, WT mice and Sash mice locally

reconstituted with MCs in the ears (Sash-Ears™®"°Mcs

mice). Data are shown as means of pooled
values of n = 4 experiments, error bars indicate =SEM of 15 animals per group, Statistical significance

calculated with Mann—-Whitney U test. Abbreviations and legend description: ¥ - indication when an

individual Sash mouse ear became necrotic, A Ear thickness - ear swelling obtained after the
subtraction of ears thickness baseline, p-value < 0.001 (***), p-value < 0.01 (**), OXA-Sash - left ears
of C57BL/6-Kit"*"/Kit"*" mice challenged with oxazolone, OXA-Sash-Ears™®MM° _ |eft ears of
C57BL/6-Kit""/Kit"" mice reconstituted with BMCMCs in the ears and challenged with oxazolone,
OXA-WT - left ears of Wildtype mice challenged with oxazolone, VEH-Sash - right ears of C57BL/6-
Kit""/Kit""" mice treated with vehicle, VEH-Sash-Ears "M _ right ears of C57BL/6-Kit"S"/Kit"S"
mice reconstituted with BMCMCs in the ears and treated with vehicle, VEH-WT - right ears of Wildtype

50



RESULTS

mice treated with vehicle, MCs - mast cells, CCHS - chronic contact hypersensitivity, OXA -

oxazolone, BMCMCs - bone marrow derived mast cells.

Taken together, the skin reconstitution of Sash mice with MCs protects from the
exacerbation of CCHS inflammatory responses in this mice. Restoring the MC
population in the ears of Sash mice not only abrogates the appearance of necrosis
during CCHS responses to OXA, but also reduces the degree of inflammation to a
level that falls between that of Sash mice and WT mice.

These results led us to conclude that exacerbated inflammation in MC-deficient Sash
mice is largely due to their lack of cutaneous MCs.

5.1.4 Depletion of skin MCs results in an increased CCHS associated

inflammation

Sash mice contain aberrant immune cell populations, e.g. myeloid-derived
suppressor cells (MDSC) (see introduction section 3.3.4). Interactions between
reconstituted MCs and these aberrant populations could account for the lower

response observed in Sash-Ear*BMMC

mice during CCHS inflammatory responses to
OXA, e.g. engrafted MCs could promote the suppressive activity of MDSC. We,
therefore, made use of a Kit-independent MC-deficient mouse model, the MCPT5-
Cre x iDTR mouse, to validate the results found in Sash mice. MCPT5-Cre x iDTR
mice are conditional knockout animals and treatment with diphtheria toxin (DT)

depletes their skin MCs (see methods section 4.8.3).

First, we assessed the MC numbers in the skin of DT-treated MCPT5-Cre’iDTR"
(Cre™) mice and of their control littermates, the DT-treated MCPT5-Cre’iDTR™ (Cre)
mice, before sensitization and after the 3™ challenge with OXA. DT treatment was
started 4 weeks before sensitization with OXA. At that time point DT-treated Cre”
mice showed 90% reduction in skin MC numbers as compared to their DT-treated
Cre’ littermates (Fig. 16A). This result was consistent with previously published
reports on this mouse strain (Dudeck et al. 2011). After CCHS to OXA, the reduction
of MCs in DT-treated Cre" mice compared with their control littermates was 71.5%
(Fig. 16B). This is in contrast to the situation observed in Sash mice after CCHS to
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OXA, which show less than 3% of the skin-MCs numbers as compared with WT

control mice (Fig. 16B).
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Figure 16. Mice depleted of MCs display increased inflammation during CCHS reactions to
OXA. (A) Efficiency of mast cell depletion in MCPT5-Cre x iDTR mice before sensitization to OXA.
Naive Cre” mice and their control littermates (naive Cre” mice) were treated weekly for 4 weeks with

diphtheria toxin (DT). The pictures show MCs in a whole mount immunofluorescence staining of ear
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skin. MCs were stained with Avidin-TR (red) and the nuclei were stained with DAPI (blue) as
counterstain. The pictures show a confocal Z-stack of ear whole mounts at 40x magnification. (B)
Quantification of MCs using whole mount immunofluorescence staining of ear skin one month after
CCHS to OXA. All mice were sensitized with OXA on day -5 (belly) and challenged with the same
hapten on day 0 (left ears), day 30 (right ears) and day 60 (left ear). The opposite ears were treated
with vehicle (acetone) as control. Cre” and Cre mice received weekly i.p. injections of DT starting 5
weeks before the 1% challenge with OXA until 4 weeks after the 3" challenge with OXA. Ears of Cre”,
Cre’, Sash and WT mice were harvested 4 weeks after the 3™ challenge and the numbers of MCs
were determined by confocal microscopy. Data are shown as means of pooled values of n = 2
experiments. Statistical significance calculated with Student’s t-test. (C) Ear swelling responses after
the induction of CCHS in Cre” mice and Cre mice. Mice were treated with DT and challenged with
OXA as described in panel B. Data are shown as means of pooled values of n = 3 experiments, error
bars indicate £SEM of 12 animals per group. Statistical significance calculated with Mann-Whitney U
test. Abbreviations and legend description: DT - Diphtheria toxin, Cre® - naive MCPT5-Cre” iDTR"
mice, Cre” naive MCPT5-Cre” iDTR" mice, p-value < 0.001 (***), OXA-Cre" - left ears of MCPT5-Cre”
iDTR" mice challenged with oxazolone, OXA-Cre” - left ears of MCPT5-Cre” iDTR" mice challenged
with oxazolone, OXA-Sash - left ears of C57BL/6-Kit"S"/Kit"" mice challenged with oxazolone, OXA-

WT - left ears of Wildtype mice challenged with oxazolone, A Ear thickness - ear swelling obtained

after the subtraction of ears thickness baseline, VEH-Cre” - right ears of MCPT5-Cre” iDTR" mice
treated with vehicle, VEH-Cre - right ears of MCPT5-Cre” iDTR" mice treated with vehicle, p-value <
0.01 (**), DAPI - 4' orto 6-diamidino-2-phenylindole, Avitin-TR - avidin coated Texas-red dye, MCs -
mast cells, CHS - chronic contact hypersensitivity, OXA - oxazolone.

The maximal ear swelling of both, Cre™ and Cre” mice was observed 24 hours after
the 3™ challenge with OXA. In contrast to Cre” mice, ear swelling responses in Cre*
mice did not subside within the first 8 days after this challenge.

Despite the failure of DT treatment to deplete MCs by more than 90% in Cre™ mice,
the ear swelling of DT-treated Cre* mice after the 3™ challenge with OXA was 2.01
fold stronger than that observed in Cre™ control mice (AUC1'8: Cre® = 621.5+210.1,
Cre = 297.9+127.7; p-value < 0.001; Fig. 16C).

Both MC-deficient mouse models, i.e. DT-treated Cre* and Sash mice, displayed
increased inflammation after CCHS to OXA compared with their respective control
littermates (see results section 5.1.1), but the exacerbation of inflammation in Cre*
mice was less pronounced compared to that in Sash mice (compare Fig. 15A to Fig.
16C). Furthermore, DT-treated Cre” animals subjected to CCHS did not show any

signs of scaling or necrosis as was observed in Sash mice.
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Together, these results confirm that cutaneous MCs play a protective role and control
inflammatory responses during CCHS to OXA. In addition, the differences in the
exacerbation of inflammation between Sash mice and DT-treated Cre” mice after
CCHS to OXA suggests that the numbers of MCs in the challenged skin may
influence the extent of the inflammatory response.

5.1.5 Cromolyn treatment results in increased CCHS associated inflammation

Here, we tested whether the treatment with cromolyn, which has been reported to
inhibit selected MC functions, affects CCHS inflammatory responses in WT mice (see
methods section 4.8.5).

-I-Cromolyn)

As depicted in figure 17, mice treated with cromolyn (W showed maximal

inflammatory responses 48 hours after the induction of CCHS to OXA, whereas the
maximum inflammation of control mice treated with Saline (WTV'e"¢®)
earlier (at 24 hours). In both groups, i.e. WT<™Y" and WTVe"“® the ear-thickness

decreased gradually after the day of maximal inflammation, but it did not reach

peaked much

baseline values within the next 8 days after the 3™ challenge with OXA (Fig. 17).
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Figure 17. Systemic treatment with the mast cell-inhibitor cromolyn results in increased CCHS
responses to OXA. Mice were sensitized with OXA on day -5 (belly) and challenged with OXA at day
0 (left ears), day 30 (right ears) and day 60 (left ears). The opposite ears were treated with vehicle

Cromolyn

(acetone) as control. Additionally, mice were treated with either cromolyn (WT ) or Saline

(WTY®"®®) at 0 hours, 24 hours and 48 hours after every challenge with OXA. Data are shown as
means of pooled values of n = 4 experiments, error bars indicate £SEM of 18 animals per group.

Statistical significance calculated with Mann-Whitney U test. Abbreviations and legend description: (A

Cromolyn _

Ear thickness - ear swelling obtained after the subtraction of ears thickness baseline, OXA-WT

left ears of Wildtype cromolyn-treated mice challenged with oxazolone, OXA-WT - left ears of Wildtype
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Saline-injected mice challenged with oxazolone, VEH-WT - right ears of Wildtype cromolyn-

Vehicle

treated mice painted with acetone, VEH-WT - right ears of Wildtype Saline-injected mice painted

with acetone, p-value < 0.01 (**), i.p. - intraperitoneally.

The inflammation associated with CCHS in WT®™©™Y" mice was 1.74 fold stronger
than that in WTVe"“® mice (AUC"®: Cromolyn = 982.0+487.6, vehicle = 562.3+332.3;
P-value < 0.01). This result suggests that MCs have a protective role in CCHS to
OXA that can be inhibited through the pharmacological effects of cromolyn on MCs in
WT animals, which proved that the increased CCHS inflammation is not restricted to
MC-deficient mouse models.

Cromolyn was reported to inhibit MC degranulation in humans and rats (Ratner et al.,
2002, Santone et al., 2008, Oka et al., 2012, Vincent et al., 2013, Yang et al., 2014).
We, therefore, tested whether cromolyn is also a MC inhibitor in mice, using MC
degranulation induced by topical application of OXA as a model (see methods
section 4.11.1.2). The ear skin of WT naive mice after single contact to OXA showed
extensive MC degranulation, and this was not inhibited by treatment with cromolyn
(Fig. 18).

Because treatment with cromolyn did not inhibit degranulation after OXA contact, we
speculated that cromolyn inhibits MC cytokine release at sites of OXA exposure.
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Oxazolone Vehicle

Saline

Figure 18. Cromolyn does not inhibit mast cell-degranulation induced by OXA. Naive WT mice
were injected with either cromolyn or Saline (Vehicle) 30 minutes before OXA exposure on the ears.
Ears painted with acetone (the vehicle of OXA) were used as control (right panel). 24 hours after
hapten exposure the degranulation state of MCs within the ear skin was assessed by whole mount
immunofluorescence staining using confocal microscopy (40x magnification). The Images show MC-
granules stained with Avidin-TR (green). Yellow arrows indicate the granular content localized inside
the cell. Red arrows indicate the granular content released from the cells to the extracellular matrix.

Abbreviations: MC - mast cell, OXA - oxazolone, WT - wildtype, TR - texas red.

Using confocal microscopy, the skin levels of Interleukin-4 (IL-4) were assessed in
the ears of cromolyn- or vehicle-treated WT mice after the induction of CCHS
responses to OXA as describe in figure 19 (see methods section 4.11.1.2). IL-4 was
chosen as representative MC-derived cytokine, because it is produced de novo by
skin MCs, stored in MC-granules (Fig. 19A right panel) and released upon MC
activation (Gessner et al., 2005).
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Figure 19. Cromolyn-treated WT mice exhibit reduced levels of IL-4 during the effector phase of
CCHS to OXA. Mice were sensitized with OXA on day -5 (belly) and challenged with OXA at day 0
(left ears), day 30 (right ears) and day 60 (left ears). The opposite ears were treated with vehicle
(acetone) as control. Additionally, mice were treated with either cromolyn (WT®™"") or Saline
(WTVe"®y at 0 hours, 24 hours and 48 hours after every challenge with OXA. The ears of mice were
prepared for whole mount immunofluorescence staining 12 hours after the 3" challenge with OXA.
Tissue levels of IL-4 on were assessed by confocal microscopy (40x magnification). The ear skin was
stained with avidin-TR for MC-granules (Red), anti-IL-4-Bio-Strept-FITC (green) for IL-4 and DAPI
(blue) for the nuclei. Isotype of anti-IL-4-Bio (IgG2b-Bio) was used in WT mice to control the

background florescence. (A) Confocal images (40x magnification) showing the expression levels of IL-
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4 in each group. The left panel displays representative images of WT mice, WT"*"® control
mice, Sash mice and Isotype control respectively. The right panel shows a high magnification (100x
digital zoom) of a skin MC in a WT control positive for IL-4. (B) Quantification of the IL-4 levels in
WTE™Y mice, WT " control mice and Sash mice 12h after the induction of CCHS. The calculation
is based on the fluorescence intensity (FI) of the green channel (Anti-IL4-Bio-Strept-FITC). Data are
shown as means of pooled values of n = 3 experiments, error bars indicate SD of 6 animals per group.

Cromolyn

Statistical significance calculated with Student’s t-test. Abbreviations: WT

Vehicle

- ears of Wildtype

cromolyn-treated mice, WT - ears of Wildtype vehicle-injected mice, Sash - ears of C57BL/6-Kit""

S/Kit"*" mice, TR - Texas red, Bio - Biotin, Strept — Streptavidin, FITC - Fluorescein isothiocyanate,
DAPI - 4' orto 6-diamidino-2-phenylindole, FI - fluorescence intensity, p-value < 0.01 (**), IL -

interleukin, CCHS - chronic contact hypersensitivity, OXA - oxazolone, MC - mast cell.

Twelve hours after CCHS induction, all groups, i.e. WTC™mM WTVehde 5nd Sash,
showed IL-4 expression (Fig. 19A). WT°™™Y" mice and Sash mice showed reduced
levels of IL-4 as compared to WT'®"® mice (67.4%%12.4 and 53.9%+26.3
respectively). In addition, the majority of IL-4 was not found within the MC-granules
but spread throughout the tissue (Fig. 19A, B), suggesting that the IL-4 was released
by MCs upon OXA challenge.

This results showed that after the induction of CCHS inflammation the expression
levels of IL-4 in WT™©™Y" mice was similar to that of Sash mice, and clearly reduced

as compared to WT e

mice, which make us suppose a possible MC-dependent
effect on the expression levels of this cytokine. Since we found IL-4" MCs in the skin
of this mice (Fig. 19), we wanted to study the effects of cromolyn treatment on the

MC numbers after CCHS to OXA.

5.1.6 Cromolyn treatment inhibits MC accumulation during CCHS

To study, in more detail, the possible effect of cromolyn treatment on the cutaneous
number of MCs, we quantified MCs in the ears of naive mice, of mice after CHS and
of mice after CCHS treated with cromolyn or vehicle using confocal microscopy (see
methods section 4.11.1.2).
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Figure 20. Cromolyn treatment prevents the increase of skin mast cell numbers associated with
the application of OXA. Quantification of MCs in the ears of WT mice before and after challenge with
OXA. Mice were treated with either cromolyn or Saline at 0 hours, 24 hours and 48 hours after each
challenge. The ears were harvested 8 days after the 1 challenge or the 3" challenge and the
numbers of MCs were assessed by whole-mount immunofluorescence staining of ears using confocal
microscopy. Data are shown as means of pooled values of n = 3 experiments, error bars indicate SD
of 9 animals per group excepting for naive mice (1 animal per experiment). Statistical significance
calculated with Student’s t-test. Abbreviations: p-value < 0.05 (*), p-value < 0.01 (**), p-value < 0.001
(***), chall - challenge with oxazolone, OXA - oxazolone, i.p. - intraperitoneal, WT - Wildtype mice.

MC numbers, assessed by whole-mount immunofluorescence staining of ears, were
increased after the first challenge with OXA, and subsequent OXA challenges
induced further MC accumulation in the skin exposed to the hapten. The treatment
with cromolyn prevented the occurrence of this phenomenon (Fig. 20). This
experiment demonstrates that cromolyn reduces the accumulation of MCs associated
with CHS and CCHS responses to OXA.

Taken together, two aspects of the effects of cromolyn on the CCHS responses to
OXA were clarified with the previous experiments. (1) In WT mice, cromolyn
treatment results in increased inflammation during CCHS responses to OXA. This
observation is in accordance with the results obtained in MC-deficient strains in
CCHS. (2) Challenge with OXA induces MC-accumulation in the exposed skin area

and treatment with cromolyn impairs it.

Collectively, these results suggest that the inhibition of MC-accumulation by cromolyn
is at least in part, responsible for its inhibitory effects on CCHS inflammation.
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5.2 Mechanisms of MC control of inflammatory responses in CCHS

In this section we investigated the underlying mechanisms of the protective role of
MCs in CCHS, especially the importance of previous local allergen contact.

5.2.1 MCs do not confer systemic protection from exacerbation of CCHS

reactions

We investigated whether the protective role of MCs during CCHS inflammation
involves systemic effects. To test this hypothesis, the initial “left-right-left” OXA
challenge pattern was modified (see methods section 4.8.2.3), i.e. the 1 and 2™
challenges were done on the belly and the 3™ challenge on both ears (called “belly-
belly-ears” approach; see methods section 4.8.2.3 modification 1). This experimental
approach allowed us to study CCHS in previously unchallenged skin.

Using the “belly-belly-ears” approach, the inflammatory ear-skin responses in all
experimental groups i.e. Sash, Sash-Ear*®YCMCs \yTComob gng WTVeNc® heaked 24
hours after the 3™ challenge with OXA. The inflammation decreased slowly between
days 2 to 8, but the ear thickness did not return to baseline values during the
observation period (Fig. 21A). Inflammatory responses as assessed by AUC analysis
did not show statistical differences between any of the experimental groups included
in this experiment (AUC™®: WTVe"®e = 390 4494 .2; WTC™°MW" = 493 5+94,5, Sash =
447.0+86.3, Sash-Ear®™°MCs = 483.3+83.2; n.s.).

These findings show that skin MCs protect from exacerbation of CCHS inflammation
by effects in the skin during previous allergen exposure rather than by systemic
effects.

5.2.2 Exacerbation of CCHS reactions is limited to sites of previous allergen

contact

To further explore the relevance of site-specific effects in the protective role of MCs
during CCHS responses to OXA, we next performed the 1% challenge on the left
ears, the 2" challenge on the abdominal skin and the 3™ challenge on both ears, i.e.
a “left ear-belly-ears” approach (see methods section 4.8.2.3 modification 2). This
experimental approach allowed for the assessment of MC-effects on OXA-induced
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inflammation at sites that were previously exposed or not exposed to OXA within the

same animal.

Using this “left ear-belly-ears” approach, the inflammatory responses in all
experimental groups, i.e. Sash, WTC™™Y" and WTVe"“® peaked 24 hours after the
3" challenge with OXA. The inflammation decreased slowly between days 2 to 8
after challenge, but the ear thickness did not return to baseline during the
observation period (Fig. 21B).

In the right ears, the degree of inflammation after the 3" challenge with OXA was
similar in all experimental groups (AUC'®: WTVehce= 225 9+70.5, WTCOmM" =
341.8+56, Sash = 370.5£158.8; Fig. 21B, see dotted lines). In contrast, in the left
ears, the degree of inflammation of Sash mice and WT®°™¥" mice was clearly higher
compared with that in the left ears of WT'*"“® mice (AUC™®: WTVehe= 474+99.9,
WTEC™moM = 794 1+102.5, Sash = 1149+248.4; Fig. 21B, see continues lines).

This result indicates that the protective role of MCs during CCHS inflammation is
limited to skin sites that had been pre-exposed to OXA. It also shows that skin pre-
exposed to this hapten contains a sort of “local pro-inflammatory factors”, because
OXA pre-exposed skin sites (left ears) displayed stronger CCHS inflammatory
responses than not pre-exposed skin sites (right ears).

To further explore the contribution of these “local pro-inflammatory factors”, we
modified the data obtain in experiment showed in figure 21B. By subtracting the ear
swelling responses of the left ear from that of the right ear for each individual mouse,

we obtained the A Local (A Local; = AUC™", — AUCR",: The subscript “i” means

each individual mouse). A Local give us information about the net contribution of
MCs to the CCHS inflammatory response in OXA pre-exposed ears. Using a lineal
regression analysis, we show that the mean values of ALocal in the Sash group and
in the WTC™™"" group are statistically higher than that in the WT"®"“® control group
(Fig. 21C, p-value < 0.001 and <0.05 respectively). This result suggests that the
protective effects of MCs in CCHS to OXA consist in controlling these “local pro-
inflammatory factors”, which are only present in OXA pre-exposed skin sites.
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Figure 21. MCs provide local, but not systemic protection during CCHS inflammatory
responses to OXA. (A) The “belly-belly-ears” approach: Ear swelling responses after 3" challenge
with OXA. Sash mice, Sash-EAR™BMMCS mice, WTC™M" mice and WT" " mice were sensitized with
OXA on the abdominal skin (day -5) and challenged with the same hapten on day 0 (belly), day 30
(belly) and day 60 (both ears). Data are shown as means of pooled values of n = 4 experiments, error
bars indicate =SEM of 18 animals per group. Statistical significance was calculated with Student’s t-
test. (B) The “left ear-belly-ears” approach: Ear swelling after 3" challenge with OXA. Sash mice,
WTE™Y mice and WTY*"™® mice were sensitized with OXA on the abdominal skin (day -5) and
challenged with the same hapten at day 0 (left ears), day 30 (belly) and day 60 (both ears). Right ears
(inverted triangles), which received a single challenge with OXA, are plotted as dotted lines. Left ears
(circles), which were formerly exposed to OXA in the 18t challenge, are plotted as continues lines. (C)

Linear regression analysis of net ear swelling on the left ears. The AUC of each ear was calculated
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Cromolyn Vehicle

from data of panel B. The plot compares Sash mice and WT mice group versus WT mice.
Data are shown as means of pooled values of n = 3 experiments, error bars indicate =SEM of 12

animals per group. Statistical significance calculated with linear regression. Abbreviations and legend

description: CCHS - chronic contact hypersensitivity, A Ear thickness - ear swelling obtained after the
subtraction of ears thickness baseline, p-value > 0.05 (n.s.), Sash - ears of C57BL/6-Kit""/Kit"">"
mice challenged with oxazolone, Sash-Ears "M ears of C57BL/6-Kit""/Kit""*" mice reconstituted
with BMCMCs in the ears and challenged with oxazolone, WTS®™"" . ears of C57BL/6-Kit'/Kit"
cromolyn-treated mice challenged with oxazolone, WT"*"® - ears of C57BL/6-Kit"/Kit" Saline-injected
mice challenged with oxazolone, p-value < 0.05 (*), p-value < 0.01 (**), p-value < 0.001 (***), OXA -
oxazolone, AUC - area under the curve, n.s. - non-significant, A Local - average value obtained after

the subtraction of left ears swelling from right ears swelling of each mouse.

5.3 Effects of MCs on the composition of the local immune

compartment in CCHS

5.3.1 CD8B’ T cell accumulation at sites of allergen challenge is increased in
MC-deficient mice in CCHS

As demonstrated above, the MC-driven control of inflammation in CCHS to OXA is
dependent on a previous OXA exposition in the same ears, presumably by controlling
‘local pro-inflammatory factors” present in OXA pre-challenged skin. Hence we
hypothesized that MCs protect from exacerbated inflammation in CCHS to OXA by

modulation of the local skin immune system.

Since contact hypersensitivity responses are mediated largely by T cells (Xu et al.
1996), we first examined OXA pre-exposed ears looking for changes within the T cell
compartment one month after the 3™ challenge with OXA (CCHS ears), i.e. at a time
when inflammatory responses after the 3™ OXA-challenge were already resolved.

First, we used WT mice and compared the composition of the T cell compartment in
ear skin of naive mice with that in the skin of CCHS ears.

CCHS ears of WT mice showed significantly increased numbers of CD8B" T cells
and CD4" T cells compared with WT naive mice (Fig. 22.), indicating that T cell
accumulation in CCHS ears occurs as a consequence of challenge with OXA.
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Figure 22. CCHS ears contain more CD8B" T cells and CD4" T cells, in their ears than naive
mice. Quantification of skin resident T lymphocytes in CCHS ears and ears of naive mice. The ears of
naive mice or of mice that were OXA-challenge on the ears for 3" time for four weeks, were harvested
and their T cell composition was analyzed by flow cytometry. Data are shown as means of pooled
values of n = 3 experiments, error bars indicate £SEM of 9 animals per group. Statistical significance
calculated with non-parametric Wilcoxon test. Abbreviations: P-value < 0.05 (*), CCHS WT - ears of
Wildtype mice challenged with oxazolone, Naive WT - ears of Wildtype naive mice, CCHS - chronic

contact hypersensitivity, OXA - oxazolone.

Next, we investigated whether the T cell composition in CCHS ears differs between
Sash mice, WTS™Y" mice and WT""“® control mice.

No differences were found between groups (Figure 23A) in the numbers of CD4™ T
cells in CCHS ears. This result was verified in the MCPT5-Cre x iDTR strain, where
both groups, Cre” and Cre” showed comparable numbers of CD4" T cells in CCHS
ears (Fig. 23B).

When we assessed CD8B" T cells in CCHS ears, the Sash mice exhibit 3.8 [2.78 —

TVehidle control littermates (Fig.

4.82] fold higher numbers as compared to their W
23A). WTC™mM" mice showed higher numbers of CD8B" T cells in CCHS ears
compared with WT"®"“® control mice, but this difference was not significant (Fig.
23A). This result was verified in the MCPT5-Cre x iDTR strain, where the numbers of
CD8B" T cells in CCHS ears of Cre” mice were 3.1 [1.23 — 4.97] fold higher than in

those of their Cre” control littermates (Fig. 23B).
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Figure 23. Mast cell-deficient mice show higher numbers of CD8B" T cells, but not CD4" T cells,
in their ears after CCHS to OXA. Four weeks after the 3" challenge with OXA the ear skin of mice
was harvested and the T cell composition was analyzed by flow cytometry. (A) Quantification of skin

resident T lymphocytes in Sash and WT mice. Upper bar diagram shows the n-fold change of CD4" T

Cromolyn Vehicle

cells of Sash mice, WT mice in comparison to WT control mice. The lower bar diagram
shows the same as the upper plot for CD8B" T cells. (B) Quantification of skin resident T lymphocytes
in MCPT5-Cre x iDTR strain one month after the 3™ challenge with OXA. Upper bar diagram shows
the n-fold change of CD4" T cells of Cre” mice in relation to Cre™ control mice. The lower bar diagram
shows the same as the upper plot for CD8B" T cells. Data are shown as means of pooled values of n =
3 experiments, error bars indicate =SEM of 9 animals per group. Statistical significance calculated with
non-parametric Wilcoxon test. Abbreviations: P-value < 0.05 (*), p-value < 0.01 (**), Sash - ears of
C57BL/6-Kit""/Kit">" mice challenged with oxazolone, WT°™"" - ears of Wildtype cromolyn-treated

mice challenged with oxazolone, WT"*""®

- ears of Wildtype Saline-injected mice challenged with
oxazolone, Cre’ - ears of MCPT5-Cre‘iDTR" DT-treated mice challenged with oxazolone, Cre” - ears
of MCPT5-Cre’iDTR" DT-treated mice challenged with oxazolone, MC - mast cell, CCHS - chronic

contact hypersensitivity, OXA - oxazolone.
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These experiments demonstrated that CD4" and CD8B" T lymphocytes accumulate
in CCHS ears. CD8B" T cells but not CD4" T cells were markedly increased in the
CCHS ears of MC-deficient mice.

5.3.2 Most CD8B" T cells at sites of allergen challenge in CCHS are tissue
resident memory (TRM) T cells

Skin tissue resident memory (TRM) T cells are T lymphocytes that migrate to the
skin, survive there for long periods of time in situ, and persist under non-inflammatory

conditions.

TRM T cells are characterized by the additional expression of CD103 and CD44""
(Gebhardt and Mackay, 2012, Mackay et al., 2013). In our settings, only CD8B" T
cells were increased in the CCHS skin of MC-deficient mice. Hence, using FACS, we
analyzed in detail the immunophenotype of the CD8B" T cell compartment in OXA-
treated ears (see methods section 4.10.1).

When we assessed CD4, CD44, CD45, CD103 and TCRPB expression of CD8B" T
cells in CCHS ears, we found that these CD8B™ T cells in the ears of both, Sash mice
and WT mice were negative for CD4, and positive for CD44, CD45, CD103 and
TCRB (Fig. 24).

The expression of CD103 together with the co-expression of high levels of CD44
confirmed that CD8B" T cells in CCHS ears are, by and large, TRM T cells.
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Figure 24. The phenotype of CD8B" T cells in CCHS ears corresponds to the TRM T cell sub-
type. Four weeks after the 3¢ challenge with OXA the ear skin of mice was harvested and the
immunophenotype of CD8B" T cells was analyzed by flow cytometry. To achieve phenotypic
characterization, the selected cells (red colored) were consecutively back gated from F to A. The gray
dots from panel A to E represent the ungated population within the same cell suspension, whereas in
figure F, the gray dots correspond to the isotype controls for CD44 and CD103. (F) 86.1% [82.1- 88.3]
of the CD45*CD4 TCRB'CD8B" cells co-expressed CD44"" and CD103. Abbreviations: FSC - forward

Scatter-Area, SSC - side scatter, TCRp - T cell receptor beta subunit, TRM - tissue resident memory.

5.3.3 TRM CD8B" T cells in CCHS OXA-challenged ear skin produce interferon

gamma

One of the most important mediators of OXA-induced contact hypersensitivity
reactions is IFNy (Ku et al., 2009). Additionally, previous results obtained in this study
(see results section 5.1.2) show that 24 hours after the 3™ challenge with OXA Sash
animals exhibited enhanced levels of IFNy. We, therefore, analyzed TRM CD8B* T
cells for their IFNy production in CCHS responses.
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Using whole mount immunofluorescence staining, we found that 24 hours after the
3" challenge with OXA, the most prominent source of IFNy, in OXA-treated ears, was
indeed CD8B" T cells (Fig.25), suggesting that MCs may protect from exacerbation of
CCHS inflammatory responses by controlling the numbers of IFNy producing TRM
CD8B" T cells. These findings reinforced the possible role of TRM CD8B" T in that

model.

anti-CD8 anti-FNv Overlay

OXA-Sash

Isotype

Figure 25. In CCHS, CD8B" T cells express IFNy upon OXA-contact in situ. The CCHS ears of
Sash mice were harvested 24 hours after the 3™ challenge with OXA and prepared for whole mount
immunofluorescence staining. The upper row shows ear skin stained with anti-CD83-PE (red) and
anti-IFNy-Bio-Strept-FITC (green). The opposite ear was stained with isotype control antibodies (lower
row). In all the samples the nuclei was stain with DAPI (blue) as counterstaining. Red circles show
examples of cells co-expressing CD8B and IFNy. The pictures show a confocal z-stack with a 40x
magnification objective. Abbreviations: Anti-CD8 - antibody against CD8, Anti-IFNy - antibody against
Interferon-gamma, OXA-Sash - ears of C57BL/6-Kit"V"/Kit"*" after challenge with oxazolone, DAPI -

4' orto 6-diamidino-2-phenylindole, Bio - biotin, Strept - streptavidin.
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5.3.4 Innate immune cells accumulation at sites of allergen challenge is

increased in MC-deficient mice in CCHS

Next, we tested whether, in addition to TRM CD8B" T cells, innate immune cells
numbers, e.g. DC, macrophages, neutrophils, are increased in CCHS ears of MC-
deficient mice. Using flow cytometry, we gated out T cell populations from innate
immune cell populations by selecting CD45"CD3" cells, and assessed the numbers of
these cells in the ears of mice one month later after the 3™ challenge with OXA
(CCHS ears), i.e. at a time when inflammatory responses after the 3" challenge were

resolved.

The numbers of CD45°CD3" cells in CCHS ears were 2.5 [2.25 — 2.75] fold higher in
Sash mice as compared to their WT'®"® control littermates (Fig. 26A). WTComey"

TVehicle control

mice showed higher numbers of CD45°CD3" cells compared with W
mice, but this difference was not significant (Fig. 26A). In the MCPT5-Cre x iDTR
strain, the numbers of CD45"CD3" cells in CCHS ears were 3.3 [3.07 — 3.59] fold

higher the Cre” mice compared with their Cre™ control littermates (Fig. 26B).

A B

*%

cells (fold increase)
cells (fold increase)

N° of skin innate immune
N° of skin innate immune

Sash wrCromolyn T Vehicle MCPT5C™®  MCPT5C™

Figure 26. Innate immune cells are increased in the CCHS ears of mast cell-deficient mice. Four
weeks after the 3™ challenge with OXA, CCHS ear skin of mice was harvested and the immune cell
composition was analyzed by flow cytometry. (A) Quantification of skin CD45°CD3" cells in Sash mice
and WT mice. The bar graph shows the n-fold change of CD45°CD3" cells of Sash mice and WTC™Y"
mice in relation to WT"*"®® control mice. (B) Quantification of skin CD45°CD3" in MCPT5-Cre x iDTR
strain, comparing Cre” mice and Cre” mice. Data are shown as means of pooled values of n = 3
experiments, error bars indicate +SEM of 9 animals per group. Statistical significance calculated with
non-parametric Wilcoxon test. Abbreviations: P-value < 0.05 (*), p-value < 0.01 (**), Sash - ears of
C57BL/6-Kit"*"/Kit"" mice challenged with oxazolone, WT ™" - ears of C57BL/6-Kit"/Kit"

cromolyn-treated mice challenged with oxazolone, WT"*"® - ears of C57BL/6-Kit"/Kit" Saline-injected
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mice challenged with oxazolone, Cre” - ears of MCPT5-Cre‘iDTR" DT-treated mice challenged with
oxazolone, Cre™ - ears of MCPT5-CreiDTR" DT-treated mice challenged with oxazolone, CCHS -

chronic contact hypersensitivity, OXA - oxazolone.

This experiment demonstrated that in addition to TRM CD8B" T cells, innate immune
cells are increased in the CCHS ears of MC-deficient mice.

5.4 Involvement of skin resident immune cells in the development
of CCHS

The previous experiments showed that MC deficiency results in increased numbers
of TRM CD8B" T cells and CD45'CD3" innate immune cells at sites of CCHS
responses. We, therefore, studied the relevance of both cell populations during the
effector phase of CCHS.

5.4.1 The reduction of skin TRM CD8B" T cells in Sash mice abrogates the

exacerbated inflammation during the effector phase of CCHS

We treated Sash animals with anti-CD8 antibody (Sash®"®) to reduce the skin
numbers of CD8B™ T cells. Subsequently, we compared the CCHS inflammatory
responses of Sash™®P® mice with these in Sash and WT control mice (see methods
section 4.8.4).

The CHS ears of Sash“P® mice exhibited numbers of TRM CD8B* T cells that were
very similar to these of WT mice (ratio Sash™P®/WT = 0.8 [0.7 — 0.9], n.s.) and clearly
lower than those of Sash control mice (ratio Sash™"®/Sash = 0.43 [0.33 — 0.53], p-
value < 0.01) 8 days after the 1% challenge with OXA (Fig. 27A). At this time, the
numbers of TRM CD8B" T cells in the challenged ears of Sash mice were already
markedly higher than in WT control mice (ratio Sash/WT = 1.73 [1.72 — 1.74], p-value
< 0.01). In addition, treatment with anti-CD8 antibody reduced the expression levels
of the CD8 molecule on the surface of TRM CD8B" T cells in the OXA-challenged
skin of Sash™“P® mice (Fig. 27B).

Next we examined the involvement of skin TRM CD8B" T cells in the inflammatory
outcome of CCHS to OXA by applying the “ears-belly-ears” approach in Sash*P®
mice and control mice (see methods section 4.8.2.3, modification 3).
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Figure 27. The reduction of skin TRM CD8B" T cells in mast cell-deficient mice protects from
CCHS exacerbated inflammation to OXA. Mice were sensitized with OXA on the belly (day -5) and
challenged with the same hapten on day 0 (both ears). Additionally, on day 5 and 6 after the OXA-
challenge some of the Sash mice were injected with anti-CD8 antibody (Sash™°"®). Control mice were
injected with Saline (Sash and WT). (A) Numbers of Skin TRM CD8B" T cells after treatment with anti-
CD8 antibody. Eight days after the 1% challenge with OXA, the ear skin was harvested and the
numbers of TRM CD8B" T cells were assessed by flow cytometry. One representative experiment of n
= 3 independent repetitions. (B) FACS plot overlay showing the fluorescence intensity (FI) of cells
quantified in panel A. Expression levels of CD8B in Sash®® (red) are compared respect to their whole
skin population (grey) and to the CD8B" T cells from control Sash mice (blue line). (C) Ear swelling

“CD8 mice and WT mice. Animals were sensitized

after the 3" challenge with OXA in Sash mice, Sash
on abdominal skin (day -5) and challenged on days 0 (both ears), 30 (belly) and 60 (both ears).
Additionally, on day 5 and 6 after the challenge with OXA some Sash mice were injected with anti-
CDB8 antibody (Sash"®). Control mice were injected with Saline (Sash and WT). The figure shows the

ear swelling response after the 3" challenge with OXA. Data are shown as mean values of n = 4
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experiments, error bars indicate +SEM of 15 animals per group. Statistical significance calculated with

CD8

Student’s t-test. P-value < 0.01 (**) comparing Sash versus Sash™"" mice. Abbreviations and legend

description: p-value < 0.01 (**), p-value > 0.05 (n.s.), Sash - ears of C57BL/6-Kit"*"/Kit"*" mice
challenged with oxazolone, Sash®® - ears of C57BL/6-Kit"*"/Kit""*" anti-CD8 antibody-treated mice
challenged with oxazolone, WT - ears of C57BL/6-Kit'/Kit" mice challenged with oxazolone, A Ear
thickness - ear swelling obtained after the subtraction of ears thickness baseline, CCHS - chronic

contact hypersensitivity, TRM - tissue resident memory, OXA - oxazolone.

All experimental groups, i.e. Sash, Sash®”® and WT, achieved the maximal
inflammation 24 hours after the 3™ challenge with OXA. In none of the experimental
groups did the average ear thickness return to the baseline values within the first 8
days after this challenge.

The degree of inflammation in the ears of Sash™P® mice was comparable to that in
the ears of WT control mice, and clearly reduced compared with that in the ears of
Sash mice (AUC™®: OXA-Sash = 826.6+230.9, OXA-Sash™"® = 404.1+193.8, OXA-
WT = 402.9+136; Fig. 27C).

Taken together, these results indicate that the increase in TRM CD8B" T cell
numbers in the challenged skin is responsible for the exacerbated inflammation
observed in MC-deficient mice during CCHS responses to OXA.

5.4.2 Exacerbation of inflammation in CCHS is antigen specific

Here, we tested whether exacerbated CCHS inflammation observed in CCHS ears of
MC-deficient mice can be elicited after a challenge with a different contact allergen,
i.e. whether the MC-dependent exacerbation of inflammation after CCHS is an
antigen specific response.

One month after the 3™ challenge with OXA (day 85), the same mice used for the
“‘ears-belly-ears” approach described in the previous experiments (results section
5.4.1), were sensitized with dinitrofluorobenzene (DNFB). Five days after DNFB
sensitization (day 90), the right ears of these mice were challenged with DNFB,
whereas their lefts ears were challenged, for a 4" time, with OXA for control
purposes (see methods section 4.8.2.3, modification 4).
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In all experimental groups, i.e. Sash, SashP® and WT, ear-swelling responses in
DNFB-treated ears peaked at 48 hours after this challenge. In none of the
experimental groups did the ear thickness returned to baseline values within the first
8 days after DNFB-challenge. Furthermore, the degree of inflammation in the DNFB-
treated ears was comparable in all experimental groups (AUC'®: DNFB-Sash =
738+316.2, DNFB-Sash™™® = 628.5+408.6, DNFB-WT = 934.1+552; Fig. 28A).

As for OXA-treated ears, the Sash group achieved maximum inflammation about 8
days after the 4™ challenge with OXA, whereas in the Sash™® group and in the WT
group, maximum inflammation was achieved 48 hours after this challenge. In
contrast to Sash mice, which showed persistent inflammation, the ear thickness of
Sash™®P® mice and of WT mice slowly decreased and returned to baseline values
during the next 8 days after the 4™ challenge with OXA (Fig. 28B).

After the 4™ challenge with OXA, the OXA-treated ears of Sash mice showed
stronger degree of inflammation than those in Sash™"® mice and in WT mice (AUC"
8. OXA-Sash = 1518877.8, OXA-Sh™°P?® = 721.6+£559, OXA-WT = 763.1+300.3; Fig.

h"*® mice or of the

28B). In addition, four out of ten Sash mice, but none of the Sas
WT mice, developed necrosis preceded by scaling after this challenge (day 6 and 7;

see Fig. 28B “¢).

Two conclusions arose from these experiments: (1) Since only OXA-challenged ears,
but not DNFB-challenged ears, showed exacerbated inflammation in Sash mice
compared with WT mice, we concluded that the exacerbated inflammation observed
in MC-deficient Sash mice after CCHS is antigen specific. (2) As no differences were
seen between Sash and Sash®P® in the swelling of DNFB-treated ears, we
concluded that possible effects of anti-CD8 antibody treatment on innate immune
skin resident cells, e.g. subpopulations of skin dendritic cells, cannot be relevant for
the CCHS reactions.

Taken together, these results confirmed that increased skin numbers of
antigen-specific TRM CD8B" T cells are responsible for the exacerbation CCHS
inflammation at skin sites lacking MCs.
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Figure 28. Mast cell-dependent exacerbation of CCHS inflammation is antigen-specific. The
animals shown in Figure 27C were sensitized with a different hapten (DNFB) on the abdominal skin
(day 85) and subsequently challenged at day 90 with DNFB on the right ears (panel A) and with OXA
on the left ears (panel B). (A) Ear swelling on the right ears after the 1% challenge with DNFB. The
figure shows the ear swelling responses after day 90 on the DNFB-treated ears. (B) Ear swelling on
the left ears after the 4™ challenge with OXA. The figure shows the ear swelling response after day 90
on the OXA-treated ears. (C) A representative left ear of OXA-Sash, OXA-Sash™“®® and OXA-WT eight
days after the 4" challenge with OXA. Data are shown as means of pooled values of n = 3
experiments, error bars indicate +SEM of 10 animals per group. Statistical significance calculated with
Student’s t-test. Abbreviations and legend description: A Ear thickness - ear swelling obtained after the
subtraction of ears thickness baseline, p-value > 0.05 (n.s.), DNFB-Sash - ears of C57BL/6-Kit""
$/Kit"" mice challenged with 2,4-Dinitro-1-fluorobenzene, DNFB-Sash™ ™ - ears of C57BL/6-Kit""
Sh/Kit"S" anti-CD8 antibody-treated mice challenged with 2,4-Dinitro-1-fluorobenzene, DNFB-WT -
ears of C57BL/6-Kit"/Kit" mice challenged with 2,4-Dinitro-1-fluorobenzene, OXA-Sash - ears of
C57BL/6-Kit""/Kit" " mice challenged with oxazolone, OXA-Sash™"® - ears of C57BL/6-Kit"S"/Kit""
" anti-CD8 antibody-treated mice challenged with oxazolone, OXA-WT - ears of C57BL/6-Kit'/Kit*

74



RESULTS

mice challenged with oxazolone, ¥ - indication when an individual Sash mouse ear became necrotic,

p-value < 0.001 (***), CCHS - chronic contact hypersensitivity, OXA - oxazolone.

5.5 Effects of MCs on the numbers and function of skin TRM CD8B"

T cells

5.5.1 MC deficient mice show more TRM CD8B" T cells in the dLNs after a
single challenge with OXA

MCs can potentially modify the T cell development in secondary lymphoid organs
(Kunder et al., 2009, Hershko et al., 2011). In order to investigate whether MCs
control the generation of TRM CD8B" T cells in secondary lymphoid organs, the
numbers of these cells in the dLNs and in the skin were assessed at different time
points after the 1% challenge with OXA using flow cytometry.

Five days after OXA-sensitization on the abdominal skin, unchallenged mice
contained a small population of TRM CD8B" T cells in the superficial cervical LNs, i.e.
the LNs draining the ear skin (Fig. 29 left graph). Sash mice and WT mice exhibited
similar numbers of TRM CD8B" T cells in their superficial cervical LNs at this time (p-
value > 0.05).

On day 4 after the OXA-challenge of ears, the numbers of TRM CD8B" T cells in the
dLNs of both Sash and WT mice were similar to those in unchallenged control mice
(Fig. 29 left graph; n.s.).

On day 6 after the OXA-challenge of ears, the dLNs of both Sash and WT mice
showed a strong increase in the numbers of TRM CD8B" T cells as compared to the
previous time point (Fig. 29 left graph; day 4; p-value < 0.001). At this time, the
numbers of TRM CD8B" T cells found in the dLNs of Sash mice were about twice as
high as those in the dLNs of their WT control littermates (Fig. 29 left graph; p-value <
0.001).

On day 8 after OXA challenge, the dLNs of Sash mice were similar to those WT mice
(Fig. 29 left graph; p-value > 0.05), and reduced compared with the previous time
point (Fig. 29 left graph; day 6; p-value < 0.001).
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Five days after OXA-sensitization on the abdominal skin, unchallenged mice did not
present TRM CD8B" T cells in their ears (Fig. 29 right graph).

On day 4 after the OXA-challenge of ears, the ears of all mice present some TRM
CD8B" T cells. There was no difference in the numbers of these cells between Sash

mice and WT mice (Fig. 29 right graph; p-value > 0.05).

On day 6 after the OXA-challenge of ears, the ears of Sash mice showed more TRM
CD8B" T cells compared with both their WT controls at this time point (Fig. 29 right
graph; p-value < 0.05) and Sash mice at the previous time point (Fig. 29 right graph;
compatre to day 4; p-value < 0.05).

On day 6 after the OXA-challenge of ears, the ears of both Sash and WT mice
contained more TRM CD8B" T cells than on day 6, and the ears of Sash mice had
significantly more TRM CD8B" T cells than their WT controls (Fig. 29 right graph, p-
value < 0.01).
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Figure 29. Sash mice exhibit more TRM CD8B"* T cells in draining lymph nodes and OXA-
challenged ears during the recovery phase of CHS. Mice were sensitized on the abdominal skin
(day -5) and challenged on both ears (day 0). The number of TRM CD8B" T cells was evaluated in
dLNs and ears on days 0, 4, 6 and 8 after the OXA challenge by flow cytometry. The graphs show the
absolute numbers of TRM CD8B" T cells in different organs and different points on time. Data are
shown as means of pooled values of n = 3 experiments, error bars indicate +SEM of 9 animals per

group. Statistical significance calculated with Student’s t-test. Abbreviations and legend description:

dLNS - draining lymph nodes, TRM - tissue resident memory, p-value < 0.001 (***), OXA - oxazolone,
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p-value < 0.05 (*), p-value < 0.01 (**), mustard arrow indicates the day of the OXA-challenge, Sash -
ears of C57BL/6-Kit"*"/Kit""*" mice challenged with oxazolone, WT - ears of C57BL/6-Kit"/Kit" mice

challenged with oxazolone.

These results suggest that the absence of MCs promotes the accumulation of TRM
CD8B+ T cells in OXA-challenged ears as early as 6 days after CHS challenge. This
may be linked to the higher numbers of CD8B" T cells in the dLNs of Sash mice
observed on day 6 after CHS induction.

5.5.2 MCs modulate the accumulation of TRM CD8B" T cells in the challenged

ears

To test whether the increased numbers of TRM CD8B" T cells observed in dLNs of
Sash mice at day 6 after the CHS induction, account for the increased accumulation
of these cells on in the OXA-challenged ears, we performed adoptive transfer

experiments.

Equal numbers of CD8B" T cells obtained from the dLNs and the blood of Ly5.1 mice
(WT animals expressing the CD45.1 haplotype) on day 6 after the 1 challenge with
OXA, were injected i.v. into either Sash or WT mice on day 6 after their 1°* challenge
with OXA (see methods section 4.8.7). Because Sash and conventional WT mice do
not express the CD45.1 haplotype, this approach allows the use of anti-CD45.1
antibody to identify the transferred cells that migrate into the target organ, i.e. skin or
dLNs, of recipient mice.

Two days after adoptive transfer (day 8 after the 1% challenge with OXA), the ears
and dLNs of recipient animals were assessed for the numbers and phenotype of the
CD45.1" donor cells by flow cytometry.

The majority of CD45.1" donor cells that had homed to the OXA-challenged ears of
recipient Sash animals showed the TRM CD8B" T cell phenotype (87.8% [85 — 87]),
i.e. CD103" and CD44"9"*. This was in contrast to the CD45.1*CD8@" T cells found in
the dLNs of these mice, which generally did not exhibit co-expression of TRM-
markers (1% [0 — 2]) (Fig. 30A).
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On day 8 after the challenge with OXA, the numbers of CD45.1" TRM CD8B" donor T
cells present in the ears of recipient Sash mice were 2.14 [2.37 — 2.91] fold higher
than in their WT control littermates (Fig. 30B).
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Figure 30. The ears of Sash mice display increased accumulation of intravenously engrafted
TRM CD8B" T cells compared with WT control mice. Donor mice (Ly5.1) as well as recipient mice
(Sash and WT) were sensitized with OXA on the abdominal skin (day -5) and challenged with the
same hapten on both ears (day 0). The whole CD8B" T cell compartment contained in the blood and
dLNs of donor mice was isolated (day 6 after challenge). Subsequently, the same numbers of donor
CD8B" T cells were injected intravenously in the recipient WT and Sash mice (1x107 cells/ mouse).
Two days after adoptive transfer, the ears of Sash and WT recipient mice were harvested (day 8 after
challenge) and the immunophenotype and numbers of donor CD45.1" TRM CD8B" T cells were
analyzed by flow cytometry. (A) Dot-plot overlay of CD45.1°CD8B"TCRB" cells from dLNs (blue) and
from ears (red) of Sash recipient mice showing the degree of CD103 and CD44 expression in each
organ. (B) Quantification of CD45.1" TRM CD8B" T cells in the ears of Sash and WT recipient animals.
Data are shown as means of pooled values of n = 3 experiments, error bars indicate +£SEM of 9

animals per group. Statistical significance calculated with Student’s t-test. Abbreviations and legend

description: dLNs - draining lymph nodes, TRM - tissue resident memory, p-value < 0.05 (*), Sash -
ears of C57BL/6-Kit""/Kit"*" mice challenged with oxazolone, WT - ears of C57BL/6-Kit""/Kit"" mice

challenged with oxazolone, OXA - oxazolone.

This result suggests that MCs control the accumulation of TRM CD8B" T cells in the
OXA-treated skin at least in part, through local mechanisms that are restricted to the
challenged-skin site.
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6 Discussion

The aim of this study was to investigate the role of MCs in a chronic contact
hypersensitivity (CCHS) model for human allergic contact dermatitis (ACD) in mice.
ACD patients develop skin inflammation after repeated cutaneous exposure to
contact allergens (Tan et al.,, 2014). Our understanding of the immunopathogenesis
of ACD relays largely in studies of acute contact hypersensitivity (CHS) responses to
experimental contact allergens (haptens) in mice. These studies have led to the
distinction of three phases of contact hypersensitivity responses, i.e. sensitization,
elicitation and resolution, and they have clarified the essential role of hapten-specific
T cells for the elicitation of ACD inflammation upon further encounters to contact
allergens/haptens (Toncic¢ et al., 2011). However, many aspects of ACD remain ill
characterized, and CHS models appear to be of limited use for studying these
aspects. For example; some CHS studies, but not others, have identified MCs to be
the promoters of CHS inflammation (Bidermann et al., 2000; Dudeck et al., 2011;
Otzuka et al., 2011), and in some other CHS studies, but not in all, MCs appear to
inhibit or terminate CHS inflammation (Askenase et al., 1984; Grimbaldeston et al.,
2007). In order to overcome these limitations in CHS and to represent the chronic
phase of ACD patients, we developed the CCHS model to oxazolone (OXA). Using
this model we followed for up to four months, inflammatory responses as a result of
repeated OXA challenges by measuring ear swelling responses and skin signals of
inflammation. This, together with the use of MC-deficient mice and mice with MCs
targeted by pharmacological intervention (cromolyn), allowed us to study the role of
MCs during CCHS inflammatory responses. By modifying the hapten application
protocol of the original CCHS model, we explored the role of local vs. systemic MC
effects during CCHS inflammation. With flow cytometry, cytokines array, skin whole
mount immunofluorescence staining using confocal microscopy and adoptive transfer
strategies we identified and characterized the relevance of tissue-resident memory
CD8B" T cells in our CCHS model.
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6.1 CCHS to OXA as a model for ACD

Contact hypersensitivity (CHS) as a model for ACD was designated to understand
the immune-mechanisms involved in the sensitization phase and elicitation phase of
this disease (Christensen et al., 2012). CHS as a model was successful in clarifying
the pivotal role of T cells in hapten-mediated inflammatory responses during acute
inflammation (Honda et al. 2012). However, ACD patients are susceptible to develop
chronic lesions, and it occur by recurrent contact to a relevant hapten in the same
skin site. In this case, CHS is not a suitable model, because it consists in a single
hapten challenge that results in acute inflammatory responses. Our model of chronic
CHS (CCHS) shares some similarities with acute CHS models, but it differs in some
key features that we consider to be important for ACD in patients. In our CCHS to
OXA model, the time lapse between every challenge, i.e. 30 days, leads to MC
accumulation in the skin and a role for memory T lymphocytes as it is the case of
ACD patients (Bangert et al., 2003, Chereches-Panta et al., 2011 and Sterry et al.,
1990). In ACD patients, the lesions appear when a sensitized individual is exposed
recurrently to a relevant hapten (Rustemeyer et al. 2006). In these individuals, the
time intervals of hapten exposures can be either short (days) or long (months or
years), which evidence the involvement of long-living hapten-specific memory T cells.
In support of this idea, Sterry and coworkers, show the predominance, relevance of
hapten-specific memory T cells over naive T cells in blood of patients suffering ACD
(Sterry et al,, 1990). The skin of those patients may also involve changes in its
composition. Bangert et al. show that in ACD patientes, a controlled exposition
(patch-test) to relevant contact allergens results in a long-lasting accumulation of
immune cells in this skin sites, i.e. T lymphocytes, MCs and neutrophils (Bangert et
al., 2003). These reports are in accordance with our findings, because in our CCHS
model, MC numbers increase in the OXA-challenged skin and control the long-lasting
accumulation of resident memory CD8B+ T cells.

A study carried by Hershko et al. reported the use of a model of chronic CHS to OXA.
In this model they challenged the ears of mice with 30 pl of 0.5% OXA three times
per week for up to a total of 10 challenges, whereas in our CCHS model, we
challenged the mice with 20 pl of 0.6 % OXA, every 30 days for up to a total of 4
challenges. In accordance to our results, Hershko’s study shows that MCs contribute
to suppress OXA-induced chronic allergic dermatitis, but their mechanism differs from
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ours. They show that under chronic inflammatory conditions, MCs migrate to the
dLNs and to the spleen and produce IL-2, which is necessary to control the
effector/regulatory CD4™ T cells axis in the spleen. By doing so, MCs suppress the
effector phase of OXA-induced chronic CHS (Hershko et al. 2011). The high
frequency challenge in the experimental protocol used by Hershko et al. may allow
the involvement of both memory and effector hapten-specific T cells, whereas our
CCHS model is exclusively dependent on memory T cells. Differences in the
challenging pattern in Hershko’s chronic CHS model and our CCHS model, lead to
dramatic consequences, which makes Hershko’s model inappropriate to study the
chronic phase of ACD in patients. These consequences are: (1) Their challenge
protocol induces the generation of OXA specific IgE. They show that this IgE controls
the accumulation of MCs in the spleen, and thus IgE mediates the MC-protective
effect in this model. If patients suffering ACD would have IgE against contact
allergens, the inflammatory responses should be observed immediately after hapten
contact, but this is not the case. (2) The high frequency, which Hershko et al. uses to
challenge the mice, induces strong inflammatory responses such as necrosis of dLNs
(Hershko et al., 2011). However, it is unlikely that such extreme symptoms appear in
patients with ACD.

To induce CCHS we used the contact sensitizer oxazolone (OXA). This allergen is
considered as a hapten, because it requires the interaction with proteins to induce
immune responses. Other haptens, e.g. DNFB or TNCB, are also used to induce
CHS, but only OXA was reported to generate hapten specific TRM T cells (Rana et
al., 2008 and 2009). Moreover, DNFB is able to attract virus specific CD8" T cells to
the skin and induces them to become TRM T cells, but contact to DNFB does not
generate DNFB-specific TRM T cells (Mackay et al., 2012). Of note, CHS reactions to
TNCB, DNFB and OXA are similar, but not identical. For example, 49% of the up-
regulated gene expression profile after DNFB sensitization differs from that after OXA
sensitization (Saito et al. 2013). It is likely that the capacities of OXA to generate
TRM T cells are mediated by mechanisms involving nucleic acids modifications.
Masayuki and collaborators in 2014 demonstrated that UV-A spectrum catalyzes the
production of OXA through the oxidation of the nucleotide Guanine present in nucleic
acids. In line with this, herpes simplex virus (HSV), which induces the generation of
HSV-specific skin TRM CD8" T cells and provokes type IV hypersensitivity
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responses, undergoes DNA oxidation during their infective phase (Valyi-Nagy et al.,
2000; Mackay et al. 2013). Hence, presentation of oxidized DNA products by antigen
presenting cells in the dLNs might be implicated in the generation of skin TRM CD8B"
T cells or their precursors in these secondary lymphoid organs.

It is noteworthy that oxazoles, i.e. OXA or OXA derivatives, may play a role in human
Type IV hypersensitivity mediated diseases. Since these haptens can be generated
by UV-A exposure (Masayuki et al. 2014), the DNA and RNA of individuals can serve
as endogenous source of oxazoles. There are type IV hypersensitivity responses
called polymorphic light eruption (PMLE), a disease that shares similarities with ACD.
In PMLE, inflammatory skin reactions appear at skin sites exposed to the sun
(Tutrone WD et al.,, 2003). One can hypothesize that OXA or other oxidized DNA
products can be generated by sunstroke, which induces the sensitization of PMLE
individuals and the subsequent generation of hapten-specific T cells.

Despite CCHS was designed to be a suitable model to approach other chronic phase
of ACD, it presented some limitations that were discovered during the development
of this study. In contrast to DNFB- and TNCB-specific T cells, OXA-specific T cells
can be poorly re-stimulated in vitro by adding the hapten to the culture media.
Consequently, this limitation restricted our experimental approaches to in vivo and ex
vivo experiments. Accounting the complexity of our CCHS model, in vitro approaches
could greatly facilitate the elucidation of the molecular mechanisms involved in this
model. For example, in vitro approaches could help to answer whether MCs interact
directly or indirectly with TRM CD8B" T cells. In addition, using in vitro systems would
facilitate the determination of MC-mediated effects on TRM CD8B" T cells, e.g.
maturation, migration, apoptosis, cytokine expression, etc. Rana and coworkers
reported a method to generate skin TRM CD8B" to OVA (ovalbumin) peptides in a
model of chronic skin inflammation in mice (Rana et al. in 2011). There are
commercial transgenic murine models, in which their antigen presenting cells (APC),
e.g. DC, macrophages, B cells, only recognize a specific OVA peptide sequence, i.e.
OT-1 and OT-ll mice. Additionally, This approach enables in vitro culturing of OVA
pulsed T cells that can be easily be re-stimulated (Clarke et al., 2000). Consequently,
validating the OVA model of Rana et al. in our MC-deficient mice, and using OVA
instead OXA in our CCHS model could facilitate the study of molecular aspects
involving MCs and TRM CD8B" T cells interaction by using in vitro methods.
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The poor isolation of viable TRM CD8B" T cells from the skin impaired the possibility
to use in vitro methods in this study. Differently to T cells isolated from LNs or spleen,
the isolation of TRM T cells from the skin was challenging and required the use of
proteases to disrupt the extracellular matrix. After isolation, the TRM CD8B" T cells
lacked signals from the extracellular matrix. It was purposed that these signals are
determinant for the correct maturation and function of TRM CD8B" T cells (Mackay et
al. 2013). In addition, in our hands the majority of the isolated T cells showed signs of
activation or death induced by the extreme strong mechanical stress generated
during the isolation process. Therefore, an in vitro approach to study the MCs-TRM
CD8b+ T cell interaction in detail was not possible in this study.

6.2 Control of CCHS inflammatory responses requires local MCs

and depends on their numbers

The MC-dependent control of CCHS inflammatory responses to OXA evidences two
independent aspects of the MC biology, each of which may contribute to the
protective role of MCs in this model. These are: (1) the presence and (2) the
accumulation of MCs in hapten-challenged skin sites.

Two of our experiments highlight the importance of local MCs for the control of CCHS
inflammatory responses to OXA. (1) In MC-deficient Sash mice, the local MC

reconstitution of the ear pinnae (Sash-Ears™#MeMcs)

was sufficient to markedly reduce
CCHS inflammatory responses to OXA, i.e. reduced ear swelling and abrogation of
skin necrosis. (2) Using the MCPT5-Cre x iDTR mice, we show that selective deletion

of skin MCs was sufficient to lead increased CCHS inflammatory responses to OXA.

However, Sash-Ears*BMCMCs

mice did not completely restore normal inflammatory
responses during CCHS to OXA as compared to WT control mice (see results
section 5.1.3). This can have different reasons, but the most likely, is indeed that MC-
accumulation in the OXA-challenged ears of WT mice is required to protect the skin
from CCHS inflammation (Fig. 20). MC accumulation in CCHS skin is, at least in part,
due to the migration and differentiation of bone marrow MC progenitors as reviewed
elsewhere (Dahlin & Hallgren, 2014). Because the mutation of Kit present in Sash
mice does not allow for the generation of mature MCs from bone marrow progenitors

+BMCMCs

under in vivo conditions, Sash-Ears mice are not able to increase their MC
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numbers by this mechanism and consequently these mice lack the protective
contribution provided by the MC accumulation in the OXA-challenged skin during
CCHS inflammation. The quantification of MCs in CCHS ears of Sash-Ear*B\McMCs
mice and its comparison to CCHS ears of WT control mice could clarify whether MC
accumulation represents a relevant factor for contention of CCHS inflammatory

responses.

Coming back to the importance of MCs in the locality of CCHS inflammation,
experiments with MCPT5-Cre x iDTR mice confirmed the contribution of local MCs
for the contention of CCHS inflammation, since depletion of CTMCS was sufficient to
induce increased CCHS inflammatory responses in Cre* mice as compared to their
Cre™ controls (Fig. 16). MCPT5 protein is expressed in connective tissue type MCs
(CTMCS) but not in mucosal tissue MCs (MMCS). CTMCS populate the skin and
peritoneum, whereas MMCS populate the spleen, lungs and other inner organs.
Consequently, DT-treatment depletes skin and peritoneal MCs, but does not affect
MCs in inner organs. Therefore, this data reinforces the role of CTMCs in this model.

Combining the data of Sash-Ear®¥“M°* mjice and that of MCPT5-Cre x iDTR mice,
we demonstrated the importance of MCs in the challenged skin area for the
contention of CCHS inflammation to OXA.

Neither the data of MCPT5-Cre x iDTR mice nor that of Sash-Ear®M°MCs mice
discard the involvement of MMCS in CCHS inflammation to OXA. In fact, it is still
possible that MMCS provide a partial protection during CCHS to OXA, because DT-
treated Cre” mice exhibited a milder CCHS inflammatory response as compared to
Sash mice. For example, Sash mice exhibited scaling and necrosis after CCHS to
OXA, whereas DT-treated Cre” mice did not show such symptoms.

However, we favor the idea that differences between CCHS inflammatory responses
in DT-treated Cre” mice and Sash mice are based on their respective numbers of
local MC. This idea points, again, towards the importance of MC numbers and the
MC accumulation in the skin site of hapten exposure, i.e. in CCHS ears, for the
contention of CCHS inflammation. The CCHS ears of Sash mice are above 97%
deficient of MCs as compared to their WT control mice, whereas in the CCHS ears of
DT-treated Cre” mice, MC skin levels were only reduced by 70% as compared to Cre’

control mice (Fig. 16B). This evidenced that the number of MCs present in Sash and
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Cre” mice correlates negatively to the degree of CHS inflammation observed in each
mouse strain. Another argument in favor of this hypothesis is provided by our

experiments with cromolyn. WT mice treated with cromolyn (WTSmo")

developed
increased inflammation during the effector phase of CCHS to OXA compared with
their WT control mice (WTV®"“®). This response was accompanied with reduced
numbers of MCs in the CCHS ears of WT®™™Y" mice (43% less MCs than in control
WT®"“® animals) (see results section 5.1.6). The reduced MC numbers observed in
cromolyn-treated WT mice in our settings are in consonance with those of Brower
and coworkers published in 2002. They showed that continued i.p. injection with
cromolyn is effective in preventing the increase in MC numbers in a model of
myocarditis in rats (Brower et al., 2002). In our experiments the number of MCs of
WTC™mM" mice inversely correlates with the degree of CCHS inflammation, which
constitutes another evidence pointing to the accumulation of MCs in OXA-challenged

ears as a protective factor from CCHS inflammation.

It is important to highlight that achieving conclusions with experiments performed in
MCPT5-Cre x iDTR mice or in WT®™™¥" mice can be confusing, because of the
limitations in these models. For example, it is noteworthy to mention that bystander
effects generated by treatment with diphtheria toxin could also explain the
discrepancies observed in Sash mice and DT-treated Cre* mice in regards to the
CCHS responses to OXA. It is known that treatment with diphtheria toxin induces
unspecific toxicity in mice. As mentioned in the review from Bennett et al., increasing
the dose of diphtheria toxin during the depletion of Cre-expressing cells leads to
death of some animals and this is independent of the Cre expression (Bennett et al.,
2007). We also experienced this observation with our own MCPT5-Cre x IDTR
mouse colony. The likeliest reason for this epiphenomenon is the presence of a very
low affinity receptor for diphtheria toxin present in all murine cells (Palmiter, 2001).
The treatment with diphtheria toxin consists in an intraperitoneal injection before and
during the induction of CCHS. Therefore the release of diphtheria toxin to the
bloodstream occurs shortly after injection. The majority of the immune compartment
circulates between the blood and secondary lymphoid organs. Consequently, the
toxic effects produced by the injected diphtheria toxin, could be especially deleterious
for off-target cells of the immune system circulating in the blood at that time point.
Buch and coworkers in 2005 reported that using DT-treated Cre® mice for the
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depletion of specific immune populations showed no differences in off-target immune
cells compared with DT-treated Cre” control mice, but in this study they did not
control the effect of unspecific toxicity of diphtheria toxin by comparing the absolute
numbers of immune cells with control animals that were not treated with diphtheria
toxin (Buch et al., 2005). In conclusion, diphtheria toxin treatment for depleting MCs,
could influence nonspecifically the read out of inflammation, which makes the
identification of real mechanisms difficult.

To study MC-degranulation as possible mechanism of MC contribution in our CCHS
model to OXA, we employed a pharmacological inhibitor of MCs, cromolyn, to block
the MC activity in WT mice (WT°™"") during CCHS responses. We obtained analog
results in WTC™™Y" mice as compared to MC-deficient mice in CCHS, since
WTE™MM mice showed increased CCHS inflammatory responses as compared to
WTVe"® mice, but we were not able to demonstrate that such differences were due
to inhibition of MC-degranulation. In fact, our results confirm earlier study findings
showing that cromolyn does not inhibit MC-degranulation in mice (Oka et al., 2012).
In contrast, cromolyn has been reported to inhibit MC-degranulation in rats and
humans. For example, Ratner and colleagues published in 2002 the effectiveness of
the nasal administration of cromolyn to inhibit MC-degranulation and subsequent
symptoms in patients with rhinitis (Ratner et al., 2002). Oka and coworkers
demonstrated that in contrast to rat MCs, cromolyn did not inhibit degranulation of
mouse MCs in two different acute MC-dependent models in vivo, i.e. passive
cutaneous anaphylaxis and passive systemic anaphylaxis. Our results are in line with
this, because we showed that contact to OXA induces degranulation and the
treatment with cromolyn did not inhibit it.

On the other hand, cromolyn may not be a MC-selective inhibitor. Oka and coworkers
demonstrated the possible effects of cromolyn on other cells. In this study i.p.
injection of LPS in MC-deficient mice induced the production of TNFa and treatment
with cromolyn, in this mice, inhibited it (Oka et al., 2012). Treatment with cromolyn in
Sash mice during induction of CCHS responses to OXA, could clarify whether the

effects of Cromolyn in /T Cromolyn

mice are exerted by inhibition of MCs or of off-target
cells. Some reports use cromolyn as “mouse MC-stabilizer” under chronic settings,
but these studies presented poor or none morphological evidence of MC stabilization.

Concluding, we could not study the contribution of MC-degranulation in our CCHS to
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OXA model, because cromolyn treatment did not inhibit MC-degranulation in our
mice. Cromolyn might not be a selective MC-inhibitor in mice, therefore more
experiments are required e.g. cromolyn treatment of Sash mice during induction of
CCHS inflammation, in order to clarify whether the effects of cromolyn in WT animals
submitted to CCHS were by selective targeting of MC-functions, but not by effects in
off-target cells. However, treatment with cromolyn in WT mice results in reduced MC

TCromoyn mice showed

numbers in OXA-challenged ears, which can explain why W
increased CCHS inflammatory responses to OXA. In support of this, other studies,
which stated Cromolyn as MC-stabilizer for chronic mouse models, show indirect
evidence of reduced MC activity, which could also be explained by reduced MC
accumulation in the targeted tissue (Costa et al, 2008; Kneilling et al., 2007;

Kobayashi et al., 2002).

These results together indicate that skin MCs are required in the OXA-challenged
skin to control CCHS inflammatory responses, and suggest the accumulation of MCs
in the CCHS skin as a protecting factor from CCHS inflammation.

6.3 MCs provide local protection from CCHS exacerbated

inflammation

The generation of hapten-specific T lymphocytes allows individuals to become
systemically sensitized. Hapten-specific T lymphocytes persist in the systemic
circulation of sensitized individuals. Wherever a secondary contact to the relevant
hapten occurred, hapten-specific T lymphocytes migrate to the site of this contact to
initiate the corresponding inflammatory responses (Bellanti, 2012). Our results show
that mice recurrently exposed to OXA at different skin sites develop inflammation
after each new contact to this hapten. This demonstrates that those mice were
systemically sensitized with OXA. However, using the “left-belly-ears” approach we
showed that independently of the systemic sensitization, OXA challenge at skin sites
previously exposed to this hapten (OXA pre-exposed skin sites) induces stronger
inflammation than that at areas that did not have previous OXA exposition.
Furthermore, the use of MC-deficient mice in the “left-belly-ears” approach allowed
us to conclude that MCs only protect from CCHS inflammation at OXA pre-exposed
skin sites. These results suggested that local factors residing at OXA pre-exposed
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skin sites promote stronger inflammatory responses during further contacts to this
hapten and that MCs play a role in this process by limiting these local factors. MCs
can also provide protection in other settings. For example in graft versus host
diseases MCs activated by IL-9 potentiate the regulatory capacities of CD4" T
regulatory cells which then inactivate the CD8" T cells in the engrafted organ and
control their generation in the dLNs (Lu et al, 2006). In addition, a recent study
described the importance of MC chymase in limiting cecal ligation and puncture
(CLP) inflammation by degrading TNF (Piliponsky et al., 2012).

Our results demonstrate that MCs provide protection from CCHS inflammation at
OXA pre-exposed skin sites (Fig. 13 after 3 OXA challenge and Fig. 21B), but they
do not support consistently that MCs confer protection from inflammation after OXA-
challenge at uninvolved skin sites (Fig. 13 after 1! OXA challenge and Fig. 21A). In
this regard, one discrepancy between different experimental approaches surged
along the development of this study and it will be discussed now. During the “left-
right-left” approach, we observed that right ears of Sash mice exhibited stronger
inflammation as compared to those of WT control mice after the 2™ challenge with
OXA. This effect was observed despite the right ears of this mice were uninvolved
skin sites, i.e. these ears were not pre-exposed to OXA before (Fig. 13). However,
this is in contrast to results obtained when the “belly-belly-ears” approach was
employed. The CCHS inflammatory response after the “belly-belly-ears” approach of
Sash mice was comparable to that of WT mice (Fig. 21A), which indicates no
protective contribution of MCs from inflammation elicited at uninvolved skin sites. The
likeliest explanation of this discrepancy observed between the “left-right-left”
approach and the “belly-belly-ears” approach, is the sequence of murine grooming
phases. Mice have four consecutive grooming (or self cleaning) phases, each of
which is well defined by a specific encephalographic pattern. During phase Il of
grooming, mice lick the forepaws and subsequently clean both ears several times.
The rest of the mouse body, including the belly, is groomed only during the last
phase grooming phase (the IV phase) (Berridge et al., 2005). According to this, when
our mice are challenged with OXA on the belly, the chance of cross-contamination of
one of their ears is minimal, whereas mice challenged with OXA on the left ears
might cross-contaminate their right ears. The amount of hapten applied to the cross-
contaminated ears should be enough to attract some hapten-specific TRM T cells,
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which are the culprits of increased inflammation in our CCHS model. In fact, we
observed some residual inflammation in vehicle treated ears when OXA-challenges
were performed on the right ears, but never when the challenge was performed on
the abdominal skin of mice. Therefore hapten cross-contamination could explain the
results observed during the 2" challenge with OXA in the “left-right-left” approach.

6.4 MCs control CCHS to OXA by modifying the immune

composition of the exposed skin

MCs contain a variety of preformed mediators located within the granules, e.g.
histamine, proteases, IL-2, IL-4, IL-5 and TNFa, (see introduction section table 1).
Additionally, MCs produce leukotriene and prostaglandins coming from the
metabolism of arachidonic acid, numerous chemokines and cytokines can also be

produced de novo by these cells (see introduction section table 1).

Our results show that 12 hours after the induction of CCHS inflammation, the OXA
pre-exposed ears of Sash mice as well as WTC™Y" mice exhibited reduced levels of
IL-4 in contrast to WT control mice (see results section 5.1.5). On the other hand, 24
hours after the induction of CCHS inflammation, the OXA pre-exposed Sash ears
contained levels of IL-4 comparable to those in the ears of their WT control
littermates (see results section 5.1.2). Therefore it is possible that MCs are the
source of IL-4 at early time points, i.e. around 12h after the 3™ challenge, and that IL-
4 is released by MCs via degranulation. Whether increased skin levels of IL-4
observed in WT animals subjected to CCHS at early time points are involved in the
control of CCHS inflammation remains to be investigated in detail.

MC-deficient Sash mice presented enhanced levels of IFNy and IL-17 24 hours after
the induction of CCHS inflammation. According to the literature the source of such
cytokines are infiltrated T cells. Peiser in 2013 showed that CD4" T cells as well as
gamma-delta T cells produce IL-17 in a CHS model to DNFB. Diverse CHS models
demonstrated that skin infiltrating CD8" T cells are able to produce IFNy as well as
IL-17 in situ (Watanabe et al., 2002, He et al., 2009, Peiser, 2013). We, therefore,
speculated that after CCHS inflammation subsided, OXA pre-exposed skin sites
contain different sub-populations of T cells compared to uninvolved skin sites. The
analysis of the T cell composition of the ears revealed that: (1) Contact to OXA in
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sensitized mice leads to a long-lasting accumulation of CD4" and CD8B"
lymphocytes in OXA-challenged ears, which prevailed there even after the
inflammation subsided (see Fig. 22 and Fig. 23). (2) Most of CD8B" T cells found in
the OXA-challenged ears express the markers of tissue resident memory (TRM)
lymphocytes, i.e. they are CD103*CD44""* (see Fig. 24). (3) After CCHS to OXA the
ears of MC-deficient mice contained more TRM CD8B" T cells than those of their WT
littermates (see Fig. 23A and B). These results are in accordance with studies
published by Rana and coworkers (Rana et al., 2008, 2009 and 2011). They
demonstrated that cutaneous contact to OXA or to Ovalbumine in sensitized WT
mice induces an accumulation of skin TRM CD8" T cells at the challenged skin site.
They also showed that re-exposure with the relevant allergen in the pre-challenged
skin can induce the expression of IFNy by these TRM CD8B" T cells. This is also in
line with our results (Fig. 25). The results described above points to TRM CD8B" T
cells in OXA pre-exposed skin sites as primer candidates for driving increased CCHS
inflammation. Furthermore, the finding that TRM CD8B" T cells are even more
accumulated in the ears of MC-deficient mice after CCHS to OXA, can explain why
the protective contribution of MCs was restricted to those skin sites.

The local innate immune compartment, i.e. the CD45"CD3" cells, was also increased
in the ears of MC-deficient mice after CCHS to OXA. Hence we investigated their
involvement in this model. Unlike hapten-specific T cells, innate immune cells, e.g.
DC, macrophages and neutrophils, can react to a wide range of stimuli and are not
antigen specific (Bellanti, 2012). We, therefore, employed a hapten cross-
sensitization approach with DNFB to study the contribution of the local innate
immune compartment in our CCHS model. DNFB was chosen, because it induces
CHS responses that are similar to those induced by OXA (Goubier et al., 2013). For
example, Otsuka and coworkers showed that CHS reactions to DNFB as well as to
OXA are involve a sub-population of DC (Otsuka et al., 2011). Tuckermann and
collaborators discovered that after challenge with DNFB or with OXA, treatment with
glucocorticoids inhibited CHS responses by suppressing neutrophils and
macrophages at the challenged area (Tuckermann et al., 2007). However, OXA-
specific T cells do not cross-react with DNFB and vice versa (Moorhead, 1976, Bacci
et al., 1997). For our cross-sensitization approach, 25 days after the 3™ challenge
with OXA, WT mice, Sash mice and Sash mice treated with anti-CD8 antibody (Sash”
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P8y were sensitized with DNFB on the belly. After DNFB sensitization, these mice

committed two conditions that were required for this experiment: (1) They contained
the local innate immune components in the challenged ears necessary to mount a
CCHS reaction to OXA, and (2) as consequence of the DNFB sensitization, they
developed DNFB-specific effector T cells. Five days after DNFB-sensitization, these
mice were challenged with DNFB on the right ears and with OXA on the left ears.
Consequently, if the increased innate immune compartment of MC-deficient mice
contributed to their exacerbated CCHS inflammation to OXA, the inflammation of
Sash mice should be also exacerbated after this DNFB challenge. However, this was
not the case, Sash mice and WT mice developed comparable CHS inflammatory
responses to DNFB (see Fig. 28A). Thus, this result does not support the
involvement of the innate immune compartment in the exacerbated CCHS
inflammation of MC-deficient mice. Additionally, it reinforces the role of OXA-specific
TRM CD8B" T cells in our CCHS model.

To study the contribution of TRM CD8B" T cells in our CCHS model, we reduced the
numbers of these cells in the ears of Sash mice by a treatment with anti-CD8

h©P8) h*“"® mice, which

antibody (Sas . The results of this experiment showed that Sas
contained similar numbers of skin TRM CD8B" T cells as their WT controls, also
displayed similar CCHS inflammatory responses (see results section 5.4.1, Fig. 27).
In order to reduce the TRM CD8B™ T cells in Sash mice, we used the anti-CD8
antibody clone 2.43 in a procedure called in vivo antibody-mediated cell depletion
(Kruisbeek AM., 2001). The antibody clone 2.43 recognizes the alpha subunit of the
CD8 complex. The CD8 complex can form a homodimer of two CD8a subunits as in
some DC sub-populations or a heterodimer composed of one CD8a and one CD8f3
subunit as in CD8™ T cells, including TRM CD8B" T cells. Once the anti-CD8 antibody
is injected, it binds to CD8a" cells and induces them to die by phagocytosis and by
complement-mediated mechanisms (Kruisbeek AM., 2001). Consequently, anti-CD8
antibody treatment reduces the numbers of TRM CD8B" T cells as well as of other
CD8a" expressing cells. To exclude whether the effects of this antibody treatment on
these other CD8a" cells modifies the inflammatory responses of our CCHS model,
we use the DNFB cross-sensitization approach. In this experiment, we observed that
compared to Sash mice, Sash™°P® mice can mount normal CHS responses to DNFB

on the right ears (Fig. 28A), whereas at the same time these Sash™°"® mice showed
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reduced CCHS responses to OXA on the left ears (Fig. 28B). CHS reactions to DNFB
are mediated by DNFB-specific CD8" T cells (Otsuka et al., 2011), and CHS to DNFB
require similar sub-populations of DC than for CHS reactions to OXA (Honda et al.,
2013). Combining these to observations, we concluded that besides of OXA-specific
TRM CD8B*, other CD8a" cells, which were depleted during the anti-CD8 antibody
treatment, were not required for inflammatory CCHS responses to OXA. This allows
us to conclude that the increased numbers of OXA-specific TRM CD8B" T cells
observed in the ears of MC-deficient mice are sufficient to induce exacerbated CCHS
inflammatory responses to OXA.

In order to nail down the mechanism whereby MCs control the skin accumulation of
TRM CD8B" T cells in our CCHS model, it was required to know when this
accumulation occurred and how MC-deficient mice accumulate more of these cells in
the challenged skin. Hence, we employed two different approaches to address this:
(1) Quantification of TRM CD8B" T cells in the challenged ears of Sash mice and of
WT mice between 0 - 8 days after the 1! challenged with OXA (see results section
5.4.1). (2) An adoptive transfer approach (see methods section 4.8.7). For this
approach we engrafted intravenously the same number of CD45.1" TRM CD8B" T
cells of Ly5.1 WT donor mice, in CD45.1" Sash and WT mice 6 days after the 1°
challenge with OXA. This approach allowed us to quantify the number of CD45.1"
TRM CD8B" T cells that migrated inside of donor challenged ears. By using the 1°
approach, we determined that as early as 4 days after the 1% challenge with OXA,
the CD8B" T cells in the challenged skin showed a TRM phenotype. i.e.
CD103*CD44""™, but a difference between Sash mice and WT mice was first
observed 6 days after this challenge (Fig. 29 right bar-graph). On day 6 and 8 after
challenge Sash mice showed more TRM CD8B" T cells than their WT littermates. A
possible explanation for this is that MCs could control the generation of TRM CD8B*
T cells in the dLNs. Examination of the dLNs of these mice showed more TRM
CD8B" T cells on day 6 after OXA challenge in the dLNs of Sash mice than in their
WT control mice (Fig. 29 left bar-graph). The adoptive transfer approach showed that
although both strains received the same number of donor of CD45.1" TRM CD8B" T
cells, the number of this cells found in the ears of recipient Sash mice was
significantly higher than those found in the ears of their WT control littermates (Fig.
30). This suggests that the increased numbers of TRM CD8B" T cells observed in the
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challenged ears of Sash mice does not depend on their generation in secondary
lymphoid organs. A publication from Mackay and coworkers in 2013 supports our
findings obtained in the adoptive transfer approach. Using HSV infection as a model,
they suggest that TRM CD8" T cells are generated directly in the skin from KLRG1"
precursors. These KLRG1" precursors are in fact a sub-population of antigen-specific
effector T cells generated during primary stages of the HSV infection (Mackay et al.,
2013). More experiments are necessary to clarify the origin of TRM CD8B" T cells in

our model.

6.5 Integrative hypothetical view of the role of MCs in CCHS

The most important findings included in this thesis are summarized in figure 31. Our
results demonstrate that OXA challenge in sensitized mice leads to long-term
changes of the immune composition of the challenged skin. MCs degranulate
immediately after OXA contact, and repeated OXA contacts induce the accumulation
of MCs, innate immune cells and TRM T cells in OXA challenged skin (Fig. 31. Step
1 - 3). MCs are critical for the accumulation of TRM CD8B" T cells in the OXA-
challenged skin (Fig. 31. Step 4). The mechanisms by which MCs do so are still
under investigation, however the literature provide us with some candidate
mechanisms: (1) Memory T cells require specific adhesion molecules to migrate into
target organs (Gebhardt and Mackay, 2012, Mackay et al., 2013) and MCs are
known to induce the expression of adhesion molecules in the endothelium to recruit
immune cells to the skin (Kunder et al., 2011). (2) Alternatively, MCs could enhance
the cutaneous recruitment of T regulatory cells to control the TRM CD8B" T cells. In
support of this hypothesis, Lu and coworkers published that MCs activated by IL-9
attract CD4" T regulatory cells, which then inactivate CD8" T cells in the engrafted
organ and control their generation in the dLNs in a model for graft versus host
diseases (Lu et al., 2006). In our model, TRM CD8B" T cells reside in the challenged
skin for more than 60 days after the 1°' challenge with OXA (Fig. 31. Step 5). OXA re-
exposure at the same skin site induced the activation of these TRM CD8B" T cells,
which resulted in the production of IFNy by these and by other cells (Fig. 31. Step 6
and 7). The pro-inflammatory activity of TRM CD8B* T cells during CCHS to OXA
was responsible for the increased inflammation in WT mice and for the uncontrolled
inflammation in MC-deficient mice (Fig. 31. Step 8). CCHS inflammation activates
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MCs (Fig. 31. Step 9) and our results suggest that this activation was required to
enhance the production of cutaneous IL-4 (Fig. 31. Step 10) and to inhibit the
accumulation of pro-inflammatory cytokines at the challenged skin, i.e. IFNy, IL-17
and IL-23 (Fig. 31. Step 11). In line with this, some studies identified MC-derived anti-
inflammatory mediators that could dampen CHS reactions. For example
Grimbaldeston and coworkers showed that MC-derived IL-10 limits skin pathology of
CHS and of chronic irradiation with ultraviolet B light (Grimbaldestone et al., 2007). In
this regard, the beneficial effect of IL-4 after CCHS to OXA, which was increased in

-I-Cromolyn

WT mice compared to Sash mice and W mice (see results section 5.1.5),

needs to be verified.
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Figure 31. The role of mast cells in CCHS. Main findings of this study: During the resolution phase
of CHS to OXA, challenge with OXA induces the activation and accumulation of MCs (1) as well as the
generation and accumulation of TRM T cells and innate immune cells (2, 3). MCs control TRM CD8B"
T cell accumulation by unknown mechanisms (4). TRM T cells and innate immune cells persist in the
challenged skin (5). During the effector phase of CCHS, OXA challenge leads to the activation of TRM
CD8B" T cells (6) followed by IFNy release (7), which induces inflammation (8). OXA-derived
degranulation of MCs (9) results in IL-4 expression (10) and reduces IFNy, IL-17 and IL-23 by an
unknown mechanism (11). Abbreviations: OXA - oxazolone, MC - mast cells, TRM - tissue resident

memory, IFNy - interferon-gamma, IL - interleukin.
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6.6 Translation of the knowledge acquired in this study to the

clinical picture of human ACD

Allergic contact dermatitis (ACD) is a type IV hypersensitivity-mediated disease and
is initiated by the activation of allergen-specific memory T cells to contact allergens.

Using CCHS to OXA as a model for ACD, we demonstrated that MCs importantly
contribute to the control of skin CCHS inflammation by preventing the accumulation
of allergen-specific TRM CD8B" T cells in the allergen-exposed skin. Our finding
suggest that skin MCs help to limit inflammatory reactions in ACD patients and that
MCs and MC-mediators may be novel and promising targets for prophylactic
approaches to prevent the chronification of ACD. Further studies should clarify how
MCs control TRM CD8B" T cells accumulation in CCHS on a molecular level.

6.7 Conclusions and perspectives

1. Mast cells protect from exaggerated inflammation after chronic contact
hypersensitivity (CCHS) to oxazolone (OXA). Mast cell-activity diminished
both, ear-swelling responses after the elicitation of CCHS inflammation and
the levels of pro-inflammatory cytokines at the site of CCHS induction, i.e.
IFNy, IL-17 and IL-23.

2. Mast cells contribute to increase the levels of interleukin-4 (IL-4) during
CCHS inflammation. Twelve hours after the induction of CCHS inflammation,
WT mice displayed more IL-4 than mast cell-deficient Sash mice and WT mice
treated with the mast cell-inhibitor cromolyn. More experiments will be required
to elucidate the role of IL-4 in this model.

3. Mast cells protect from CCHS inflammation only in skin chronically
exposed to OXA. In OXA sensitized animals, skin sites that were repeatedly
exposed to OXA (chronic exposition = CCHS) displayed stronger inflammation
than skin sites that received a single exposition to OXA (acute exposition =
CHS). Additionally, mast cell protection from inflammation was only seen at
skin sites that were repeatedly (chronically) exposed to OXA.
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4. OXA-induced inflammation modifies permanently the immune
composition of the skin and mast cell-activity controls this. Exposition to
OXA in sensitized mice changed the composition of the adaptive as well as
the innate immune compartment of the involved skin, i.e. increased numbers
of skin memory T lymphocytes as well as innate immune cells (CD45°CD3
cells). The numbers of mast cells were also increased after OXA exposition in
the involved skin, which was associated with reduced numbers of both, pro-
inflammatory OXA-specific TRM CD8B" T cells and innate immune cells.

5. Mast cells protect from CCHS inflammation by limiting the accumulation
of OXA-specific TRM CD8B" T cells in the challenged skin. The CD8B" T
cells residing in the previously OXA challenged skin are the main producers of
the pro-inflammatory cytokine IFNy at early time points after the elicitation of
CCHS inflammation (24 hours). Sash mice showed increased numbers of
TRM CD8B" T cells. Reduction of these cells in Sash mice (to similar numbers
of TRM CD8B" T cells observed in WT mice) caused reduced CCHS
inflammation to a level comparable to that of WT mice.

6. Mast cells control the number of TRM CD8B" T cells at different levels
during the 1% challenge with OXA. The mast cell-activity reduced the
numbers of TRM CD8B" T cells in the dLNs and in parallel controlled their
accumulation in the skin. Mast cell effect on the numbers of these T cells was
restricted between 6 - 8 days after the 1% challenge with OXA. The mast cell-
derived signals required for controlling the accumulation of TRM CD8B" T
cells, as well as the final mast cell-mediator responsible for this task, will
require further experiments. In this regards, a recent study about signals
required by TRM CD8B" T cells to growth and differentiate in the skin, points
towards IL-15, TGFB and IL-7 as important regulators (Mackay et al., 2013).
Experiments directed to assess the effects of mast cells over these cytokines
might provide new insights to the molecular mechanism in our CCHS model.

Together, our results suggest that TRM CD8B" T cells provide the skin with
“Immunologic tissue memory” that primes this tissue to react stronger upon chronic
encounters with the relevant antigen. Mast cells play a modulatory role by reducing
the numbers of those cells. This idea is also supported by work done in murine
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models of cutaneous viral infections. The work of Shin and coworkers in 2013 for
example, evidenced the importance of TRM T cells in the protection from herpes
simplex virus (HSV) infections. In this study they show that skin engrafted with HSV-
specific TRM CD8" T cells displayed enhanced recovering ratio from infection as
compared to non-engrafted skin sites (Shin et al, 2013). “/mmunologic tissue
memory” is also observed in human pathologic conditions. For example eczematous
lesions in ACD and psoriasis tend to reappear at specific body sites (Mackey et al.,
2012; Cheuk et al. 2014). However, how mast cells could interplay with the rest of the
immune compartment in order to contribute to “/mmunologic tissue memory” has not
yet been investigated, but the data presented in this doctoral thesis provide the basis
for further investigations of “/mmunologic tissue memory” and therefore builds the
next important step for the long-term goal of curing ACD.
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8 Abbreviations and important definitions

Abbreviations and explanations of relevant terms are provided below (Table 12).

Table 12. List of abbreviations and relevant terms

Abbreviations and terms Description

ACD

apT cells

agf7

AUC

Avidin-TR staining

Bio

BMCMC

BSA

c-Kit

CCHS

CCL
CD

CHS

Cpa3
Cre

CTMC
CXC
CXCL
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Allergic contact dermatitis. It is a chronic inflammatory skin disease.

Also called conventional T cells. Represent the majority of T cells in
the draining lymph nodes. Are functionally different than NKT cells
or yoT cells.

Integrin class, involved in tissue migration and attachment. It is
composed of the CD103 sub unit and the betha-7 subunit.

Area under the curve. It is a mathematical method that calculates
the area under a curve of responses occurred over-time. Here, it is
used to perform statistical comparisons of inflammatory responses
displayed after haptens challenge.

Chemical staining of the granular content of mast cells and
basophils

Biotin. A protein used for histologic staining. It binds strongly to
Avidin.

Bone marrow derived culture mast cells. Mast cells obtained after
weeks of culture the bone marrow cells in presence of IL-3 (mouse)
or IL4 (in humans).

Bovine serum albumin. High molecular weight protein used as
blocking reagent during histology or to supplement buffers for
culture cells.

c-Kit is the gene responsible for the production of CD117 (KIT),
which is the natural receptor for SCF, The most important growth
factor for mast cells.

Chronic contact hypersensitivity. Experimental murine model to
induce sensitization to haptens by chronic hapten applications, and
leading time intervals for recovering between episodes of hapten
contact.

Family of chemokines

Cluster differentiation complex. Is a system to organize proteins that
has been recognized by specific antibodies, e.g. CD103, CD4, Etc..
Contact hypersensitivity. Experimental murine model to induce
sensitization to haptens by a single hapten challenge.
Carboxypeptidase 3

Also called Cre recombinase. Protein that recognize the LoxP
sequence in the genome and cuts the genomic region surrounded
by LoxP sequences.

Connective tissue type mast cells
Family of chemokines
CXC ligands



Abbreviations and important definitions

DAPI staining
DC

dDC

dLN

DNFB

DT

DTH

DTR
ELISA
FACS
Fc-Block

FceR1

FCS
FGF
Fl

FITC

FSC

i.d.
i.p.
ICAM-1

IFNy

Inflammasome

iNK
Kit"/Kit""
LaGeSo
LC

LL37

LN

Lox-P

Nuclear stain

Dendritic cell/s

dermal dendritic cells
draining lymph nodes
1-fluoro-2,4-dinitrobenzene
Diphtheria toxin

Delayed type hypersensitivity. A type of hypersensitivity response
characterized by a delayed inflammatory response after contact to
the antigen.

Diphtheria toxin receptor

Enzyme-Linked ImmunoSorbent Assay

Fluorescence-activated cell sorting

A mixture of FcgRI and FcgRIl used to block unspecific binding in
FACS and immunohistochemistry

Fc epsilon receptor 1. It is expressed in mast cells and basophils
and binds the IgE by the Fc part.

Fetal calf serum. Supplement for culture eukaryote cells.

Fibroblast growth factor

Fluorescence intensity.

Fluorescein isothiocyanate is a fluorochrome used for FACS and
histology. FITC isomer | is also a hapten and induces CHS
responses if applied topically in the skin.

Forward scatter. It is a FACS parameter that indicates the size of the
cell or particle analyzed.

Intradermal

Intraperitoneal

Adhesion molecule involved in tissue recruitment and attachment

Interferon gamma. It is a cytotoxic cytokine, highly produced by Th1
cells, Tc1 cells and macrophages. In this study, it is used as marker
of active inflammation.

Immunoglobuline E. It is the principal immunoglobuline mediated
allergic responses in mammals. It binds the FceR in Mast cells and
basophils.

Interleukin. It is a family of proteins that are known to be secreted by
immune cells and other cells and have effects in cells expressing its
receptor.

It is a complex of proteins assembled upon inflammatory stimulation.
The activation of the inflammasome involves the production of
Alarmins, e.g. IL-18 and IL-33.

Invariable NK T cells

Kit-dependent mast cell-deficient mouse strain

Landesamtes fiir Gesundheit und Soziales Berlin

Langerhans cells

Antibacterial peptide

Lymph nodes

Nucleotide sequence that is recognize by Cre
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LPS
LTB
LTC
Ly5.1 strain

Mas-TRECK
MC
Mcl-1

MCP
MCPT5
Mcpt5-Cre x R-DTA
MDSC

MHC

MMC
mMCP
NF-kB
NiSO4

OXA

PBS

PFA

PGD

PGE

Ras

RIPA buffer
ROS

RPM

Sash or Kit""/Kit""

SCF

SD
Selectins
SEM

SSC

Strept

TBS
Tc

TCRB
TGFB
Th (t helper)

TLR

TNCB
TNFa
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Lipopolysaccharide
Leukotriene B
Leukotriene C

Genetically modified mice that express the CD45.2 isoform. Normal
C57BL/6 mice that expresses the CD45.1 isoform.

Mast cell-deficient mouse strain

Mast cell/s

Myeloid leukemia cell differentiation protein. Antitumor protein. It is
important for the development of mast cells.

Mast cell protease

Mast cell protease 5

Cre-dependent mast cell-deficient mouse strain

Myeloid derived suppressor cells

Mayor histocompatibility complex

Mucosal mast cells

murine mast cell protease

Transcription factor

Nickel sulfate

Oxazolone

Phosphate Buffer Saline

Paraformaldehyde

Prostaglandin D

Prostaglandin E

Metabolic pathway and transcription factor
Radio-Immunoprecipitation Assay buffer. Digestion buffer
Reactive oxigen species

Round per minute

Mast cell-deficient mouse strain

Stem cell factor

Standard deviation

Adhesion molecules

Standard error of the mean

Side scatter. It is a FACS parameter that indicates the granularity of
complexity of the cell or particle analyzed.

Streptavidin. It is a protein used in histology and FACS. It binds
strongly to Biotin.

Tris-buffered saline. Buffer used here to do histology

T cytotoxic cell types. It is a variation of CD8+ T cells that can
produce type 1 (Tc1) or type 2 (Tc2) cytokines

T cell receptor beta subunit

Tissue growth factor beta

T helper cell types. It is a variation of CD4+ T cells that can produce
type 1 (Tc1) or type 2 (Tc2) cytokines

Toll-like receptor

Trinitrochlorobenzene

Tumor necrosis factor alpha
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TRECK Toxin Receptor-mediated Conditional cell Knock out
Treg T regulatory cells
TRM Tissue resident memory. It is a new subset of memory T cells,

characterized by hosting organs such as the skin and gut, and
resides there for long periods of time, expressing the CD103

molecule.

TSLP Thymic stromal lymphopoietin. It is a pro-inflammatory cytokine. It
acts by enhancing the antigen presenting capacities of T cells.

VEGF Vascular endothelial growth factor

Vehi Vehicle. In this study two vehicles were used. Acetone, as vehicle
for OXA, Saline as a vehicle for cromolyn.

VIP Vasoactive intestinal peptide

Z-stack It is a type of tridimensional representation, generated by the
assembly of dimensional pictures that were taken in different levels
of the Z-axis.

129



Curriculum Vitae & list of publications

CURRICULUM VITAE:

For reasons of data protection, the curriculum vitae is not
published in the electronic version

130



Curriculum Vitae & list of publications

CURRICULUM VITAE:

For reasons of data protection, the curriculum vitae is not
published in the electronic version

131



Curriculum Vitae & list of publications

LiIST PUBLICATIONS:

1. Basophils and Mast Cells: Methods and Protocols. Mast cell mediated reactions in
vivo. Vladimir Andrey Giménez Rivera, Martin Metz, Frank Siebenhaar. Springer
ISBN 978-1-4939-1178-8 31 August 2014.

2. Association screening in the epidermal differentiation complex (EDC) identifies an
SPRR3 repeat number variant as a risk factor for eczema. Ingo Marenholz*,
Vladimir Andrey Gimenez-Rivera*, Anja Bauerfeind, Jorge Esparza-Gordillo, (7
authors more). * These authors contributed equally to this work. J Invest
Dermatol. Aprl 2011.

3. Nerve Growth Factor Partially Recovers Inflamed Skin from Stress-Induced
Worsening in Allergic Inflammation. Peters EM, Liezmann C, Spatz K,
Daniltchenko M, Joachim R, Gimenez-Rivera A, (5 authors more). J Invest
Dermatol. Nov 2010.

132



