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Abstract

TRANSFORMATION OF HUMAN MAST CELLS BY INTERFERON-GAMMA AND THE POTENTIAL
ROLE OF MYELOID DERIVED SUPPRESSOR CELLS IN MASTOCYTOSIS.

By Sahar Lotfi-Emran, MD, PhD

A dissertation submitted in partial fulfillment of the requirements for the degree of Doctor of
Philosophy at Virginia Commonwealth University.

Virginia Commonwealth University, 2014
Director: Dr. Lawrence B. Schwartz, MD, PhD; Charles & Evelyn Thomas Professor of Medicine
Chair, Division of Rheumatology, Allergy & Immunology; Associate Chair for Research
Professor of Medicine, Division of Internal Medicine

Mast cells respond to a variety of signals, are associated with both increased inflammation and
regulation of the immune response, and are able to interact with a variety of hematopoietic
and non-hematopoietic cells. The majority of the work that highlights mast cell pleiotropic
abilities has been completed in murine models. Though these models have significantly
advanced our understanding of what mast cells can do, they cannot inform us as to what mast
cells actually do in human beings. The goal of this dissertation is to assess fully mature, primary
human mast cell function beyond the well-defined type 1 hypersensitivity function and place
mature human mast cells in the context of interactions with other immune cells. The first
project addresses the ability of IFNy, a historically Th1 associated cytokine, to dramatically alter
mast cell phenotype. In particular, IFNy stimulation allows mast cells to act as antigen

presenting cells to CD4+ T cells. The second project describes and addresses the T cell
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suppressive function of myeloid derived suppressor cells in Mastocytosis, a disease of clonal

mast cells.
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Introduction

Identification and characterization of mast cells

Mast cells were first identified in 1878 by Paul Ehrlich due to reaction to aniline dyes
(metachromasia of their granules) as granular cells of the connective tissue. (Figure 1) In his
later work, Ehrlich showed an increase in mast cell number in inflamed tissues and tumors; his
students would observe an increase in mast cells surrounding, but not within, carcinomas.!
Ehrlich believed mast cells to be of mesenchymal lineage and the origin of mast cells remained
controversial until the late 1970s when Kitamura and colleagues published evidence that mast
cells are of hematopoetic origin: first, that bone marrow cell transfer from beige mice (mice
with Chediak-Higashi syndrome whose cells can be tracked by particularly large granules) to
irradiated normal mice repopulates tissues with beige mast cells; second, that bone marrow
transfer from normal mice to mast cell deficient mice (WBB6F1-W/W") populates tissues with

mast cells. **

rFs »*
~

Fiure 1. TEM and hitchem

—
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TEM (left) photo displays mast cell (with granules) in close association with lymphocytes in
intestinal lamina propria. (from University of South Carolina School of Medicine Medical

Microscopy lab at http://millette.med.sc.edu/Lab%206%20pages). Toluidine blue stained mast

cells in mouse pinnae demonstrating metachromasia of mast cell granules (right). (from Indiana

University Basic histology found at http://www.iupui.edu/~anatd502/Labs.f04/blood%20lab)

With their hematopoietic origin firmly established, contradictory (though circumstantial)
evidence accumulated in regards to the nature of the relationship between basophils and mast
cells. Like mast cells, basophils are granulocytes of hematopoietic origin, constitutively express
high affinity IgE receptor (FceRl), and are stimulated by IgE:FceRI crosslinking to exocytose their
granules. Basophil granules mainly store histamine, chondroitin sulfate, and proteases.
4Tryptase is stored but at far lower levels than in mast cells.>” In mice, bone marrow cells
cultured in media with IL-3 (with or without stem cell factor (SCF)) result in production of both
basophils and mast cells. In addition, some mast cell deficient mice also lack basophils.g'9 Asa

result, several authors embraced the notion of a common mast cell and basophil progenitor.*

In humans the two cell types differ in important ways. Unlike mast cells, mature human
basophils are found in peripheral blood, have a short lifespan, have bi-lobed or multi-lobular
nuclei, are potent IL-4 producers, do not store chymase or carboxypeptidase, and do not
express c-kit (CD117), the receptor for SCF.*® In turn, human mast cells do not express the IL-3
receptor and human CD34+ cells cultured with IL-3 do not differentiate into mast cells.*! IL-3’s

known ability to support the expansion of multilineage hematopoietic stem cell progenitors is
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likely responsible for the modest increase in mast cell numbers produced from CD34+ human

cells cultured in the presence of combined IL-3 and SCF.1>13

Recent literature has furthered analyzed mast cells and basophils in comparison to other
hematopoietic cells. CD34+CD117+CD13+ cells, the most committed mast cell progenitor
population found in humans thus far, give rise to both mast cells and monocytes but not
basophils, erythroid precursors, myeloid cells, lymphocytes, or megakaryocytes.™® Glycomic
comparison show striking similarity between freshly isolated basophils and eosinophils, which
display part-processed N-glycans, whereas mast cells displayed more highly processed N-
glycans with sialylated and fucosylated multi-antennary structures, similar to other immune
cells.* Principle component analysis of primary and cultured human mast cell transcriptomes
shows an incredibly unique expression of transcription factors that cluster independently of all
other hematopoietic cells, with closest relationships to dendritic cells, Langerhans’s cells, and
monocytes.™ Overall, in opposition to data from mice, recent data refutes the concept of a
common progenitor of human mast cells and basophils and indicates a very early separation of

mast cell progenitors from remaining hematopoietic cells.

An additional layer of complexity can be attributed to the fact that mast cells only fully mature
in peripheral organs and fully mature mast cells retain functional plasticity in response to local
stimuli. Thus there are many phenotypic and functional differences between murine and
human mast cells, between mast cells at different tissue sites and in healthy and inflamed

tissues.
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Mice have 1/5" to 1/10™ of the density of mast cells found in peripheral tissue compared to

1817 The localization and phenotype

humans and mice do not naturally develop allergic diseases.
of mast cells also differ: healthy humans almost entirely lack peritoneal mast cells whereas
healthy rodents almost entirely lack mast cells in the lung. Rodents express several chymases
which are sub-organ specific, whereas humans express a single chymase.*® Human mast cells
produce much higher levels of certain cytokines, such as tumor necrosis factor (TNFa) and IL-5,
whereas, in the absence of atopic inflammation, only mouse mast cells have been shown to

%21 | mmunoglobulin signaling via Fcy receptors differs between species. Murine

produce IL-4.
mast cells express the inhibitory IgG receptor, FcyRIIB. Heter-crosslinking of 1gG bound by
FcyRIIB with IgE bound by FceRl reduces mast cell degranulation.?” However, mature human
mast cells only express the activating FcyRIIA receptor and hetero-crosslinkage increases
degranulation.23 As will be described later, there are also species specific differences in
transcription factor activation following FceRI crosslinkage which has an impact on subsequent
mediator production.** Some of the difficulty encountered in attempts to translate treatments

tested in experimental airway hypersensitivity models in mice to human allergic disease can be

attributed to these and other specific differences in mast cell phenotype and function.”

The majority of mouse data relies on the use of bone marrow derived mast cells (BMMCs),
which cannot fully mature in vitro. Neither murine BMMCs, nor human bone marrow, fetal cord
blood, or peripheral blood CD34+ cell derived mast cells reflect their tissue counterparts,

despite meticulous researcher care in selecting cells that highly express FceRl and CD117.%%%8
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While many mast cell functions are not dependent on achieving fully mature status, as defined
by expression of appropriate proteases, CD117 expression, FceRI expression, and an inability to
further differentiate (terminally differentiated), degree of maturity is particularly important in
evaluating HLA Il expression. HLA Il is upregulated at various stages of myeloid differentiation
as well as during periods of rapid cell proliferation as seen in myeloproliferative disorders.
Indeed, human CD34+CD117+CD13+ mast cell progenitors express HLA 11.**> They are also
hypogranulated and show altered ligand expression: for example, they, like murine cells,
express FcyRIIB, which is not expressed on tissue derived mature human skin®® or lung

(unpublished) mast cells.

Fully mature human mast cells were initially characterized by their protease composition as
either containing tryptase, chymase, carboxypeptidase A3, and cathepsin G (MCyc) or
containing only tryptase (MCr). These distinct mast cell categories are functionally different:
both types degranulate in response to FceRI crosslinking, but only MCyc cells respond to C5a
and compound 48/80.% Due to differences in adenosine receptor expression, FceRl mediated
degranulation of MCy cells from lung, but not MCyc cells from skin, is potentiated by stimulation
with low concentrations of adenosine and parallels the ability of IV administered adenosine to
produce bronchospasm but not urticaria in asthmatics.>® There are also differences in mediator
production post-degranulation: for example, MCyc cells from skin do not produce the

leukotriene LTC,4, whereas both lung MCyc and MCq do.”
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The distribution of mast cells, and mast cell subtypes, can change dramatically with disease and
associated inflammation. In 2002, Brightling and colleagues compared asthma and eosinophilic
bronchitis, both apparently involving IL-4, IL-5, and eosinophils, in an effort to understand the

source of airway hyperreactivity seen in asthma but not eosinophilic bronchitis.*"*!

They found
that mast cells accumulate in the airway smooth muscles of asthmatic but not eosinophilic
bronchitis or healthy patients. The presence of mast cells in the airway smooth muscle, airway
mucous glands, and bronchial epithelium and an increase in IL-13 are the main pathological
differences with regard to mast cells between the two “Th2” diseases of the lower airway.>* In

severe asthma, the change in lung mast cells number is largely due to increases in the

proportion of MCrc cells.*®

Recently, a third type of mast cell has been described: mast cells that express tryptase and
carboxypeptidase A3 but not chymase (MCra3). MCras are uniquely elevated in the airway
epithelium of asthmatics, the nasal mucosa of chronic sinusitis, and the esophagus of

eosinopilic esophagitis patients.>***

Unlike the MCyc cells that accumulate in the airway smooth
muscle of asthmatics, the MCras cells are located in close association with mucous glands. Aside

from correlations with disease, their significance is not known.

Mast cells as Th2 effector cells

Mast cells are best characterized as Type | hypersensitivity effector cells, armed and activated
by IgE. Mast cells constitutively express the high affinity IgE receptor, FceRI, whose surface

36-38

expression is stabilized by binding to IgE. Because tissue resident mast cells are longed

lived, as are IgE:FceRI on mast cell surfaces, mast cells from subjects sensitive are able to
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respond to an antigen long after specific IgE production has dropped below detectable levels. A
recent metanalysis of allergen sensitivity testing by skin prick versus by serum IgE shows that on
average 46% of skin prick test positive individuals are also positive for serum specific Igk for
that given allergen. However, 25% of skin prick test positive individuals are not positive for

serum specific IgE.>

High affinity IgE receptor is made up of an a chain, B chain, and two y chains (afy;). Human
mast cells and basophils constitutively express both the tetrameric (afy) and trimeric (ay-)
forms whereas rodent FceRl is only expressed as a tetramer. IL-4, the prototypical Th2 cytokine,
increases production of a chain mRNA and protein and increases FceRla surface expression. a
chain binds IgE but lacks any known signaling domains. Though y chain appears to be required
for surface expression of aBy, and ay, forms, B chain appears to enhance consitutive surface

expression of afy,.***

Both B and y chains contain immunoreceptor tyrosine-based activation motifs (ITAMs) in their
cytoplasmic tails and, on crosslinking of IgE:FceRl complex, ITAMs are phosphorylated by
receptor associated protein tyrosine kinases Lck/Yes novel tyrosine kinase (Lyn), Fyn, and
spleen tyrosine kinase (Syk). Targets of Lyn and Syk include the activation of
Phosphatidylinositol-4,5-bisphosphate 3-kinase (P13K) that produces Phosphatidylinositol
(3,4,5)-triphosphate (PIP3), phosphorylates Tec family kinase Bruton's tyrosine kinase (BTK),
which is recruited to the membrane by PIP3, and phosphorylates the membrane-localized

adapter protein linker for activation of T cells (LAT). LAT provides a docking site for
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phospholipase Cy1 (PLCy1), which is activated by BTK and, possibly, Syk to generate diacyl-
glycerol (DAG) and inositol trisphosphate (IP3). IP3 initiates endoplasmic reticulum calcium
release and subsequent opening of plasma membrane calcium channels. Calcium current
mobilizes endosomal machinery resulting in degranulation. DAG activates additional protein
kinase second messenger systems. Grb-2 and Slp-76 adapters can bind to LAT and are the
intermediaries in the initiation of Ras family GTPases Ras, Raf-1, MEK, and ERK, and ensuing

40-42

mitogen-activated protein kinase (MAP Kinase) activation cascades. (Figure 2)

Microtubule
formation

Degranulation

W Production of
eicosanoids
and other lipid

Gene transcription  p— mediators

Figure 2. FceRl signaling cascades in mast cells.

Simplified major pathways activated following crosslinking of of FceRl on mast cell surface.*
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Crosslinking of MCrc IgE:FceRI complexes results in (1) release of granule contents, including
heparin, tryptase, histamine, cathepsin G, carboxypeptidase A3, B-hexosaminidase and pre-
made TNFa, and (2) the initiation of de novo mediator production. De novo mediator
production can be characterized as early production of lipid mediators, including leukotrienes,

4445 and late production of chemokines and

prostaglandins, and sphingosine-1-phosphate
cytokines including IL-5, IL-6, IL-8, IL-13, TNFa, MIP-1a, GM-CSF, and more.*® Production of
specific cytokines following FceRl signaling is controlled by different transcription factors. In
mouse mast cells, NF-kB is responsible for IL-4 and IL-5 whereas NFAT appears to regulate IL-2
and TNFa.***® In primary human intestinal mast cell, NFAT but also NF-kB regulate TNFa, IL-3,
and IL-13 production, whereas IL-5 production is regulated by ERK1/2 activation of transcription

factor AP-1.* Despite species-specific differences, production of some mediators can be

uncoupled from Ca* dependent signaling cascades and therefore from degranulation.

Mast cell responses to IgE:FceRI crosslinking are reflected by the physiological response to
allergen in humans characterized as Type 1 Hypersensitivity. The early phase of type 1
hypersensitivity rapidly follows allergen:IgE:FceRI activation of mast cells and resolves within an
hour. In skin, the early phase is characterized by a "wheal" and "flare" response to histamine
released by degranulation. In the airways, histamine release produces typical rhinosinusitis
symptoms and asthmatic wheezing. Some symptoms of the early phase response are due to
rapid secretion of de novo generated lipid mediators. The late phase of type 1 hypersensitivity
occurs about 6-8 hours after initial stimulus and lasts up to 24 hours. The late phase is

attributed to de novo production of proteins, largely chemokines and cytokines, which takes
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longer and results recruitment of other immune cells such as eosinophils, neutrophils,
lymphocytes, and monocytes. In the skin, the late phase involves cutaneous erythema, warmth,

and induration caused by an inflammatory infiltrate.>

Expanding roles in inflammation and immune regulation

Mast cells, like many innate immune cells, express a variety of pattern recognition receptors
that induce degranulation and/or mediator production in response to bacteria, viruses, fungi,

and parasites.’"?

Mast cell response to parasites is consistent with their role as Th2 effector
cells®® but their responses to other types of infections are more recently recognized. In addition
to infection, mouse mast cells are thought to play a role in regulation of graft versus host
disease, transplant tolerance and rejection, autoimmune disease, and response to cancer.
However, with the creation of more specific mast cell deficient mice, many of these roles have

come into question. In addition, the direction of mast cell regulation, whether inflammation is

enhanced or inhibited, is very dependent inflammatory model used.

Mast cell ability to recognize and response to bacteria have been explored in several settings. In
one mouse model of AD where skin lesions are induced by repeat stimulation with house dust
mite and superantigen, T cells and mast cells, but not B cells or eosinophils, were significantly

correlated with lesion onset and severity.>*>”

This finding reflects the association between
human mast cells, AD lesions, and the role of bacteria that has already been reviewed. Rodent

mast cell innate anti-bacterial response and recruitment of neutrophils is shown to be

important in intraperitoneal bacterial infection, either in a caecum ligation and puncture
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model*® or following direct injection of enterobacteria®’. Aside from circumstantial evidence
notes in AD, data for human mast cells involvement in antibacterial response is limited,
however, cord blood derived human mast cells and the LAD mast cell line, both of which
express HLA Il at baseline, can phagocytose and kill Escherichia coli, consequently produce a
variety of mediators, and display associated upregulation of CD80.>® Primary human lung mast

>962 gyerall, in

cells produce LTC4 in response to and are able to kill Streptococcus pneumonia.
both human and mouse studies, the focus is on innate and immediate antibacterial responses

rather than adaptive responses, thus mast cell ability to regulate T cell response to bacterial

infection is largely unexplored.

Viral infections and their relationship to asthma led to a focus on mast cell role in antiviral
immunity. Mast cell number, histamine concentration, and asthmatic symptoms increase

8354 1n mice, poly(l:C), Newcastle disease virus, and influenza A

during viral infection of airways
and B virus stimulation of mast cell induce mediator production, upregulate expression of
CD80, and recruitment of CD8+ T cells in WBB6F1-KitW/W-v mice (see description and
problems with this model below).®”> Human cord blood derived mast cells and the HMC-1 line
recruit NK cells via production of CXCL8 in response to poly(l:C) stimulation or infection with
rheovirus.®® Human CD34+ derived mast cells also produce a robust response to intracellular

recognition of poly (I:C) or viral infection including type | interferons, TNFa, and IL-29, largely in

the absence of degranulation.”
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Mast cell role in autoimmune disease has diminished in importance in recent years. Two main
mast cell deficient mouse models have been used to address mast cell function in vivo:
WBB6F1-Kit"/W mice, that have a natural loss of function mutation in the white spotting locus

W-sh/W-sh (\_sash) mice, that have an inversion upstream of the c-kit

which encodes c-kit, and Kit
locus leading to abnormal receptor expression. WBB6F1-KitW/W-v mice have several additional
hematopoietic deficiencies including anemia, neutropenia, reduced basophils, and impaired yé
T cell development in the gut. W-sash mice have far fewer hematopoietic defect but are not

6789 Either

entirely healthy: they exhibit neutrophilia, thrombocytosis, and reduced levels of IgE.
model can be reconstituted with wild type bone marrow cells to allow for “recovery” of mast

cells in tissues.

Using these two models, mast cells were reported to regulate inflammation in the MOG3s_ss
experimental autoimmune encephalomyelitis (EAE)’® model of multiple sclerosis and anti-
glucose-6-phosphatase antibody model of autoimmune arthritis through antibody mediated
activation.”® More recently, mouse models have been developed that are not dependent on c-
kit loss of function and instead utilize targeted cre-lox systems to eliminate most mast cells or
particular subsets of mast cells without effecting hematopoiesis.”! Use of newer models refutes
previous findings showing equal susceptibility of mast cell deficient and wild type mice in EAE
and arthritis.”* Unlike EAE and arthritis, systemic lupus erythematosis provides a unique role for

mast cells and basophils as autoreactive IgE is associated with disease severity.”?
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In humans, the association of mast cells with autoimmune disease predates most murine
findings. Mast cells are almost absent in normal synovium but elevated mast cell numbers have
been associated with both juvenile and adult rheumatoid arthritis; increasing cell numbers

7478 More recently, it is recognized that elevated mast cell

correlate with disease severity.
number in the joint are predominantly MCs type, that they express FcyRI and FcyRIl and can be
activated by IgG to degranulate, and that they colocalize with synovial IL-17.”” Tryptase can be
detected in cerebral spinal fluid of patients with multiple sclerosis (MS) but not healthy

7880 'mast cells numbers are elevated in MS brain and surround plaques, particularly

controls
“chronic” or large lesions, and mast cell numbers are elevated in women with MS in

comparison to men with Mms 2L,

More surprising than additional inflammatory roles, mast cells are now associated with
inhibition of inflammation. The mechanism of UVB associated inhibition of contact sensitivity in
mouse skin is mast cell dependent and requires the migration of skin mast cells to the draining
lymph node. (Hart 1998)%* In a series of elegant studies, Dr. Randolph Noelle’s group has shown
that T,eg mediated skin transplant tolerance is associated with increased mast cell numbers in
the skin graft, drawn by T.;. Rejection of grafts correlates with absence of mast cells and w-
sash mast cell deficient mice fail to achieve tolerance. ®*His later studies (not in w-sash mice but
in normal, mast cell competent mice) would show that mast cells enter into a reciprocal
relationship with T.ees Which promotes graft tolerance. Mast cell degranulation breaks that
relationship and consequently the skin graft is rejected.®* Unlike previous findings with mouse

AD, a different model of allergic dermatitis implicates mast cell-T¢g interactions in suppression
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of inflammation. Mast cells migrated from the AD lesion to the spleen and where their

production of IL-2 caused an increase in Ty cells.®®

Dissertation Goals

The nature of the exploration of mast cells in tolerance is qualitatively different than that of
mast cells in inflammation. In models of tolerance mast cells are not assessed as innate effector
cells only but as a bridge between innate and adaptive immunity, in particular they are
attributed with direct and indirect ability to regulate T cell responses. It is a placement of mast
cells normally reserved for dendritic cells and an approach that has been relegated to the
sidelines in studies of inflammation. In mouse models, as described below, it is incresaingly
clear that mast cells are not primary initiators of T cell activation, that mast cell effect on T cells
are mediated through dendritic cells, and that mast cells are unlikely initiators of naive T cell

activation and certainly do not skew naive T cells towards a Th2 phenotype.

Prior to examining the body of work that relates to mast cell-T cell interactions, a key point
must be highlighted: the majority of disease models in mice must initiate the disease de novo
and run a fast course. There are multiple reasons for this pattern that range from the cost of
mouse facilities to inability of mice to naturally replicate human disease. Yet sick people come
to attention because, and not before, they are sick. The majority of human diseases are

experienced as chronic diseases and experienced over a lifetime that, even when reduced, is
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much longer than the life of a mouse, certainly longer than we, as researchers, allow a mouse

to experience disease states.

The problem for humans is not only what initiates inflammation and tolerance, but what
sustains it. When a viral infection can run its course, why does asthma last a lifetime? When a
bacterial infection is cleared following antibiotics, why doesn’t eczema, diabetes, or multiple
sclerosis disappear following treatment? We have assumed that the answer lies in the continual
availability of antigen and consequently the continual, if low grade, stimulation of T cell and
overall immune cell response. Recent and robust data shows that low-grade antigen exposure
leads to tolerance, not inflammation, that natural regulatory mechanisms (e.g. the upregulation
of CTLA-4 on T cells following activation, the widespread expression of PD-L1) are plentiful, and
that T effector (Tes) responses are frequently suppressed by infectious organisms, cancer, and

even simply the aging process.

Both projects of this dissertation are concerned with primary human mast cells as a bridge
between innate and adaptive immune response, interacting with and regulating other immune
cells, and promoting inflammation or tolerance through direct and indirect mechanisms. The
first project presents evidence that, with the appropriate signal, primary human mast cells act
as antigen presenting cells at peripheral sites. Extending beyond the realm of available
evidence, it can be imagined that mast cells sustain human T memory cells and T cells, a role
that is important for vigorous immune response to infection and one that may be hijacked to

sustain chronic, peripheral inflammation. The second project presents evidence that
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dysregulated mast cell proliferation, as exemplified by Mastocytosis, is associated with an
increase in myeloid derived suppressor cells (MDSCs), which are capable of suppressing both T
cell and mast cell activation. In addition, although mouse models have significantly advanced
our understanding of what mast cells can do, they cannot inform us as to what mast cells
actually do in human beings. Thus this dissertation examines roles of primary human mast cells

in the context of human disease.
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Part I. Transformation of Human Mast Cells by IFNy

Introduction

Mast cell interactions with T cells

Some of the earliest acknowledgement that a relationship exists between mast cells and T cells
lies in the literature on mast cell subset differentiation. Mouse T cell production of IL-3 was the
unknown factor in WEHI-concavalin A conditioned media that differentiates BMMCs from bone
marrow. Studies of T cell deficient mice showed an absence of mucosal type mast cells.®®
Eventually, it would be recognized that human mast cells do not require IL-3 for differentiation
or survival and do not express the IL-3 receptor. Regardless, the notion that T cells regulated

mast cell differentiation or recruitment was pursued.

Individuals with T cell deficiency, whether acquired or congenital, had markedly decreased
numbers of MCy cells in their GI mucosa but increased mast cell numbers overall due to
increased MCyc density. Significant changes in mast cell subset distribution or overall burden
were not see when comparing individuals with inflammatory bowel disease to healthy
controls.?’ In contrast, skin biopsies from patients with scleroderma, a T cell mediated
autoimmune disease, showed elevated MCt expression when healthy skin contains almost

entirely MCqc cells.®’
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By the late 1990s, cellular contact between mast cells and T cells, cognate interactions, had
been observed in a variety of inflammatory human diseases and responses including delayed
type hypersensitivity, sarcoidosis, inflammatory bowel disease, psoriasis, atopic dermatitis, and

rheumatoid arthritis.®®°°

Besides visualization in tissue sections, serum tryptase is used as a
surrogate marker of mast cell burden and degranulation. In patients with chronic urticaria,
tryptase and IL-2, most likely produced by T cells, are significantly elevated compared to
healthy controls and correlate best in known autoimmune mediated disease.’® Mast cells have

been identified as the major source of IL-10 induced inhibitory HLA-G expression in chronic

hepatitis C virus infection associated liver fibrosis.”’

With the development of W/W-v and w-sash mast cell deficient models, examination of the
effects of T cell — mast cell interactions could be conducted in vivo. Murine mast cells can
regulate T cell inflammatory response directly or indirectly in the defense against virus
infection. BMMCs express major histocompatibility Complex | (MHC 1), produce IL-2, and can
activate CD8+ T cell responses in an antigen specific manner in vitro and in EAE.”® Rodent and
human mast cells degranulate and produce chemokines in response to infection with Dengue
virus, which, in mice, recruits natural killer cells and NK T cells into infected skin. The mast cell
mediated rapid containment of Dengue virus improved recovery response in mast cell
reconstituted versus deficient mice.” Similarly, human cord blood derived mast cells produce
chemokines in response to infection with rheovirus that induced the chemotaxis of IFNy

producing CD56+ cytotoxic T cells in vitro.*? Indirectly, murine mast cells promote dendritic cell
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and Langerhan cell maturation, migration to draining lymph node, and consequently promote

Th1 and Th17 cytokine production by CD4+ T cells.'®*%

Consistent with their role in T,.g mediated transplant tolerance®, BMMCs are a source of TGFp
which is required for generation of Treg cells in mice and Tregs, in turn, are a source of TGFB

104,105

which dampens mast cell cytokine production. Murine mast cell-T cell cross-

communication is very reliant on OX40-OX40L interactions through which T,egs inhibit mast cell

degranulation and mast cells enhance T effector (Tef) proliferation.'*® 1%

However, in the
setting of graft versus host disease, murine mast cells are able to inhibit T cell responses

independently of Tregs and through a mechanism involving IL-10 secretion. 109

Unfortunately, some findings from c-kit deficient mice cannot be replicated in mast cell specific
Cre-lox deletion systems. For example, Mcpt5-Cre/diphtheria-toxin-lox mice do not have any
deficiencies or dysregulation in skin wound healing and bleomycin induced fibrosis as is seen in

c-kit deficient mice *°

Many of the noted mechanisms of mast cell-T cell interaction have yet to
be assessed in mast cell deficient mice. Although neither c-kit deficient mouse strain has noted
T cell compartment defects, T cell response to viral infection has not been assessed and
baseline Th/Tes/Teg/CTL distribution comparisons are unavailable. Nevertheless, although the

terms are not fully defined, it is clear that a relationship, likely a reciprocal relationship exists

between mast cells and T cells.
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Mast cells as antigen presenting cells

Mast cell regulation of the T cell response is widely accepted, but direct antigen presentation by
mast cells to CD4+ T cells has been more controversial. Early work with in vitro rodent models
identified major histocompatibility complex Il (MHC 11) expression on mast cells'****2, but did
not exclude the possibility of contaminating antigen presenting cells. Careful exclusion of such
cells showed that in vitro derived murine mast cells do not express surface MHC Il at baseline
and require a combination of IFNy and LPS or IFNy and IL-4 to upregulate expression.**>**
Although most data implies a necessary, if insufficient, role for IFNy, other groups have found
that MHC Il expression on mast cells can be induced by GM-CSF during differentiation of
BMMCs in culture and is temporally restricted to early phases of mast cell differentiation.'*

Notch ligand delta-like-1 is reported to increase BMMC and peritoneal mast cell expression of

MHC Il and OX40L.

Despite the phenotypic and functional differences between murine and human mast cells,
several human mast cell models have corroborated murine findings in vitro. As some of the
earliest investigators of mast cells antigen presenting capabilities, Poncet et al first used HMC-1
cells, a leukemic cell line with some properties of immature mast cells, and then used cord
blood derived mast cells, to show that human leukocyte antigen Il (HLA I1) is expressed at
baseline, upregulated by IFNy, IL-4, or GM-CSF, and is able to activate CD4+ T cells via
superantigen. Guadenzio et al showed that human mast cells derived from CD133+ peripheral
blood cells in vitro express little baseline HLA DR but increase expression in response to IFNy

alone—they did not require costimulation with IL-4.*** CD133+ IFNy primed MCs could
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stimulate CD4+ memory T cells via superantigen and such stimulation shifted cytokine
production of T cells towards simultaneous production of IFNy and IL-22, a T cell phenotype

that the authors indicate are enriched in psoriatic lesions.

Though superantigen mediated activation of CD4+ T cells may be a mechanism of inflammation
in some diseases, it bypasses the requirement for protein uptake, processing, HLA Il loading,
and peptide presentation. Utilizing peripheral blood CD34+ in vitro derived mast cells,
Suurmond et al provide the best evidence to date that mast cells are true antigen presenting
cells: CD34+ derived mast cells from HLA —DRB1*03:01 positive individuals primed with peptide
from adenoviral hexon protein Il or whole hexon Il protein were able to activate the M2.11 T
cell clone that is specific for hexon Il peptide in the context of HLA-DRB1*03:01. Suurmond et a/
attempted to show that primary human CD4+ T cells, expanded pre-mast cell culture by
stimulation of PBMCs with bulk antigen, could also respond to antigen primed CD34+ derived
mast cells, but lacked controls showing an absent response of primary CD4+ T cells from an
individual without exposure to the bulk antigens or from CD4+ T cells not previously stimulated

with those antigens.116

The bulk antigen preparation used in this setting, a combination of
tetanus toxoid, tuberculin, and candida albicans, likely harbors endotoxin. Therefore, it is

difficult to conclude that the CD4+ T cell response to bulk antigen was antigen specific.

Indeed, the controversy surrounding recently described basophil antigen presenting function

highlights the importance of fulfilling all criteria of antigen presentation. In 2009, several

murine studies indicated that basophils played a direct role in activation of Th2 CD4+ T cells.*”
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19 Shortly thereafter those findings were questioned and attributed to the antibody mediated

120,121
d.

depletion methods use A transgenic basophil deficient mouse was developed and

showed that basophils can amplify Th2 responses, but are dispensable for Th2 initiation and

cannot take up and process antigens.****%*

Most recently, in 2013, human basophils were
shown to require a combination of IL-3, IFNy, and GM-CSF to express low levels of HLA Il but
could not induce antigen specific T cell activation of proliferation due to an inability to

125,126

efficiently take up and process antigen. Thus, the question, “Can mast cells act as antigen

presenting cells?” requires a robust and thorough answer.

Rational and Hypothesis

Given the evidence of mast cell sensitivity to microenvironmental signals, their strategic
location at host/environment interfaces, and their hematopoietic similarity, though in a limited
manner, to monocytic cells as compared to other myelocytes, this project tests the hypothesis
that mast cells can act as antigen presenting cells. In particular, our data will demontrate that
IFNy is the major determinant of primary human mast cell antigen presenting function by
assessing (1) mast cell HLA 1l, CD80, CD40, and other costimulatory molecule expression, (2)
mast cell activation of T cells and the determinants of that activation, (3) mast cell ability to
take up and process antigen and the mechanism(s) by which that occurs, and (4) mast cell

integration of uptake, processing, and presentation of CMV antigen to CD4+ T cells.
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Methods

Primary human cells

This study is conducted in accordance with the amended Declaration of Helsinki. The Human
Studies Internal Review Board (IRB) at Virginia Commonwealth University (FWA 00005287)
approved the protocol. Most human skin tissue is collected in a de-identified manner. For some
skin tissue, and all blood collection, written informed consent is obtained from patients as per

IRB approved protocols #413 and #HM14456.

Antibodies and reagents

Recombinant human stem cell factor (SCF, Swedish Orphan Biovitrum, Stockholm, Sweden), the
non-competing mouse IgG1 anti-FceRla mAb, 22E7 (provided by J. P. Kochan, Hoffman-
LaRoche, Nutley, NJ), 5D12 anti-CD40 antibody (provided by L. Boon, Bioceros, Ultrecht,
Netherlands), and G28.5 anti-CD40 antibody (provided by D. Conrad, Virginia Commonwelath
University, Richmond, VA) were gifts. IgE anti-NP (AbD Serotec, Raleigh, NC); 4-hydroxy-3-
nitrophenylacety (NP)-BSA (Biosearch Technologies, Novato, CA); RossetteSep CD4+ T cell
negative selection kit (Stemcell Technologies, Vancouver, BC, Canada) X-vivo 15 media (Lonza,
Walkersville, MD); serum-free freezing media (ATCC, Manassas, VA); recombinant human IL-2,
IFNy, IL-4, IL-17, and IL-6 (Peptrotech; Rocky Hill, NJ); Brefeldin A (BfA); phorbol 12-myristate
13-acetate (PMA); lonomycin (1); FcBlock (Miltenyi Biotech); antibodies against IFNy-PE, IL-4-
APC, IL-17-PerCP, CD3-PeCy7, CD3-PE, CD69-APC, CD25-PerCP, CD117 biotin, and PeCy7-
streptavidin (Biolegend, San Diego, CA); carboxyfluorescein diacetate succinimidyl ester (CFSE)

and Far-red Live Dead Kits (Life technologies, Grand Island, NY); FoxP3 intracellular staining kit
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(eBiosciences, San Diego, CA); and inactivated human cytomegalovirus virus (CMV) lysate and

control lysate (Advanced Biotechnologies, Columbia, MD) were obtained and used as described.

Mast Cell Isolation and Purification

Fresh samples of human post-surgical skin are obtained from the Department of Pathology at
Virginia Commonwealth University, Cooperative Human Tissue Network of the National Cancer
Institute, or Richmond Plastic Surgeons. The tissues are digested at 37°C with collagenase type
2 (1.5 g/L, Worthington, Lakewood, NJ), hyaluronidase (0.7 g/L), and DNase type 1 (0.18 g/L,
Sigma, St. Louis, MO, USA) for three consecutive 1 hour incubations in modified Hank’s
Balanced Salt Solution (HBSS) buffer (HBSS with 0.04% NaHCOs, 1% fetal bovine serum, 1%
HEPES, 0.1% CaCl,) containing amphotericin B (0.5%) and antibiotic/antimycotic solution (1%,
Sigma). After digestion, the samples are filtered through 70- then 40-um nylon cell strainers,
washed, and separated on a Percoll gradient. Cells at the buffer/Percoll interface are collected,
washed, and re-suspended at 5 x 10° cells/ml in X-VIVO 15 media (Lonza, Walkersville, MD)

containing SCF (100 ng/ml) and cultured in 24-well plates with weekly medium changes.

Mast cell degranulation and degranulation assays

Mast cells can be induced to degranulate via IgE receptors through several methods.>**?’%°
Use of a particular method is selected according to downstream applications. 22E7 induced
degranulation is not possible when when labeling with an anti-mouse 1gG1 secondary
flourescent antibody. If such labeling was necessary, mast cells were incubated overnight with

IgE anti-NP (1 pg/mL), excess/unbound IgE was washed away, and degranulation was induced

with NP-BSA (10 ng/mL)."*® Because IgE anti-NP is a chimera of mouse variable regions linked to
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human IgE constant regions, anti-mouse Fcy specific secondary flourescent antibodies must be

used.

Similarly, measurement of degree of degranulation is selected according to upstream
applications. When mast cells alone were degranulated, a standard B hexoseaminidase assay
was used to determine % degranulation as previously described. However, as T cells also
produce B hexoseaminidase, assessment of degranulation in co-culture supernatants required

the use of G4 total tryptase ELISA as previously described.™°

T cell isolation and storage

Jurkat cells are a gift from Dr. David Straus (VCU). Peripheral blood primary CD4+ T cells are
isolated by RossetteSep purification according to manufacturer’s instructions. In brief, blood is
incubated with RosetteSep CD4+ T cell enrichment cocktail (Tetrameric Antibody Complexes
recognizing CD8, CD16, CD19, CD36, CD56, CD66b, TCRy/6 and glycophorin A) for 20 min at
room temperature then dilute two fold with 2% Fetal Bovine Serum in Phosphate Buffered
Saline. Dilute blood is layered over RosetteSep DM-L density medium and centrifuged. Enriched
cells (>95% CD4+, data not shown) are removed from DM-L/plasma interface and washed. T
cells are cryopreserved in serum-free freezing media then thawed and rested overnight in X-
VIVO 15 containing recombinant human IL-2 (20 U/mL) prior to use. For HLA Il matched

cocultures, blood and skin tissues are collected from the same individual.
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Superantigen co-cultures

Mast cells are stimulated for 2 days with IFNy (10 ng/mL) in the presence of Soy Bean Trypsin
Inhibitor (100 ug/mL, SBTI) or medium alone with SBTI, washed extensively, then put into
coculture with Jurkat cells or CD4+ T cells. Mast cell-Jurkat cocultures are stimulated with
varying concentrations of superantigens Toxic Shock Syndrome Toxin-1 (TSST) or Stapylococcus

Enterotoxin E (SEE) for 2 days.

To assess effects of endogenous IFNy production by T cells, CD4+ T cells are sorted according to
CXCR3 expression into CXCR3+ and CXCR3- populations then cocultured with mast cells with or
without TSST (10 ng/mL) stimulation for 4 days. In addition, non-sorted, CD4+ primary T cells
were labelled with CFSE (2.5 uM) according to manufacturer’s instructions then cultured for 4
days with mast cells in the presence of TSST (10 ng/mL) alone, in the presence of IFNy
neutralizing antibody (100 pug/mL), IFNyR blocking antibody (100 pug/mL), both, or isotype

control MOPC (100-200 ug/mL as appropriate).

CMV co-cultures

Inactivated lysates of cytomegalovirus (CMV) infected cells and control cells are added to mast
cells for 3 days, the last 2 of which are with SBTI and with or without IFNy (10 ng/mL). The four
groups are designated Cont’MCrc, CMV’MCrc, IFNyY’Cont’MCrc, and IFNyY'CMV’MCqc. As
experimental controls, CMV lysate is added to T cells alone (designated CD4" T + CMV) and

mast cells are cocultured with T cells in the presence of TSST (designated MCrc + TSST).
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For experiments assessing effects of degranulation, mast cells are incubated with CMV lysate
and IFNy as above, then stimulated for 30 min with 22E7, an antibody that crosslinks FceRlI, or
isotype control migG1. Degranulated and control IFNy’CMV’MCycs are washed extensively and
returned to culture with fresh SBTI for 2 hours as a precaution against residual protease

release.

As inhibitors of antigen uptake can cause cell death over extensive periods of time, a different
protocol was used to assess their ability to alter subsequent T cell proliferation. Cell viability
was examined after 4, 6, 8, and 12 hours of incubation with uptake inhibitors 5-(N,N-
Dimethyl)amiloride hydrochloride (DMA) and Dynasore alone and in combination. Initial slight
decrease in viability was detected at 8 hours and higher cell loss was detected at 12 hours by
trypan blue exclusion. Thus, mast cells were incubated for 6 hours with CMV lysate, with or
without the presence of uptake inhibitors, then washed extensively and incubated with or

without IFNy, in the presence of SBTI, for 2 days.

Following any of the above priming protocols, mast cells are washed extensively and placed
into coculture with HLA matched CFSE labelled CD4+ T cells at a 1:2 mast cell:CD4+ T cell ratio.
For assessment of inhibitor effects, T cell proliferation was assessed after 6 days. For all other

cocultures, T cell proliferation and cytokine production were assessed after 7 days.

Statistics
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All data assessed by Shapiro-Wilks test for normal distribution. Thereafter the appropriate
parametric or non-parametric statistical test was used as noted. If the same mast cell source
was assessed in multiple conditions, paired t test or paired ANOVA testing was used. All data

was analyzed with SigmaPlot software (Systat). Unless otherwise notes, a = 0.5.

Results

MC;ic cells do not express HLA DR at baseline but upregulate its expression in response to
IFNy
Mast cells express IFNy receptor (Figure 3) and increase FcyRI surface expression in response to

IFNy stimulation.™!

IFNy drives transcription of transcription factor CIITA, a master regulator of
HLA Il and associated genes, and is responsible for upregulation of MHC Il on murine mast cells,
human mast cell lines HMC-1 and LAD-1/2, and cord blood derived human mast cells. Initially,
incubation of MCyc cells with varying concentrations of IFNy did not produce robust
upregulation of HLA DR. However, the addition of SBTI increased response to IFNy ten fold
indicating IFNy susceptibility to mast cell produced cathepsin G or chymase. (Figure 4) This is
likely an artifact of culture as in vivo, chymase and cathepsin G are inhibited by an excess of
natural protease inhibitors, diffuse away when not restrained by plastic walls and are released

mainly via degranulation.** Therefore, all experiments hereafter are conducted in the presence

of SBTI (100 ng/mL).

HLA DR expression is significantly elevated with IFNy concentrations as low as 100 pg/mL

(Figure 4). Considering that serum IFNy concentration is roughly 50 pg/mL"*? in healthy
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133 "and that a subset of

individuals, that mast cells are frequently located near blood vessels
perivascular mast cells sample blood vessel contents, it is likely that mast cells are exposed to
IFNy in vivo. Indeed, freshly isolated mast cells express low levels of HLA DR (Figure 5A) though
neither effects of the isolation procedure nor aberrant c-kit expression on other myeloid cells
can be ruled out. For almost all mast cell sources tested after 1.5 to 2 months in culture, HLA DR
detection is nearly equivalent to that of isotype control but is considerably increased after 3 day
stimulation with 10 ng/mL IFNy (Figure 5B). In addition, Dr. Brant Ward could not detect
intracellular HLA DR expression by immunohistochemistry in the absence of IFNy stimulation.
HLA DR, once expressed, appears to be very stable, and though levels decrease over time they

remain significantly elevated compared to unstimulated MCrc cells up to 3 days after IFNy is

washed away. (Figure 6)
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Figure 3. MCy cells express IFNy Receptor.
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MCrc cells were labeled with anti-CD119 (IFNyRa chain) antibody (black line) or isotype control
(shaded gray), followed by biotinylated goat anti-mouse IgG, then PE-streptavidin. Each
histogram represents a different source of mast cells. Geometric mean fluorescence intensity
(MFI1) was calculated for isotype control and subtracted from that of CD119 labelled cells to
determine net MFI for each sample. On average, net MFIl of MCrc expressed CD119 was 229

with 95% confidence interval between 58 and 400.
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Figure 4. IFNy induced HLA DR expression is augmented in the presence SBTI.

MCyc cells stimulated for 3 days with IFNy at concentrations above * soy bean trypsin inhibitor
(SBTI) (100 ng/mL), labeled with anti-HLA DR antibody or isotype control, and assessed by flow
cytometry. Geometric mean fluorescence intensity (MFI) was calculated for each sample. Net
MPFI was calculated by subtracting isotype control MFI from that of labelled cells for each

condition. Mean + one standard deviation is shown. Net zero (nz) indicates net MFI <zero. #,
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p<0.05, two tailed Students’ t test comparison of a given [IFNy] = SBTI. For +SBTI (black bars/
stars) or —=SBTI (blue bars/stars), mean HLA DR at each [IFNy] was assessed by repeated

measures ANOVA followed by Bonferroni’s comparison to 0 ng/mL IFNy for each. * p<0.05,

*** p<0.001
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Figure 5. MC;c HLA DR expression is lost during culture but recovers with IFNy

stimulation.

HLA DR (black line) expression of compared to isotype control (shaded gray) for A, freshly
isolated CD117+ gated skin cells, B, after 6 weeks in culture, and C, following 3 day stimulation
with IFNy (10 ng/mL). MCrc cells were labeled with anti-HLA DR antibody or isotype control

(mlgG2b) followed by isotype specific secondary antibody. For freshly isolated skin cells, HLA DR
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staining was combined with anti-CD117 biotin antibody (mlgG1) followed by streptavidin
secondary. D, MCyc cells were stimulated +IFNy stimulation, as B and C, for 3 days. Data was

not normally distributed. n=16, *** p<0.001, Wilcoxon Signed Rank test
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Figure 6. MC;c HLA DR expression is sustained after IFNy is removed.

MCrc cells were incubated xIFNy (10 ng/mL) for 3 days, then thoroughly washed and returned
to culture without IFNy (post wash). Percent HLA DR positive cells, of gated mast cells, was
assessed each day. Data shown is mean + one standard deviation. +IFNy and —IFNy means are
compared for each day. Paired t test was used for days -2, -1, and 3 as all data came from the
same 3 sources and both +IFNy and —IFNy groups had an n=3. On days 0, 1, and 2, n=6 for +IFNy
and n=3 for —IFNy. +, p<0.05 with paired Students’ t test. # p<0.05, ##, p<0.01, ###, p<0.001

with Students’ t test. %DR+ means for the +IFNy group was compared across all days with one
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way ANOVA followed with Bonferroni’s post-test comparison to day 0. Mean %DR+ was not

significantly different from day 0 on any day but day -2 (*#*, p<0.01).

Although baseline HLA DR expression on cultured MCrc cells is undetectable by flow cytometry,
it is possible that low amounts of HLA DR are expressed below our detection limit. To address
this possibility, mast cells, primed (IFNy’MCsc) or un-primed (MCxyc), are cultured with the Jurkat
T cell line in the presence of superantigens Staphylococcus Enterotoxin E (SEE) or Toxic Shock
Syndrome Toxin (TSST). Superantigens link HLA 1l molecules to variable region of the B chain
(VB) of T cell receptors (TCRs). By binding outside of the HLA peptide-binding groove,
superantigens induce polyclonal activation of up to 30% of all T cells. Superantigen specificity is
determined by binding affinity for the VB region of the TCR; thus, SEE binds TCRs with V3 5.1, 8,
16, 18, 21.3 whereas TSST binds VB 2'**. Unlike primary T cells, clonal T cell lines by definition
have the same Vp region. In the case of Jurkat cells, their TCR, which has a VB 8, can be bound
by SEE but not TSST***. This characteristic makes Jurkat cells a ready avenue by which any HLA
DR expression can be amplified and made measureable. Only IFNy’MCrc cells are able to
activate Jurkat cells, as measured by CD69 expression, via SEE. (Figure 7) Thus, MCrc cell HLA DR
is not only undetectable by flow cytometry in the absence of IFNy stimulation, it is functionally

absent as well.
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Figure 7.0nly IFNYy’MC;¢ cells, not un-primed MCy, can activate Jurkat cells via

Staphylococcus Enterotoxin E (SEE).

MCqc cells were incubated for 3 days 2IFNy (IFNy’MCrc or MCrc), then thoroughly washed and
put into coculture with Jurkat cells in the presence of SEE or toxic shock syndrome toxin (TSST)
at various concentrations. Jurkat cells were stimulated with phorbol 12-myristate 13-acetate
(PMA) to serve as a positive control for Jurkat activation. Cells were assessed after 2 days of
coculture by flow cytometry for activation as defined by percent of CD3+ cells that were
CDEYMEN, *#¥ p<0.001, repeated measures ANOVA followed with Bonferroni’s post test multiple
comparison to IFNy’MCrc with Jurkat cells in the absence (0) of superantigen. n=3, mean tone

SE.
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As reviewed earlier, other mediators have been reported to increase HLA DR expression on
various mast cell models. To address these possibilities, MCrc cells were incubated with a
variety of stimulants, with or without IFNy, and HLA DR expressed was assessed. Neither IL-4,
IL-13 (not shown), IL-6 (not shown), IL-17 (not shown), thymic stromal lymphopoietin (TSLP),
lipopolysaccharide (LPS), nor CpG stimulation upregulated surface HLA DR expression alone. IL-
4, TSLP, LPS, and CpG also did not augment IFNy mediated increases in HLA DR. (Figure 8) IFNy
co-stimulation with TLR2 agonist Heat Killed Listeria Monocytogenes (HKLM) did enhance MCrc
HLA DR expression compared to IFNy stimulation alone but did not induce HLA DR expression
alone. (Figure 9A) Finally, as HLA DR colocalized with granule proteases shortly after IFNy
stimulation, prior to significant surface expression, degranulation modestly increased HLA DR

surface expression. (Figure 9B)
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Figure 8. IFNy induced HLA DR expression on MC;c cells is not altered by co-
stimulation with IL-4, TSLP, CpG, or LPS.

MCrc cells were incubated for 3 days *IFNy (10 ng/mL) and A, #IL-4 (100 U/mL), B, £TSLP (100
ng/mL), C, with CpG or control oligo (10 pg/mL), and D, = LPS (50 ng/mL). Cells were labelled for
HLA DR expression and assessed by flow cytometry. Bar graphs show mean + one standard
deviation. For A and D, one-way analysis of variance was conducted to evaluate the relationship
between stimulation conditions and HLA DR expression (p and n values shown above) followed
by Dunn’s multiple comparison post-test. In both A and D, all pairwise comparisons were

significantly different except for those marked “ns”, or not significant.
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Figure 9. IFNy induced HLA DR expression on MCy cells is augmented by HKLM

or FceRI-mediated degranulation.

A, MCrc cells were incubated for 3 days +IFNy (10 ng/mL) +HKLM (10° equivalents/mL) then
assessed for net MFI of surface HLA DR expression as described. Data was not normally
distributed and Wilcoxin signed rank test was used to assess for difference in mean net MFI
between IFNy only and IFNy+HKLM groups. n=8, #, p<0.05 B, MCrc cells were incubated for
+IFNy (10 ng/mL) and then stimulated with 22E7, an antibody that crosslinks FceRI and causes
degranulation, or with an isotype control. Data was normally distributed and Students’ paired t
test was used to assess for difference in mean net MFI between IFNy only and IFNy+22E7

groups. n=6, *, p<0.05
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IFNy regulates surface ligands involved in antigen presenting cell-T cell interactions

Naive T cells require 2 signals for activation; an HLA Il mediated signal through the T cell
receptor and a B7 family (CD80/86) costimulatory signal through CD28. Primarily recognized for
their required presence during activation of naive T cells, signal 2 ligands are increasingly
recognized for their role in sustaining the activity of effector and memory T cells and preventing

their apoptosis or senescence.***®

CD80 and CD86 are thus considered hallmark markers of
antigen presenting cells. MCyc cells express low levels of CD80 at baseline and increase its
expression when stimulated with IFNy. (Figure 10) However, MCrc cells neither express baseline
CD86, as is noted with monocytes, nor upregulate it in response to IFNy, as is observed with

monocytes and dendritic cells.**
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Figure 10. MC; cells express CD80, not CD86.

A, MCrc cells were stimulated + IFNy (10 ng/mL) for 3 days then assessed for surface expression

of CD80 by flow cytometry. Net MFl is calculated as described. n=16, ***, p<0.001, Wilcoxon

7
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signed rank test. B, MCrc cells were stimulated + IFNy (10 ng/mL) + HKLM (10® equivalents/mL)
for 3 days and assessed for surface CD80 expression. Mean net MFI of IFNy versus IFNy + HKLM
stimulation groups is compared by one tailed paired Students’ t test. n=4, * p<0.05 C, MCrc
cells were stimulated as in A then assessed for CD86 surface expression. n=18, mean net MFI of

the two groups are not significantly (ns) different, Wilcoxon signed rank test

The B7 family are involved in T cell activation, proliferation, and ultimately function. Timing is
key as B7 binding partners are differentially upregulated on the T cell surface following
activation: for example CD28 is present prior to activation and Cytotoxic T-Lymphocyte Antigen
4 (CTLA-4 or CD152), a higher affinity binding partner for CD80 and CD86, is expressed after
activation. CD80 and CD86 binding to CTLA-4 induce an inhibitory signal that provides a natural
damper on T cell responses. Activated T cells also upregulate Programmed Death 1 (PD-1 or
CD279) which can be bound by B7 family member Programmed Death —Ligand 1 (PD-L1 or
CD274), providing another inhibitory signal. PD-L1 signaling appears to be more nuanced as
inhibitors of PD-1/PD-L1 interactions used in treatment of cancer patients have a very different,

and largely better tolerated, safety profile than CTLA-4 inhibitors.'*°

Although CTLA-4 and PD-1 signaling is largely characterized as inhibitory, certain subsets of T
cells constitutively express these ligands and require signaling through these ligands for proper
function. T follicular helper (Tgy) cells constitutively express PD-1 and require PD-1 signal for
adequate IL-21 production during induction of plasma cells. Similarly, T regulatory (T.g) cells

constitutively express CTLA-4 and CTLA-4 signaling does not inhibit their proliferation.™**
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The function of B7 family ligands is context specific and often controversial, but given their
significant role in regulating T cell responses, their expression on MCrc cells was assessed.
Primary MCyc cell expression of ICOS-L varies widely by source, but is largely absent on most
mast cells, with or without IFNy stimulation. As previously reported on murine bone marrow
derived mast cells, MCyc cells express PD-L1 and PD-L2. Both PD-1 ligands are ubiquitously
expressed but there are some subtle differences. For example, in contrast to MCyc cells, human
blood monocytes do not express PD-L2 without IFNy stimulation.™** In mice, PD-L1 and PD-L2
are linked to differential regulation of Th1 or Th2 CD4+ T cells though no such evidence has
been reported in humans. Thus, although PD-1 ligands are intriguing, their role in MCyc —CD4+ T
cell interactions is left largely un-explored. Finally, B7-H3, a newly recognized B7 family protein,
is expressed at baseline on MCyc cells and its expression is not altered by IFNy stimulation.

(Figure 11)
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Figure 11. MC;( cells express B7 family ligands including PD-L1, PD-L2, and B7-H3

but not ICOS-L and increase PD-L1 and PD-L2 expression with IFNy stimulation

MCrc cells were incubated for 3 days *IFNy (10 ng/mL) then assessed for A, ICOS-L, B, B7-H3, C,
PD-L1, and D, PD-L2 surface expression. Data is not normally distributed, *, p<0.05, **, p<0.01,

Wilcoxon signed rank test.

Antigen presenting cell interactions with T cells are multifaceted, bidirectional, and involve
many more ligand-ligand interactions than those of the B7 family alone. Two TNF/TNFR family
proteins are of particular interest: CD40/CD40L and OX40/0X40L. CD40/40L interactions are
well characterized and integral to antigen presenting cell-T cell interactions. CD40L is
upregulated on T cells following initial activation by APCs. Activation of CD40 further matures
the APC'*, increasing HLA 1I, CD80, and CD86 expression, increases APC innate recognition

144

receptor expression such as TLRs™", and enhancing APC cytokine production, particularly

145

production of IL-12. IL-2 is not only a survival and growth factor for Th1 T cells, it also

increases T cell CD40L expression, completing the feedback circuit between APC and T cell that
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146

is necessary for proper amplification of T cell responses.”™ CD40/40L interactions are also

147,148

integral to CD4+ regulation and activation of CD8+ CTLs , to Th17 differentiation of naive

CD4+ cells™, to Treg homeostatis**’, and to CD4+ T cell proliferation and cytokine production in

general %!

CD40 expression has not been reported on human mast cell lines or murine mast cells. In fact,
CD40 Ligand expression has been reported on human mast cell lines, but not bone marrow

derived mast cells, and thought to be important for induction of IgE producing plasma

152,153

cells. On the other hand, OX40-ligand, but not OX40, is reported on human cord blood

106

derived mast cells™*, cultured primary human tonsillar mast cells'®®, and bone marrow derived

107

murine mast cells™'. OX40-ligand is responsible for tonsillar and bone marrow derived mast cell

induced T cell proliferation post mast cell degranulation.'*'%’

In contrast to findings reported in the literature, primary MCrc cells do not express OX40L or
OX40 pre- or post- FceRI-triggered degranulation, but instead express CD40 when stimulated by
IFNy. (Figure 12) With the intent of blocking CD40/CD40L interactions during coculture, two
CD40 specific antibodies were used to further characterized CD40 function on MCyc cells. G28.2
is an activating antibody of mouse mIgG1 subclass. Activating antibodies are thought to
function by crosslinking cell surface CD40 though it is not clear if CD4O0L itself functions through
the same mechanism. 5D12, mlgG2b subclass, on the other hand, is one of the few available

CD40/CDA40L interaction blocking antibodies with little intrinsic CD40 activating properties.'>”
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Figure 12. MC;¢ cells do not express detectable O0X40, OX40L, or CD40 but
upregulate CD40 when stimulated.

MCrc cells were incubated xIFNy (10 ng/mL) or + IL-4 (10U/mL) for 3 days or incubated with
anti-(4-hydroxy-3-iodo-5-nitrophenyl)acetyl IgE (NIP-IgE, 1 pg/10° cells/mL) overnight then
stimulated with 4-Hydroxy-3-iodo-5-nitrophenylacetyl hapten is conjugated to bovine serum
albumin (NIP-BSA, 100 ng/mL) for 30 min. Surface expression of OX40 (A) and OX40 (B) was
assessed by flow cytometry. Net MFI was calculated relative to source and condition specific
isotype control fluorescence. n for each condition is noted at x-axis. Mean net MFI for each
condition was compared by Kruskal-Wallis One Way Analysis of Variance on Ranks and showed

no significant differences between groups. C, Net % degranulation was calculated for a subset
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of cells used in A and B by Bhexoseaminidase activity assay to confirm . D, MCyc cells were
incubated *IFNy (10 ng/mL) for 3 days. Surface CD40 expression was assessed by flow
cytometry as described. *** p<0.001, Wilcoxon Signed Rank Test, n=19.E, A subset of MCrc
cells from D were stimulated +HKLM (10° equivalents/mL) and £HKLM+IFNy during the 3 day

incubation. #, p<0.05, one tailed paired Student’s t test. n=4.
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Figure 13. CD40 activation on MC; cells induces IL-6 production but decreases

HLA Il expression.
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MCrc cells were incubated xIFNy (10 ng/mL) £+G28.2 or 5D12 or isotype control antibodies for 3
days. G28.2 is a potent CD40 activating antibody and 5D12 has been shown to be an effective
inhibitor of CD40-Cd40L interactions. However, 5D12 is documented to cause cell activation, via
CD40 or other mechanisms, at concentrations 2100 ng/mL. Both cells and supernatants were
collected. A, MCrc cells were assessed for HLA Il expression by flow cytometry, n=1. B,
Supernatants were assessed for B-hexosaminidase (Bhex) activity. Net activity was calculated by
subtracting isotype control activity at each antibody concentration. Bhex activity correlated
with cell source and not antibody concentration or whether isotype control used was IgG1 or
IgG2b. n=2 and mean (Cl) isotype Bhex activity fo