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Jesus A. Ocana

MAST CELLS MEDIATE SYSTEMIC IMMUNOSUPPRESSION INDUCED BY
PLATELET-ACTIVATING FACTOR VIA HISTAMINE AND

CYCLOOXYGENASE-2 DEPENDENT MECHANISMS

Platelet-activating Factor (PAF) stimulates various cell types by the activation of
the G-protein coupled PAF-receptor (PAFR). Systemic PAFR activation induces an acute
pro-inflammatory response, as well as delayed systemic immunosuppressive effects in
vivo. De novo enzymatic PAF synthesis and degradation are closely regulated, but
oxidative stressors, such as UVB, and cigarette smoke, can generate PAF-like species via
the oxidation of membrane lipids in an unregulated process. Mast cells (MCs) and the
PAFR have been shown to be necessary to mediate the resulting systemic immune
suppression from oxidative stressors. The work herein implicates pro-oxidative
chemotherapeutics, such as melphalan and etoposide, in mediating augmentation in tumor
growth by inducing the generation of PAFR agonists via the oxidation of membrane
lipids. This work also demonstrates the role of MCs and MC-released mediators in PAFR
systemic immunosuppression. Through a contact hypersensitivity (CHS) model, the MC
PAFR was found to be necessary and sufficient for PAF to mediate systemic
immunosuppression. Additionally, activation of the MC PAFR seems to induce MC
histamine and prostaglandin E2 release. Furthermore, by transplanting histamine- or
COX-2-deficient MCs into MC-deficient mice, MC-derived histamine and prostaglandin

release were found to be necessary for PAF to induce systemic immunosuppression.



Lastly, we have evidence to suggest that prostaglandin release modulates MC migration
to draining lymph nodes, a process necessary to promote immunosuppression. These
studies fit with the hypothesis that MC PAFR activation mediates PAFR systemic

immunosuppression in part by histamine and prostaglandin release.
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Chapter 1: Introduction and Literature Review
I. PAF

As a result of tissue damage, infection, or exposure to immunogenic molecules,
the body coordinates inflammatory responses by orchestrating various cell types through
the release of soluble mediators [1]. These soluble mediators drive the balance between
pro-inflammatory and anti-inflammatory mechanisms. Platelet-activating factor (PAF) is
a soluble lipid mediator of both local acute inflammation as well as delayed systemic
immunosuppression [2-8]. Still, the mechanism of PAFR-mediated immunosuppression
remains to be fully elucidated.
A. PAF physiology

PAF (1-hexadecyl-2-acetyl-glycerophosphocholine, Figure 1) is among the most
potent phospholipids known, inducing asthma-like responses in the low picomolar range
[9], and resulting in anaphylaxis at higher doses [10]. PAF was first described when
Henson proposed in 1971 that there was a leukocyte-derived soluble mediator that
activated platelets [11]. It was not until 1972, however, when PAF was first identified as
the mediator released by stimulated basophils that resulted in platelet aggregation [12].
This activity is due to multiple glycerophosphocholines (GPCs), with 1-hexadecyl-2-
acetyl GPC being the most potent. Expression of its G-protein coupled receptor (GPCR),
PAFR (Ptafr), has been demonstrated in many tissues and cell types, including: platelets,
neutrophils, macrophages, dendritic cells, langerhans cells, keratinocytes, mast cells,
neurons, myometrium, vascular endothelial cells and tracheal epithelial cells [13, 14]; and
also many tissues such as: brain, kidney, skeletal muscle, smooth muscle, and alveoli in

the lung [13].
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Figure 1. Structure of GPC, PAF and CPAF.

A. General structure of GPC. Glycerol position C1 (sn-1) consists of hexadecyl ether
group, C2 (sn-2) is an acetyl linkage (typically arachidonate), C3 (sn-3) is a
phosphocholine group. B. The structure of PAF. C. The structure of N-methylcarbamyl
PAF.



PAF stimulates the activation of platelets, and leukocytes in response to
traumatic, allergic, and infectious events [15-17]. In particular, PAF has been shown to
promote platelet aggregation, induce smooth muscle contraction, initiate
bronchoconstriction and tracheal mucus secretion, promote vasoconstriction,
vasodilatation and vascular leakiness, promote neuron maturation and synapse formation
at physiologic concentrations, and induce neuronal, astrocyte, and oligodendrocyte
apoptosis at supraphysiologic concentrations [4-6, 10, 15]. Relevant to the immune
system, PAF is known to induce macrophage, neutrophil and eosinophil
chemoattraction,[ 18-20] and neutrophil extracellular trap release [21]. B lymphocyte cell
lines also express functional PAFRs [22]. While, the expression of PAFR on T
lymphocytes remains controversial [5], we have evidence to support the absence of
PAFR expression in T cells.

PAF is released after mast cell, endothelial cell, platelet, neutrophil, basophil, and
macrophage activation, as well as following reperfusion injury and ischemia [4-6, 10, 15,
23]. PAF is synthesized under tightly regulated enzymatic pathways (Figure 2), as well as
unregulated mechanisms mediated by oxidative stressors (Figure 3). Under physiological
conditions, phospholipase A, cleaves the fatty acid moiety on the second carbon in the
glycerophosphocoline glycerol backbone to generate a lyso intermediate, which
undergoes acetylation by PAF synthases to generate enzymatically synthesized PAF.
Alternatively, PAFR agonists readily form non-enzymatically via the free-radical
oxidation of GPCs to render oxidized-GPCs (0x-GPCs). This process is mediated by
reactive oxygen species (ROS) generated by pro-oxidative stressors, such as ultraviolet

light B (UVB) and cigarette smoke [24, 25].
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Figure 2. The enzymatic synthesis of PAF.

GPCs from lipid membranes are cleaved at the glycerol C2 (sn-2) position by PLA,,
liberating arachidonic acid and Lyso-PAF. Free arachidonic acid is then converted to
leukotrienes by 5-lipooxygenase, or thromboxanes and prostaglandins by COX-1 or
COX-2. Lyso-PAF is acetylated by LPCAT to form PAF. This acetylation reaction is
reversible by the cleavage of the C2 acetyl group by PAF-AH forming lyso-PAF which
is then re-acylated to form GPC or re-acetylated to form PAF.
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Figure 3. Proposed outcomes of PAFR-agonistic ox-GPC formation.

Basal state triplet oxygen (*0,) is activated to singlet oxygen ('O,) or superoxide
radical (O,") by pro-oxidative stressors. Superoxide radical can then be resolved to
other ROS including hydrogen peroxide and hydroxide radical. These ROS oxidize
unsaturated bonds in GPCs, predominantly arachidonate in the C2 glycerol position
due to rich m-electron bonding systems. These intermediates can resolve in many ways
including butenoyl-PAF and a stabilized radical (above), or by metal (M*) catalysis
resolve to give PAF, butanoyl-PAF, among many other possible mechanisms.



B. Structure and synthesis of PAF

PAF (Figure 1) is derived from GPCs, the major component of lipid membranes
in cells and organelles. PAF is made up of a phosphocholine group on the sn-3 position
of a glycerol backbone, while an ether-linked alkyl and an acetyl group fill sn-/ and sn-2
positions, respectively. Under physiological conditions, phospholipase A, (PLA;), under
the control of Ca>", ERK and p38, cleaves the fatty acid moiety on the sn-2 position of
the GPC glycerol backbone to generate a lyso intermediate. This intermediate undergoes
acetylation by PAF synthases, such as lysophosphatidylcholine acyltransferase to
generate enzymatically synthesized PAF. Alternatively, PAFR agonists readily form non-
enzymatically via the free-radical oxidation of GPCs, a process mediated by ROS
generated by oxidative stressors, such as UVB and cigarette smoke. The mechanism of
this reaction has been explored in some detail [24-26]. Generally, ROS react with and
oxidize unsaturated groups in the fatty acid chain on the sn-2 position of GPCs. The
products that result from the resolution of this unstable intermediate can result in the
cleavage of the sn-2 fatty acid and a variety of PAF-like ox-GPCs (Figure 2). This
reaction is favorable because fatty acids in this position, typically arachidonic acid, have
n-electron rich bonding systems that are highly reactive with ROS. Once synthesized,
however, PAF agonists can be broken down into their lyso intermediate by circulating
PAF-acetyl hydrolases (PAF-AH, also known as lipoprotein-PLA;), or by intracellular
PAF-AH II via the hydrolysis of the sn-2 ester bond [27]. Experimentally, it has been
shown that the half-life of circulating PAF is less than 7 minutes in humans and 30
seconds in mice [28]. For this reason, N-methylcarbamyl-PAF (CPAF), a metabolically

stable PAFR agonist, is used in research.



C. Structure and pharmacology of the PAFR

The effects of PAF in anaphylaxis and asthma have long been recognized, while
the identification of the PAFR remained elusive until it was first cloned in 1991 [29]. The
PAFR is highly specific to PAF and binds PAF with a Kp (binding affinity) of 0.61 nM
[30]. ED50 values have been demonstrated to range in the low nM range [8]. Hydropathy
analysis demonstrated the presence of seven hydrophobic transmembrane domains in the
protein sequence of PAFR, consistent with the structure of a GPCR [29]. This evidence
was consistent with observations that the effects of PAF are mediated by G-proteins [3].
The PAFR gene is regulated by two sets of promoters on the 5’ non-coding region of the
gene [5]. This gives rise to two different PAFR transcripts that are differentially regulated
and are hypothesized to have different signaling pathways.

Early work on this field found that heterotrimeric G-proteins bind a ligand-bound
PAFR resulting in the release of stored calcium, decrease in cyclic AMP, an increase in
inositol triphosphate and release of arachidonic acid (Figure 4) [3]. Studies have shown
that Gaui classically mediates a decrease in cAMP by inhibition of adenylate cyclase,
following PAFR activation. Furthermore, it has been shown that PAFR mediates
activation of: Erk by Gag/11, Gao and Gy, PLCB by Gag/11 and Gao, and p38 by
Gag/11. Interestingly, PAF has been shown to mediate some effects via non-G-protein
dependent pathways. In particular, Jak/STAT pathway activation has been demonstrated
to be the result of Tyk activation by PAFR (Figure 4). These intracellular signaling
pathways have been implicated in various cell-specific effects ranging from chemotaxis

to survival and proliferation.
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Figure 4. Intracellular signaling following PAFR activation.

Activation of PAFR stimulates G-protein and non-G-protein mechanisms. PAFR can
activate Tyk2/STAT pathways via independent of G-proteins. Alternatively, PAFR can
activate (green arrows) or repress (red arrows) secondary messengers via G-protein
activation. PAFR activation can repress adenylyl cyclase (AC) via Gai, and activate
phospholipase C (PLC) via Gag/11 and Goo. Activation of PLC results in cleavage of
PIP, to render free DAG and IP; which activate PKC by sequestering PKC to the cell
membrane and inducing intracellular calcium release, respectively. Additionally, PAFR
can activate p38 and Erk MAP kinase pathways via G-protein dependent mechanisms.



Additionally, several lines of evidence have implicated the role of epidermal growth
factor receptor (EGFR) in mediating cell proliferation (Figure 5) [31-33].

Cloning the PAFR made the generation of PAFR overexpressing and PAFR
deficient (KO) mice possible, which was accomplished by Satoshi Ishii in 1997 and
1998, respectively [34, 35]. The PAFR overexpressing mouse was generated by inserting
a transgenic copy of the PAFR ¢cDNA under the control of a CMV enhancer and B-actin
promoter. Interestingly, these mice were found to demonstrate increased endotoxin
sensitivity, increased bronchial reactivity, and greater spontaneous melanocytic
tumorigenesis [34]. The PAFR KO mouse was generated by disrupting the PAFR gene
with a PGK-neo cassette insertion into the open-reading frame. This mouse was shown to
develop and reproduce normally, and maintains sensitivity to endotoxin, but has
decreased sensitivity to anaphylaxis by intravenous OVA administration in OVA-
sensitized mice [35]. Other studies have shown that this mouse may be predisposed to
obesity with age and may be protected from oophorectomy-related osteoporosis. More
recently, however, this mouse has been shown to be resistant to UVB-induced systemic
immunosuppression [36].

D. PAF: pro-inflammatory and anti-inflammatory homeostasis

One of the essential characteristics of all living organisms is the need to maintain
homeostasis. For complex organisms, this includes mounting robust immune responses to
fight off infection or repair tissues, but also having the ability to attenuate this response
when the injury or infection resolves. The inability to mount an appropriate immune
response can leave the organism vulnerable to lethal disseminated infection. This is

highlighted in patients with severe immunodeficiency disorders.
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Figure 5. Extracellular signaling following PAFR activation.

Activation of PAFR stimulates signal transduction via EGFR-mediated mechanisms.
PAFR can activate (green arrows) PLC and AC pathways through Goq activation.
PLC activation leads to Ca?* release which activates Src mediated activation of a
disintegrin and metalloproteinase (ADAM). Activation of AC increases cAMP
concentrations that activate PKA, which can induce the upregulation of
metalloproteases (MMPs) via the phosphorylation of transcription factor cAMP
response element-binding protein (CREB). Released MMPs and activated ADAMSs can
cleave (orange arrows) surface bound epidermal growth factor (EGF), which activate
membrane-bound EGFR. EGFR induces cell proliferation and cell survival via the

phosphorylation of Erk.
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On the other hand, the inability to attenuate an inflammatory response predisposes the
organism to chronic inflammatory disease, carcinogenesis or autoimmune disease. For
this reason, maintaining inflammatory balance is necessary. While, the importance of
PAF in the immune system and immune responses is irrefutable, its seemingly bivalent
role is still a focus of investigation. As previously discussed, PAF is known to mediate
robust pro-inflammatory mechanisms both locally, such as urticaria and
bronchoconstriction, as well as systemic anaphylaxis. With the development of a PAFR
KO mouse, however, the role of PAF as an anti-inflammatory mediator has come to light.
II. The immune system

Mammals have complex immune systems consisting of both pro-inflammatory as
well as anti-inflammatory mechanisms, topics that require whole textbooks to cover in
detail [1]. Inflammatory mechanisms are largely mediated by inflammatory effector cells,
such as neutrophils, macrophages, cytotoxic T lymphocytes (CTLs) and many T helper
subsets, through the release of inflammatory mediators, such as TNFa, interleukin-4 (IL-
4), and IFN-y. On the other hand, anti-inflammatory mechanisms are mediated largely by
regulatory T cells (Tregs), a subset of CD4+ T helper cells, through the release of anti-
inflammatory mediators, such as TGFp, IL-10, and prostaglandin E, (PGE,). These
responses typically involve two main branches of the immune system, the innate and the
adaptive immune system. Cytokines and chemokines orchestrate the mechanisms
between these two branches.
A. Cytokines and chemokines

In short, cytokines are proteins that signal between cells in the immune system

and the rest of the body [37]. Most cells in the body can release cytokines to signal the
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promotion or attenuation of inflammatory responses. Cytokines can activate and recruit
cells, affect vasculature to promote or reduce swelling, and induce fever. As mentioned
above, inflammatory cytokines include TNFa, IL-4, and IFN-y, whereas anti-
inflammatory cytokines include TGFf and IL-10. Moreover, cytokines can also be
divided into Type 1, and Type 2 cytokines. Type 1 cytokines, such as IL-2 and [FNy,
promote cell-mediated immune responses. Type 2 cytokines, such as IL-10 and IL-4,
promote humoral, or antibody-mediated immunity. Chemokines are chemotactic
cytokines that induce cell motility of specific chemokine receptor-expressing cells toward
a concentration gradient of the chemokine ligand. An example of this is the trafficking of
CCR7+ dendritic cells to CCL19-releasing LNs following dendritic cell activation [38].
B. The innate immune system

The most basic function of the immune system is the ability to distinguish
between self and foreign organisms [39, 40]. While the adaptive immune system is
responsible for identifying foreign proteins in the context of self, this is a relatively slow
process taking up to a week to mount an immune response. The innate immune system,
however, mediates responses within hours and is a critical first line of defense. By 24
hours, the innate cells infiltrate the site of infection or damage, and begin clearance of
damaged cells, noxious agents, and pathogens. During this process, some cells called
antigen presenting cells (APCs) take up foreign proteins, process them, and present them
to cells of the adaptive immune system over the course of several days to activate the
adaptive immune response.

The innate system is classically composed of dendritic cells, macrophages,

neutrophils, natural killer cells, eosinophils, basophils and mast cells (MCs). Of these
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cells, dendritic cells and macrophages are the main APCs that present antigen to the
adaptive immune system. Neutrophils, macrophages and natural killer cells are mostly
involved in foreign body, apoptotic body and pathogen clearance. Eosinophils, basophils
and MCs are responsible for promoting and sustaining pro-inflammatory mechanisms.
Innate cells are primarily activated and recruited by pathogen-associated
molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) [41].
PAMPs are molecules, usually components of pathogen cellular structure, which are
unique to a particular group of pathogens and thus help in differentiating host from
pathogen. PAMPs have several specific receptors that they activate, which are called toll-
like receptors. A classical example is lipopolysaccharide that is a component of gram-
negative bacteria cell walls, binds toll-like receptor 4 [42]. DAMPs are typically host
intracellular components that upon release, as a result of necrosis, cell damage or
exocytosis, send a danger signal to the innate immune system signifying that pathogens
or damaged cells need to be cleared. DAMPs activate several receptors that are a current
topic of investigation. An example of a DAMP is HSP90, an intracellular protein
chaperone that is released upon cell stress and activates CD91 on innate cells [43].
Recently, the identification of an innate cell population with immunosuppressive
potential has been revealed [44, 45]. Originally discovered in the 1960s in tumor models,
myeloid-derived suppressor cells (MDSCs) appear to be a heterogenous population of
cells that contribute to the immunosuppressive branch of the innate system [46]. They are
primarily known for promoting tumorogenesis and metastasis [47, 48], but have been
shown to have effects in other systems [45]. While lacking markers for T cells, B cells,

NK cells and macrophages, MDSCs are typically characterized as antigen Grl+ CD11b+
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in mice and CD14—CD11b+ in humans [44]. MDSCs have been shown to interact closely
with other innate cells, such as MCs, but also with the adaptive immune system [49-51].
C. The adaptive immune system

While the innate immune system is limited to recognizing PAMPs and DAMPs, it
is estimated that the adaptive immune system is able to recognize over 2.5x10’ different
antigens, or specific peptide sequences [52]. The process of identifying pathogen antigens
and mounting an immune response takes time, but results in a specific and efficient
response. The adaptive immune system consists of two main cell types, B cells, which
produce antibodies, and T cells, which mediate and assist cell mediated immunity. Over
the course of several days following infection, APCs will take up proteins and after
receiving an inflammatory signal, will migrate to draining LNs where B and T cells await
activation.

B [53] and T [54] cells are activated when their receptors (BCR and TCR,
respectively) bind a specific antigen. In the LN, B and T cells express unique receptors
that are specific to a particular antigen. Following presentation of the antigen on major
histocompatibility complex (MHC) molecules by APCs, T cells expressing a TCR
specific to the antigen being presented will be activated and rapidly proliferate, resulting
in clonal expansion of antigen-specific T cells. Simultaneously, antigen-specific B cells
will recognize soluble antigen on their BCR, receive a primary activation signal and
internalize this complex. The antigen taken up is then presented to T cells. A cognate
interaction occurs when antigen-specific mature T cells meet a matching activated B cell
by virtue of the presented surface antigen. This interaction results in the secondary

activation signal to B cells to initiate the production and release of soluble antibodies.
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The antibodies can then neutralize pathogens by opsonization, decrease motility, or cell
lysis by the activation of the complement system. Following this secondary activation, B
cells can also be instructed to produce different isotypes of antibodies, each which have
well defined functions. IL-4 for example, induces B cells to undergo class switching to
IgE.

As the process of B cell activation and antibody production ensues, two main
types of T cells also mediate the immune response: CD8+ CTLs [55] and CD4+ T helper
(Th) [56] cells. Once activated, CTLs are responsible for direct cell mediated immunity.
They travel to the site of insult and survey cells for the presence of the particular foreign
antigen to which they were activated. If they find a cell that presents this peptide in the
context of MHC, they will release cytotoxic granules that will induce apoptosis. In
parallel, Th cells are mostly responsible for supporting various branches of the immune
response. To tailor to different inflammatory scenarios, various subsets of Th cells
develop that secrete different cytokines depending on the cytokine microenvironment.
Historically, Th subsets were classified as Th1, Th2 and Tregs. Type 1 cytokine-
producing Thl cells, promote Type 1 immune responses or cell mediated immunity. They
promote the expansion and activation of CTLs as well as recruitment of macrophages and
neutrophils. Type 2 cytokine-producing Th2 cells, promote Type 2 or humoral immune
responses. They induce the activation of B cells to produce soluble antibodies, and induce
mast cell and eosinophil recruitment. As mentioned earlier, another subset of Th cells are
Tregs, which mediate anti-inflammatory responses by the secretion of IL-10 and TGF.
They inhibit T cell proliferation and promote wound healing. Since the definition of Thl,

Th2 and Treg cells, many other subsets of Th cells have been identified and named
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according to the interleukin that they express, such as Th9 and Th17, or their role, such as
T follicular helper cells, Tth.

After the necrotic tissue, noxious stimulus, or pathogen is cleared a normal
immune response is attenuated [57, 58]. During this process, many immune cells
succumb to apoptosis due to the regression of prosurvival and proliferative signals and
cytokines. Apoptotic neutrophils, necrotic cells and remaining pathogens are cleared
mostly by tissue resident macrophages. Over 90% of the antigen-specific T cells and B
cells also perish by apoptosis. Some of the remaining lymphocytes continue to circulate
for some time, while others receive signals to become endowed with longevity as
memory T and B cells. These memory cells serve to quick start immune responses should
the host encounter this antigen again, reducing the time to ramp up adaptive immunity to
a couple of days. Finally, some B cells will maintain some antibody production that will
circulate in the blood for some time. IgE antibodies produced will bind specific IgE-
receptors, FceR, on basophils and MCs.

II1. The mast cell

Mast cells were discovered by Paul Ehrlich in the late 1870s. He described
“mastzellen” as granulated aniline staining cells that resided in perivascular connective
tissues [59-61]. Since then, MCs have been found to be long-lived hematopoietic cells
that serve as sentinels in interfaces with the environment and circulatory system to
initiate allergic responses upon recognition of pathogenic stimuli. In particular, MCs are a
necessary part of the immune system to clear toxins, and fight off parasitic, e.g. helminth,
and bacterial infections [62]. Most notably, however, MCs are also responsible for

seasonal allergies in millions of people worldwide [63, 64]. MCs store prepackaged
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vesicles containing inflammatory mediators, such as histamine, serotonin and proteases,
which are released following MC activation. MCs can also synthesize and secrete
cytokines and chemokines, in addition to the production of eicosanoids, such as
prostaglandins and leukotrienes. While their pro-inflammatory role is well documented,
lately their role as anti-inflammatory mediators is a current topic of investigation.
A. Mast cell development and trafficking

MCs originate in the bone marrow from a common hematopoietic stem cell
progenitor [65]. Common myeloid progenitor cells will differentiate from this stem cell
pool and finally give rise to MC progenitors. These stem cell and MC progenitor
populations expand in response to the activation of the stem cell factor (SCF) receptor,
cKit. These MC progenitors exit the bone marrow and circulate the blood until they
extravasate into tissues where they will mature into MCs that are characteristic of that
tissue, while still maintaining cKit expression. Integrins and chemokine signaling largely
regulate this migration. An example of this is the recruitment of MC progenitors to the
gut, where CXCR2 was found to be necessary [66]. Once in the tissue, MCs have been
estimated to have a life span of over 9 months [67]. This process of tissue maturation is
advantageous for transplant models, where in vitro-derived MCs can be transplanted to
reconstitute tissues with mature populations of tissue resident MCs. Mast cell
reconstitution in MC-deficient mice has been well characterized and utilized in the
literature [68-71]. Historically, it was thought that tissue-resident MCs remained in their
tissues for the remainder of their life span. Recent evidence, however, suggests that MCs

can migrate to nearby tissues after activation [72-74]. Their role after secondary
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migration is a topic of current investigation and MC reconstitution models have proven to
be useful.

There are different MC types whose characteristics depend on the tissue where
they mature. Typically, MCs are classified depending on the contents of their granules. In
mice, there are connective tissue MCs and mucosal MCs [75]. Connective tissue MCs,
which include serosal MCs and skin MCs, typically have high granule density that
contain heparin, histamine and MC proteases such as mMCP-4 and -5 (chymases), and
mMCP-6 and -7 (tryptases). Mucosal MCs have low granular density that contain low
levels of histamine and heparin, but high concentrations of mMCP-1 and -2 (chymases).
Similarly, in humans, MCs are also divided into two groups characterized by their
granular content: Tryptase+ MCs and Tryptase+ Chymase+ MCs. Interestingly, there has
been some evidence pointing out the plasticity of MCs, where MC subtypes could
become another MC type. An example of this was shown where heparin+ peritoneal MCs
lost their heparin expression in vitro, but regained this function after transplantation [76].
B. MC signaling pathways

MCs function as signaling relays that translate incoming stimuli and orchestrate a
myriad of responses through the release of secondary mediators. MCs have been shown
to express an exhaustive list of receptors that include: Fc receptors, toll-like receptors,
GPCRs (e.g. PAFR, histamine receptors, prostaglandin receptors), transient receptor
potential cation channels, interleukin receptors, chemokine receptors, and intracellular
receptors. Classically, mast cells are known to bind the Fc (fragment crystallizable)
domain of circulating IgE antibodies on surface FceRs. These bound IgE antibodies serve

as sensors to detect antigens of possible pathogens. This makes Fc receptors versatile to
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mediate responses to a large number of different antigens. When these surface bound IgE
antibodies on MCs are cross-linked by an agonistic multivalent antigen, they cluster
FceRs. While, FceRs lack intrinsic tyrosine kinase activity, secondary kinases are crucial
to transphosphorylate immunoreceptor tyrosine-based activation motifs (ITAMs) on
coupled neighboring receptors [77]. Identified secondary kinases Hck, Fyn, Syk and Lyn
are Src family kinases. These Src kinases mediate the phosphorylation of ITAMs on
FceRs as well as the activation and deactivation of tertiary signal transduction pathways.
This activation finally culminates in calcium mobilization, activation of gene
transcription and translation, the synthesis and release of protein and lipid mediators, and
MC degranulation. The rapid release of granule-stored mediators is the orchestration of
calcium release and activation of actin, microtubule and SNARE (soluble V-
ethylmaleimide-sensitive factor attachment protein receptors) protein mechanisms [77-
791].
C. MCs in physiology

Many of the granule contents released upon FceR activation, induce potent pro-
inflammatory effects. As mentioned before, granule contents include amines (e.g.
histamine, polyamines), proteoglycans (e.g. heparin), proteases (e.g. tryptases, chymase,
cathepsin, granzyme B, carboxypeptidases), lysosomal enzymes, and cytokines (e.g.
TNF, FGF, IL-4 and SCF) [80]. These released mediators induce local leukocyte
recruitment and infiltration, vasodilatation, and edema. Systemic activation of MCs,
however, can result in anaphylactic responses. Proper MC activation can mediate
successful countermeasures against infection; however, improper MC activation to

innocuous stimuli like pollen, can result in allergic hypersensitivity reactions, such as
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seasonal allergies. Interestingly, MCs have been shown to have more direct effects on the
adaptive immune system. For instance, MC granules have been shown to travel through
the lymphatic system to deliver granule contents to draining LNs [81]. In addition to
mediator release, MC migration to draining LNs has been found to be important to induce
immune responses [72]. MCs can phagocytose, express MHC-II and present antigen to
influence T cell activity [82-85]. This evidence suggests that MCs can have non-
canonical effects on the immune system. In fact, MCs have also been shown to attenuate
immune responses [70].
D. MCs in immunosuppression

The suppressive effects of MCs on immune responses have some precedence [86,
87]. MC IL-10 release has been shown to limit pathology from contact dermatitis and
chronic UVB irradiation [88]. MCs have been shown to contribute to transplant tolerance
[89]. Additionally, experiments have demonstrated that MCs will induce Treg
differentiation via TGF when cocultured with naive T cells [90], and augment the
suppressor activity of MDSCs [50, 91]. Still, it seems that MCs can fine tune immune
responses even by transiently attenuating Treg function through histamine receptor H1
activation [92], but inducing Treg recruitment by H4 receptor activation [93].
Interestingly, MCs have been shown to attenuate anti-tumor immunity to promote skin
tumorognesis [94, 95] and mobilize Tregs and MDSCs in the tumor microenvironment
[96].
IV. Melanoma

In the United States, one in five people will develop a form of skin cancer during

their lifetime [97]. Less than 1% will develop melanoma skin cancer; however,
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melanoma claims more than 70% of skin cancer-related deaths [98]. Surgical excision
cures virtually all melanoma in situ. Still, a survival rate of less than 15% for metastatic
melanoma reflects deficiencies in current treatments [98]. Recent clinical reports show,
however, that immunotherapies hold promise for treating metastatic melanoma [98-103].
Yet, these therapies depend on a competent immune system.
A. Pathophysiology of melanoma

There are two main predispositions for melanoma: sunlight exposure and genetic
predisposition [104]. Sunlight exposure poses a threat due to the mutagenic effects on
sunlight, particularly in its ability to form pyrimidine dimers in DNA [104]. These insults
can propagate further mutagenesis in DNA that can eventually lead to cancer, especially
if the genes involved are tumor suppressors or oncogenes [104]. It is well recognized that
light skinned individuals are at greater risk for developing skin cancers, including
melanoma. Moreover, sun exposed skin, such as upper back skin in men, and back and
leg skin in women, are at greater risk for developing melanoma [104]. Still, the
correlation between sunlight and carcinogenesis is not simple, for people occasionally
develop melanoma in areas not associated with heavy sunlight exposure. Recently,
however, it was found that heavy sunburns early in life might be of greater significance
for melanoma formation [104].

Studies have estimated that greater than 10% of melanoma cases are familial
[104]. In the case of hereditary and spontaneous melanomas two main signaling pathways
are usually involved, either mutations diminishing tumor suppressors or mutations
enhancing oncogenes. Approximately 40% of familial melanoma cases are found to have

mutations in the CDKN2A gene, which encodes a complex locus of three different tumor
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suppressors [104]. These tumor suppressors, p15/INK4b, p16/INK4a, and p14/ARF,
ultimately activate other tumor suppressors, such as p53, which downregulates the
activity of MDM2, a strong oncogene. The other group of familial melanoma cases
consists of mutations promoting oncogenes. In particular, a large majority of these tumors
have activating mutations in the RAS signaling pathways. For instance, 70% of
melanoma tumors contain activating mutations to the oncogene BRAF, one of the targets
of RAS [104]. As such, BRAF inhibitors are currently being developed and some
currently available are first line of treatment.
B. Prognosis and current treatments

While surgery is the first line of treatment for melanoma in situ with great
prognosis, therapeutic options for metastatic melanoma are limited. Metastatic melanoma
is tolerant to chemotherapy and radiation therapy [105, 106]. Metastatic melanoma poses
a grave prognosis due to a higher mortality rate, albeit less prevalent, than non-melanoma
skin cancer. In 2010, the American Cancer Society estimated a disturbing 68,000 new
melanoma diagnoses, whereas 8,700 deaths were calculated (www.cancer.org/statistics).
Sadly, while incidence rates have declined slightly, medical advances prove inadequate to
taper the raising mortality rate of melanoma [105-108]. As such, novel therapeutic
approaches merit attention.

Currently, immunotherapies show promising results in the clinic, which include
the use of cytokines, such as interferon, IL-2, IL-15, [L-21 and CTLA-4 (Cytotoxic T-
Lymphocyte Antigen-4) inhibitors [109-112]. Adoptive transfer of melanoma specific T
cells has also been used [100], as well as immune sensitizers, such as imiquimod. Thus,

investigation of the interplay between melanoma and the immune system is relevant.
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Recently, the use of oncogene-targeted therapy has been a growing field. BRAF
inhibitors, such as vemurafenib, and tyrosine kinase inhibitors, such as imatinib, can also
be used in tandem with immunotherapies.
C. Chemotherapy as a therapy and oxidative stressor

The mechanisms by which melanoma is resistant to chemotherapy is a topic of
ongoing study. Still, chemotherapy has a place as a last line of recourse. While systemic
administration of current chemotherapeutics, such as etoposide or dacarbazine, may be
useful to shrink tumors for surgical resection, they typically are not curative alone. The
systemic doses needed to overcome resistance would be extremely toxic to patients.
Fortunately for some patients with metastatic disease contained to a single limb, isolated
limb perfusion (ILP) chemotherapy can be used [99, 113, 114]. By cannulating the artery
and veins supplying blood to a limb, an external pump can be used to deliver high dose
chemotherapy to the isolated limb. ILP has been used with significant curative success in
these patients. This method is not without drawbacks, however. Due to their nature,
chemotherapeutics are known to be cytotoxic, immunosuppressive and strong oxidative
stressors. The ROS generated following ILP could diffuse systemically after treatment.
While chemotherapy could be immunosuppressive via the cytotoxicity of proliferative
hematological stem cells, I hypothesize that ROS generated by chemotherapy could also
lead to systemic immunosuppression following a PAFR-dependent mechanism. Such an
immunosuppressive mechanism from ROS is a current topic of investigation in

immunosuppression mediated by ultraviolet light.
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V. Ultraviolet light mediated systemic immunosuppression

The therapeutic properties of sunlight have long been recognized and have been
used in the clinic. In particular, ultraviolet light B (UVB) is commonly used in the clinic.
UVB is a component of sunlight, and is characterized as light in the wavelengths between
315-280 nm, whereas the visible spectrum is made up of wavelengths between 760 — 400
nm [115]. In the clinic, UVB has been used to treat vitiligo and psoriasis, both
autoimmune diseases in which the immune system is self-reactive to melanocytes and
keratinocytes, respectively [116, 117]. These phototherapies are particularly effective
largely due to their immunosuppressive effects, which have been an ongoing topic of
research. To date, several pathways have been identified that mediate the
immunosuppressive effect of UVB. DNA, Cis-urocanic acid (cis-UCA), and PAF are
among these pathways [118, 119].
A. Contact hypersensitivity models

Several models have been proposed to study the immunosuppressive effects of
UV light. The most common in vivo model for the field is a contact hypersensitivity
(CHS) model. CHS is a Type IV hypersensitivity, also known as delayed- or cell-
mediated hypersensitivity, which is a type of reaction that is classically seen with poison
ivy reactions. In contrast to type I hypersensitivities, such as seasonal allergies that are
antibody-mediated, CHS reactions are mediated largely cell-mediated both by CD8+
CTLs and CD4+ Th1 cells. A typical CHS reaction in mice has two phases, a
sensitization phase and a challenge phase (Figure 6).

During the sensitization phase, the antigen is introduced either topically or

subcutaneously. Over the course of 5-9 days, APCs in the skin, Langerhans cells in the
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epidermis and dendritic cells in the dermis, will uptake the antigen, migrate to draining
LNs, and process and present the antigen on surface MHC molecules. In the LN, APCs
present the antigen to both CD8+ and CD4+ T cells, where antigen specific cells will be
activated and mature into CTL and various T helper cells, respectively. Most of the CD4+
T cells will polarize and differentiate into Th1 cells that promote cell-mediated immunity
by producing Type 1 cytokines, such as IL-2 and IFNy. IL-2 is particularly important for
the expansion of the activated CTL population to promote inflammation and clearance of
the noxious antigen. Some CD4+ T cells will also differentiate into Tregs, whose role it is
to keep the inflammatory response in check by attenuating CTL activity by the release of
TGFp and IL-10. Toward the end of the sensitization phase, the antigen will be cleared
and some of the activated T cells will develop into memory cells.

After the sensitization phase, the mice are then challenged with the same antigen,
typically on a site different than the site of sensitization. During the course of 24 hours,
APCs will present the antigen in draining LNs and reactivate memory T cells. This will
lead to a quicker and more robust expansion of CTL populations than in the sensitization
phase. These cells will then infiltrate the site of challenge and mediate a large immune
response that promotes inflammation of the tissue, which can be quantitated. This model
is useful to quantitate the effect of various treatments on cell-mediated immune
responses. In fact, it is well documented that UV irradiation on the dorsal skin of mice
before the sensitization phase significantly attenuates the subsequent antigen challenge
[119]. This decrease in swelling is a measure of the immunosuppressive effects of UV

light.
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Figure 6. Mechanism of contact hypersensitivity reactions.

During the first exposure to an allergen, the immune system will become sensitized to
the particular antigen in a process called sensitization. Hapten allergens, like DNFB,
will bind proteins in the skin which are then taken up by antigen presenting cells
(APCs) in the skin. The allergen will also induce activation of keratinocytes, MCs and
fibroblasts in the skin, leading to the release of pro-inflammatory mediators. The
release of these pro-inflammatory signals will induce the recruitment of PMNs and
macrophages, as well as the migration of dendritic cells to LNs. Over the course of the
next five days, APCs will present the allergen antigen to CD4+ and CD8+ T cells
leading to their activation and expansion. Activated CD4+ T cells will differentiate
into various T helper subsets, including Th1 cells which by the release of [IFNy and
TNFa promote CD8+CTL cell-mediated inflammatory mechanisms, and Tregs which
suppress the inflammatory response. These activated T cells will then migrate to the
original site of sensitization over the course of days 6-9, and mediate inflammatory
mechanisms by the release of IFNy and TNFa. For CHS experiments, a second site is
exposed to the allergen to induce a challenge response nine days after sensitization. To
do so in mice, ears are measured, one ear is treated with the allergen DNFB, and the
other is treated with vehicle. After 24 hours, ears are measured again. Over the course
of these 24 hours, the adaptive immune system will mount a robust inflammatory
response in the allergen treated ear via the infliltration of CTLs and Th1 cells.
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B. DNA and Cis-UCA

The carcinogenic properties of UV light have long been recognized, due in part to
the resulting pyrimidine dimer formation and subsequent mutagenesis in DNA. Work by
Kripke, and collaborators, demonstrates that DNA can also act as a photoreceptor to
initiate the immunosuppressive effects of UV light [120]. Using a CHS model, they
found that if DNA repair pathways were activated after UV irradiation, the DNA damage
was resolved along with the immunosuppressive effects of UV. Another photoreceptor
that has been found is trans-urocanic acid, which is a deamination product of histamine
found abundantly in the stratum corneum [118, 119, 121]. Upon UV irradiation, trans-
urocanic acid isomerizes into cis-urocanic acid, which has been shown to mediate
systemic immunosuppression in mice [122]. In fact, tape stripping to remove the stratum
corneum in mice has been shown to inhibit the immunosuppressive effects of UV [123], a
process that can be rescued by injection of cis-urocanic acid [122]. The ability of UV to
isomerize urocanic acid and induce pyrimidine dimer formation is largely due to its
properties as ionizing radiation. As ionizing radiation, however, UV can also induce ROS
formation.
C. Free radicals, lipid oxidation and PAF

Due to its high-energy electromagnetic properties, UVB light has been shown to
excite oxygen and water to form free radicals. For example, ground state triplet oxygen
(*0,) can be activated to singlet oxygen ('0,) or superoxide anion (O,*"). Superoxide can
then be reduced to hydrogen peroxide (H,O,) spontaneously or by superoxide dismutase.
Hydrogen peroxide can then be reduced further to form hydroxyl radical (OH¢®") by heavy

metals in solution (e.g. Fe*") via the Fenton reaction. These ROS while transient are
g
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highly reactive and propagate radical formation in solution. In the skin, ROS can react
with any number of targets including carbohydrates, nucleic acids, proteins, and lipids.
Some of the most abundant targets are phospholipids that make up outer and organelle
membranes in cells. As explained above, these ROS can induce the formation of PAF-
like species by oxidizing GPCs in cell membranes.

PAF, as well as ox-GPCs, have been identified as primary mediators of the
immunosuppressive effects of UVB. First, Ullrich and colleagues demonstrated that
exogenous PAF is sufficient to activate systemic immunosuppression [16]. Later on, our
lab demonstrated that UVB generates PAF-like phospholipids [26] and that these
phospholipids induce systemic immunosuppression. Work in this field has shown that
systemic administration of antioxidants can attenuate the immunosuppressive effect of
UVB on CHS as well as the generation of 0ox-GPCs in vitro. Furthermore, structural
identification of many 0x-GPCs induced by UVB irradiation has been made possible by
mass spectrometry analysis. The ability of UVB to act as an oxidative stressor to induce
the formation of PAF-like species has also been demonstrated in other oxidative
stressors. Such other oxidative stressors that induce PAFR-dependent systemic
immunosuppression are cigarette smoke, jet fuel and photodynamic therapy [118, 119].
Mechanistic studies for PAFR-mediated immunosuppression are ongoing, but several
mediators of PAFR-mediated immunosuppression have been identified.

D. Mediators involved in PAFR-mediated immunosuppression

In recent years, Tregs have been shown to mediate immunosuppression. Growing

evidence suggests that Tregs are a necessary component for UVB-induced immune

suppression [118, 119]. Recent studies by our lab have shown that Tregs play a crucial

28



part in the PAFR-dependent pathway of immunosuppression [24, 25]. In fact, this effect
can be attenuated by the treatment with Treg-depleting antibodies. Tregs have been
shown to increase in populations following CPAF and UV treatment. Furthermore, UV-
generated Tregs can be adoptively transferred to a naive organism to establish tolerance
[124]. IL-10, one of the primary mediators of immunosuppression released by Tregs, has
also been implicated in this pathway. IL-10 neutralizing antibodies significantly reduce
the amount of PAFR-dependent immune suppression. Another cell type that has been
implicated in this pathway is the mast cell [124-127].

Upon activation, mast cells release a number of immune modulators by de novo
synthesis of mediators, or degranulation of pre-made vesicles. In addition to expressing
the PAFR, MCs have been shown to release histamine and prostaglandins, as well as an
upregulation in a number of chemokines and chemokine receptors upon activation [65,
72, 128, 129]. Interestingly, while wild type mice demonstrate sensitivity to PAF-induced
systemic immune suppression, this sensitivity is ablated in mast cell deficient mice.
Reconstitution of dermal WT MCs, however, restores the immune suppressive response
to PAF. Additionally, work by Ullrich and collaborators demonstrate that MC migration
to draining lymph nodes (LN), following systemic PAF treatment, is necessary for PAF-
induced immunosuppression [73, 74]. Furthermore, this MC migration and subsequent
immunosuppression was attenuated using a specific inhibitor to the CXCL12 chemokine
receptor CXCR4, AMD3100 [73, 74]. This evidence suggests that MC CXCR4 is
necessary to mediate MC migration in PAF-induced immunosuppression. This migration

to lymph nodes could allow for direct MC and T cell interactions for the possible
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generation and activation of Tregs. The mechanisms by which CXCR4 and CXCL12 are
orchestrated are still a topic of investigation.

One proposed mechanism of action involves the role of prostaglandins, in
particular PGE,. As mentioned previously, prostaglandins are synthesized from
arachadonic acid released from GPCs by the cleavage of PLA,. This free arachidonic acid
is then converted to PGG, by the prostaglandin synthase activity of COX, and reduced to
PGH; by the peroxidase activity of COX. PGH; can then be converted to various other
prostaglandins by the activity of other prostaglandin synthases, such as PGE, by
prostaglandin E synthase. There are classically two isoforms of COX, the constitutively
active COX-1 and the inducible COX-2. One of the main differences between COX-1
and COX-2 is that COX-2 has a greater binding affinity for PGES and generally increases
the production of PGE,, PGD,, and PGF,a.. A significant body of work has demonstrated
that UVB and PAF can induce the expression of COX-2, and that it is necessary for the
subsequent immunosuppression [24, 25, 130]. For instance, there is evidence that
systemic administration of COX-2 inhibitors can attenuate the immunosuppressive
effects of UVB [25]. Additionally, PGE; injection has been shown to upregulate CXCL12
in lymph nodes [73]. Finally, it has been shown using small molecule agonists and
antagonists that PGE; receptor EP4 is necessary for the immunosuppressive effects of
UV light [131].

VI. Summary, recent work and current hypothesis

Studies in the field, including our own, have demonstrated that various

environmental oxidative stressors are immunosuppressive. While mechanistic detail of

this process is lacking, a major contributor to this immunosuppression is the activation of
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the PAFR. It was recently found that the immunosuppressive effects of UVB can enhance
melanoma tumor growth in vivo and that this effect is PAFR-dependent [25]. Thus, I
suspect that pro-oxidative melanoma therapies, in particular chemotherapeutics, such as
melphalan and etoposide, could have similar effects due to their nature as oxidative
stressors. Thus, this work has two aims. The first aim is to investigate the possible role of
PAF in chemotherapy-induced immunosuppression. The second aim is to further
illuminate the mechanism of PAF-induced immunosuppression. The work in Chapter 3-I
was carried out to determine if PAFR agonists could be made at high-dose chemotherapy
in ILP chemotherapy. I hypothesized that ox-GPCs generated by IPL chemotherapy
meadiate systemic immunosuppression leading to greater tumor growth of a second
tumor.

Preliminary studies demonstrated that MC-deficient mice were resistant to PAF-
induced increases in tumor growth. Furthermore, MCs have been shown to be necessary
for UVB-induced immunosuppression [68]. Thus the second aim of this work, in Chapter
3-11, is to investigate the role of the MC in PAF-induced systemic immunosuppression
and the mechanism by which MC mediate effects on the immune system. I hypothesize
that the MC PAFR is necessary for PAF-induced immunosuppression and that MC PAFR
activation promotes systemic immunosuppression in a process involving MC-derived

mediator release.

31



Chapter 2: Materials and Methods
I. Chemotherapy induces systemic immunosuppression via the generation of
PAFR agonists

A. Reagents and cells

Chemicals were purchased from Sigma-Aldrich unless indicated otherwise. Anti-
CD25 and isotype antibodies were from BioXcell (West Lebanon, NH). SK23MEL and
B16F10 melanoma cells were obtained from ATCC and were grown in DMEM high
glucose supplemented with 10% fetal calf serum as described previously [25]. Plated cell
lines were allowed to proliferate to ~80% - 90% confluency in 10 cm petri dishes, and
washed with Hank's Balanced Salt Solution (HBSS) three times, then incubated with 2
mL of warm (37°C) HBSS containing 10 mg/mL fatty acid-free BSA and 2 pmol/L of
serine hydrolase inhibitor pefabloc. Before the addition of chemotherapeutic agents or
DMSO (0.5%) vehicle, in some experiments, cells were preincubated with antioxidants
for 60 minutes. Incubations were quenched by adding of 2 mL of methanol (0°C)
followed addition of dichloromethane, and then lipids were extracted as described [24,
26, 132].
B. Mice

Wild-type female C57BL/6 (PAFR-expressing; age 6—8 weeks) were obtained
from the Charles River Laboratories. C57BL/6 age and gender matched PAFR—deficient
(PAFR KO) mice were used for experiments and, generated as previously described [35],
were obtained from Prof. Takao Shimizu (University of Tokyo Department of
Biochemistry, Tokyo, Japan). FoxP3-EGFP reporter mice [133] that were obtained from

JAX, and FoxP3-EGFP mice that were crossed with PAFR KO mice were also used in
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some experiments. No difference was observed between PAFR KO and PAFR KO
Foxp3-EGFP mice in these experiments. Immunodeficient NOD.CB17-PrkdcSCID/J
(Common name: NOD SCID) mice were obtained from the Indiana University Simon
Cancer Center Core facility. In antioxidant experiments, mice were given vitamin C-
enriched chow (10 g/kg; Research Diets, Inc.) and bottles of 5 mM N-acetylcysteine
(NAC) in water ad libitum for 10 days before and during intratumoral chemotherapy
injections, until the end of the experiment similar to previous studies [25, 132]. All mice
were housed under specific pathogen-free conditions at the Indiana University School of
Medicine. All procedures were approved by the Animal Care and Use Committee of
Indiana University School of Medicine.
C. Measurement of PAFR agonists

The presence and concentrations of PAFR agonists in lipid extracts from treated
melanoma tumors/cells or IPL perfusates were measured by measuring intracellular Ca**
mobilization in response to treating PAFR—expressing KBP cells and PAFR-null KBM
with isolated lipid extracts, as previously described [130, 132]. In brief, KBP and KBM
cells were incubated with a cell permeable fluorescent Ca*-sensitive indicator, fura-2-
AM (4 pmol/L in HBSS without dye) for 90 minutes at 37°C. Cells were then washed,
and resuspended in room temperature HBSS before use. Lipid extracts from treated
cells/tumors, or ILP perfusates were added to Fura-2-loaded cells (1.0-1.5 X 10° cells/2
mL) in a cuvette at 37°C under constant stirring. Volume of lipid extracts used to treat the
cells was normalized to cell number, wet tissue weight, or 1/10th volume of perfusate.
1uM CPAF and endothelin-1 (ET-1), dissolved in ethanol, were used as positive controls.

Fura-2-AM fluorescence was measured in a Hitachi F-4010 spectrophotometer using
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excitation and emission wavelengths of 331 and 410 nm, respectively. The influx of Ca**
in cell suspensions was calculated as described previously [24, 130, 132] and plotted as
percentage of maximal calcium flux induced by either CPAF or ET-1.
D. Mass spectrometry studies

Mass spectrometry analysis was accomplished in collaboration with Prof. Robert
Murphy at University of Colorado, by Kathleen Harrison. Lipid extracts from treated
cells/tumors or ILP perfusates were subjected to mass spectrometry analysis using the AB
Sciex triple quadrupole QTRAP 5500 mass spectrometer, equipped with a CTC-PAL
autosampler and a Shimadzu HPLC as previously described [134]. Please see Published
Supplementary Materials and Methods for details of instrument settings and
characterization of the various species monitored [135].
E. In vivo tumor growth studies

To determine whether intratumoral chemotherapy can affect melanoma tumor
growth, 5 X 10° B16F10 cells, which inherently do not express functional PAFR [25],
were injected subcutaneously into bilateral shaved dorsal hind flanks of both WT and
PAFR KO mice to give rise to two tumors. Tumor growth was monitored by measuring
length and width of tumors at daily with digital calipers (Mitituyo). Tumor volume was
then calculated by the equation: (major length X minor length?/2). Six days after tumor
implantation and every third day thereafter, the tumor on the left flank was treated by
injecting ~100 pL of either etoposide (36 mg/kg), melphalan (15 mg/kg), or PBS with
0.5% DMSO vehicle. The therapeutic dose of etoposide and melphalan was empirically
derived by performing pilot studies in WT mice using different doses of

chemotherapeutic (n=3-5). To determine whether COX-2 inhibitors can modulate the
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tumor growth effects of chemotherapy, SC-236 (200 ng), NS-398 (5 pg), or 100 uL. PBS
with 0.5% DMSO vehicle were injected intraperitoneally, concurrently with intratumoral
chemotherapy at day 0 and every 3 days afterwards.
F. Human isolated limb perfusion chemotherapy studies

In collaboration with surgeons Douglas S. Tyler and Paul J. Speicher from Duke
University, as well as Christopher E. Touloukian at Indiana University, perfusate samples
were obtained from subjects undergoing ILP regional melphalan chemotherapy for
melanoma. During the procedure, aliquots of perfusate (§mL) were removed at various
time points (after initiation of closed-circuit perfusion, after heating the core limb to
40°C, and 15, 30, 45 and 60 minutes following initiation melphalan treatment) from the
extracorporal circulation and mixed with equal volumes of ice-cold methanol and
dichloromethane, after which lipids were extracted. The human studies were approved by
the Indiana University and Duke University School of Medicine Institutional Review
Boards.
G. Statistical analysis

For all mouse studies, individual experiments contained at least four mice per
experimental group and experiments were repeated at least once to verify reproducibility
and to provide additional data for analysis. In collaboration with Indiana University
statisticians Sandra K. Althouse and Susan M. Perkins, statistical differences were
calculated using SAS Version 9.3. Tumor volume was calculated using the equation:
(major length X minor length?/2). For murine studies, analysis was focused on the end of
the study around days 14 to 18, where available. Shapiro—Wilk and the Levene tests were

used to check the normality of data and equal variances and were found to be a
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reasonable assumption in all cases. For in vivo and in vitro data, equal or unequal
variance t tests were used to compare differences between two groups. For comparing
differences between more than two groups, two-way ANOVA tests (with Welch
approximation if the variances between groups were unequal) and post hoc Tukey-
adjusted pairwise tests. The data depicted represent mean values with SEM. Differences
were considered statistically significant when the p value was less than 0.05 and trending
but not significant when the p value was less than 0.10 but greater than 0.05.
I1. Mast cell-derived histamine and prostaglandins mediate IL-33 receptor
dependent PAF-induced immunosuppression

A. Reagents and cells

All chemicals were obtained from Sigma—Aldrich (St Louis, MO) unless
indicated otherwise. COX-2 (NS-398 and SC-236) and TGF-f inhibitors (SB431542 and
LY364947), and histamine EIA kit were obtained from Cayman Chemicals (Ann Arbor,
MI). PGE, EIA was obtained from R&D (Minneapolis, MN). qPCR reagents were
obtained from Invitrogen (Carlsbad, CA). Primers for gPCR were obtained from IDT
(Coralville, TA). Antibodies for western were obtained from Abcam (Cambridge, MA).
Mast cells were obtained by culturing murine bone marrow in 10% FBS and IL-3 (10
ng/mL, Peprotech, Rocky Hill, NJ) containing IMDM media for 4-8 weeks. Cell cultures
contained mast cell populations (FceR+, c-kit+) greater than 90% as measured by flow
cytometry, using antibodies from eBioscience (San Diego, CA) and BD Biosciences (San
Jose, CA). Cells used for in vitro studies were incubated in 1mL of 10% FBS containing

IMDM media supplemented with 10 ng/mL of IL-3 in 12 well plates.
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B. Mice

C57BL/6 (WT; Charles River Laboratories, Sulzfeld, Germany) and C57BL/6
Kif"shsh (Wsh; The Jackson Laboratory, Bar Harbor, ME) mice were obtained
commercially. PAFR KO (from Prof. T. Shimizu, University of Tokyo, Tokyo, Japan)
and HDC KO (from Dr. H. Ohtsu, Tohoku University, Miyagi, Japan) mice on a
C57BL/6 background were kept under pathogen-free conditions. Bone marrow from
Mept5-cre/Ptgs2"" and Ptgs 2" mice for mast cell transplantation were kindly
provided by Dr. Garret FitzGerald (University of Pennsylvania, Philadelphia, PA). BoyJ
mice were provided by the In Vivo Therapeutics Core (Indiana University School of
Medicine, Indianapolis, IN). All mice were housed under specific pathogen-free
conditions at the Indiana University School of Medicine. All procedures were approved
by the Animal Care and Use Committee of Indiana University School of Medicine.
C. MC PAFR functional assay

The presence of PAFR on BMMCs was determined by the ability of CPAF to
induce an intracellular Ca®" mobilization response in BMMCs. In brief, BMMCs were
preloaded with the Ca*"-sensitive indicator, fura-2-AM (4 pmol/L in HBSS without dye)
at 37°C for 90 minutes, washed, and resuspended in HBSS at room temperature before
use. CPAF was then added to an aliquot of these cells (1.0-1.5 10° cells/2 mL) in a
cuvette at 37°C with constant stirring. Fura-2-AM fluorescence was monitored in a
Hitachi F-4010 spectrophotometer with excitation and emission wavelengths of 331 and
410 nm, respectively. The Ca>" influx in suspensions was calculated as described [24,

130, 132].
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D. Mast cell transplantation and contact hypersensitivity assay

MCs (10°) were injected subcutaneously into two rows of four injections sites in a
1 by 2 cm area on the shaved dorsal skin of 6-8 wk old Wsh or Wsh PAFR KO mice.
After 6 weeks post-implantation, mice were used for experiments. For contact
hypersensitivity, mice were either treated on shaved dorsal skin with vehicle, UVB (7.5
kJ/m?), histamine (200 pg s.c.), or CPAF (200 ng i.p.). Five days post-treatment 25uL of
0.5% DNFB (in 4:1 acetone/olive oil) was painted on shaved dorsal skin of mice. Nine
days later ears were measured, and one ear was treated with 10uL of 0.5% DNFB while
the other ear was treated with vehicle. After 24 hours, ear thickness was measured in
these mice. The difference in ear swelling between DNFB and vehicle treated ears was
normalized to the ear swelling in WT mice treated with vehicle.
E. Histology

Dorsal skin samples or LNs from mice were formalin fixed for 24 hours before
storage in ethanol. Specimens were paraffin embedded, sectioned and stained for MCs
using acidified toluidine blue by the [IUSM Histology Core [136]. MC numbers were
quantified by counting ten high power fields (HPF, 600X).
F. qRT PCR

Total RNA was extracted from treated mast cells using the RNAeasy kit (Qiagen).
In brief, tissue was homogenized in RLT buffer containing 2-mercaptoethanol by
pipetting and QIAShredder (Qiagen). Purified RNA was quantitated with the NanoDrop
2000 (Thermo Fisher Scientific, Lafayette, CO). Reverse transcription of whole RNA
was done using SuperScript cDNA synthesis kit (Invitrogen) with random hexamers.

Quantitative RT-PCR was performed for Ptgs2, Hdc, Cxcr4, Il1rll, and Tgfbl against
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Gapdh as the endogenous control using the AACt method on a Step One Real-Time PCR
machine (Applied Biosystems, Foster City, CA). Each assay was performed in triplicate
in a 10 uL reaction volume with Tagman Master Mix (SA Biosciences, Frederick, MD), 1
ng cDNA, primers at 500 nM and probe at 250 nM.
G. Flow cytometry

Cells (10% were taken from culture and plated in a 96-well plate in FACS buffer
(PBS, 1%BSA, 0.1% NaN3) for staining. Cells were incubated with Fc Block (BD
#553142) for 15 minutes and then stained with 1:100 or 1:200 concentrations of
conjugated primary antibody for 30 minutes. Cells were then washed and resuspended in
PBS to be stained with viability dye (eFluor 780) at a concentration of 1:1000 when
applicable. For intracellular staining, unstimulated cells (unless otherwise noted) were
fixed with IC Fixation buffer (#00-8222-49) or Fix/Perm Buffer (#00-5523-00)
overnight, then washed and resuspended in Permeabilization Buffer (#00-8333-56). Cells
were then stained with primary conjugated antibodies in Perm buffer for 30 minutes RT.
Cells were then washed in Perm buffer and resuspended in FACS buffer. Cells were then
resuspended to a concentration of about 10°/100uL of cells in FACS buffer for analysis
on the Invitrogen Attune Cytometer or the BD LSR 1I.
H. Western Blotting and Densitometry

Cells (6x10°) were harvested and washed twice with PBS. Cell pellets were then
lysed with 150 uL of lysis buffer (1% Triton-X, 10mM Tris base, 150mM NaCl, 1%
protease inhibitor mixture (Sigma); pH 7.4) and centrifuged for 15 minutes at 14K rpm at
4°C. 120 uL of the supernatants were collected and their protein concentrations were

measured by BioRad spectrophotometry methods. 30-100ug of protein with 3-
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mercaptoethanol-containing reducing SDS sample buffer was then loaded into a 10%
acrylamide gel and run for 45 minutes under a constant 400mAmps. Proteins were then
transferred onto a nitrocellulose membrane for 1hr at a constant 100V at 4°C. The
membrane was then cut and incubated with blocking buffer (5% powdered milk, 0.1%
Tween-20, in PBS) for 2hrs RT or overnight at 4°C. Membranes were then incubated
with the appropriate amount of antibody for 2 hr RT or overnight at 4°C. Membranes
were then washed with TBST (20mM Tris, 150mM NaCl, 0.1% Tween-20) four times for
5 minutes each before incubation with HRP-conjugated secondary antibody (1:5000) for
30 min RT. Membranes were then washed with TBST four times for 5 minutes per wash
before incubating the membranes with HRP-substrate (Millipore, Billerica, MA) for 1
minute. Films were then exposed at serial time points and developed. Radiographs were
then scanned, digitized and quantitated by pixel densitometry using ImageJ. Expression
by densitometry was calculated by (pixel density of gene of interest GAPDH pixel
density) normalized to vehicle ratio.
I. ELISA

Cells (3x10°) were plated and treated for the described length of time.
Supernatants were then collected from suspensions centrifuged at 400g for 10 minutes.
For intracellular lysates, cell pellets were washed twice with PBS and then resuspended
in ImL of deionized water. This suspension was then frozen in liquid nitrogen and
thawed in 56°C water two times. Samples were then centrifuged at 14K rpm to remove
any particulates. These supernatants were then diluted according to the detectable range

of the ELISA (usually 1:10 or 1:100) in media or analysis buffer.
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J. Statistics

For all murine studies, individual experiments were performed using at least four
mice per experimental group and repeated as necessary (at least once) to verify
reproducibility and provide additional data for analysis. All statistical calculations were
performed using Prism 6. For in vivo and in vitro data, one-way ANOVA (with the
Bonferroni or Dunnett correction for comparing means to all other means or means to
vehicle, respectively) was used to compare one group and two way ANOVA (with the
Holm-Sidak correction to compare treatment means to vehicle) was used to compare
multiple groups. The data represent mean values with SEM. Differences were considered

statistically significant when the P value was less than 0.05.
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Name Target Supplier Catalog # I1C50 (uM)
NS-398 COX-2 Tocris 0942 3.8
SC-236 COX-2 Tocris 3919 0.005
SB431542 | TGFBR1 Cayman 13031 0.094
LY364947 | TGFpRI Cayman 13341 0.059
Table 1. List of inhibitors
Antibody Supplier Catalog #
Fc Block BD Biosciences 553142
CXCR4-PE eBioscience 12-0453-81
FceR-PE eBioscience 16-5898-82
CDI117-APC eBioscience 17-1171-83
TGFb/LAP-PE eBioscience 12-9821-80
CD25 BioXcell BEO0013
CD25 BioXcell BE0012
HDC Abcam ab37291
COX-2 Abcam ab62331
Table 2. List of antibodies
Gene Supplier Assay ID
Ptgs2 IDT Mm.PT.56a.14196835
Hdc IDT Mm.PT.58.30065020
Cxcr4 IDT Mm.PT.58.41597935
Tefbl IDT Mm.PT.56a.11254750
1lrll IDT Mm.PT.58.11610831.g
Gapdh Applied Biosystems 4352932E
Table 3. List of Tagman Primer Assays
COX-2 KO Primers Supplier Sequence
Forward IDT TGA GGC AGAAAGAGG TCCAGCCTT
Reverse IDT TTT GCC ACT GCT TGT ACA GCAATT

Table 4. List of genotyping Primers




Chapter 3: Results
I. Chemotherapy induces systemic immunosuppression via the generation of
PAFR agonists

A. Melanoma cells treated with chemotherapeutics generate PAFR agonists

Due to the fact that PAF is a lipid-derived molecule, which was first described as
an activity having the ability to elicit platelet aggregation, measuring PAF concentrations
or characterizing 0x-GPCs is not straightforward. Thus, both a quantitative assay and a
functional assay can be used to measure PAFR agonist concentrations. The quantitative
assay is mass spectrometry through which, by the help of our collaborator Prof. Robert
Murphy at University of Colorado, particular PAFR agonists in a sample can be
characterized and quantitated. A Ca>" mobilization assay can also be used as a functional
read out to determine the ability of samples to activate the PAFR. This method was first
developed in 1998 [130]. In short, a PAFR-negative human epidermal cell line (KB) was
stably transduced with either the human PAFR to form KBP cells, or control MSCV2.1
vector to form PAFR-null (KBM) cells. Binding studies using radiolabeled PAFR
antagonist WEB2086 revealed the presence of PAFR protein. Further characterization of
these two cell lines demonstrated that treatment with CPAF would induce intracellular
Ca’" release and IL-8 production in KBP cells that can be measured by fluorimetry and
ELISA, respectively. To measure intracellular Ca*‘release, cells are loaded with Fura-2-
AM for 2 hours and fluorescence is measured immediately after treatment using a
spectrofluorimeter [130].

Thus, to determine whether chemotherapeutics generate PAFR agonists in

melanoma treatment, B16F10 melanoma cells were incubated with various
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chemotherapeutics currently used for the treatment of melanoma for one hour. Lipid
extracts were isolated from these cells, which contain any generated PAF and ox-GPCs,
using standard organic separation techniques [137]. To test for the presence of any PAFR
agonists in these lipid extracts, Ca®" mobilization in Fura-2 loaded KBP and KBM cells
was measured in response to treating the cells with aliquots of lipid extracts. Lipid
extracts from B16F10 cells treated with etoposide activated calcium release in KBP
(Figure 7A), but not KBM (Figure 7B) cells, suggesting the presence of PAFR-agonists
in these extracts. Figure 7A shows examples of Ca® measurements from KB cells treated
with controls, or lipid extracts from vehicle or etoposide treated melanoma cells.
Endothelin-1 (ET-1; 1 uM) was used as a positive control for the KBM cells. In a similar
fashion, time course experiments were performed using dacarbazine, etoposide, cisplatin,
and melphalan, over the course of four hours. The fluorescence peak heights were
compared to maximal Ca*" response generated by 1 uM CPAF to derive % maximal
values, to allow this assay to be semi-quantitative. Maximal calcium release in KBP cells
induced by lipid extracts derived from B16F10 melanoma cells treated with
chemotherapeutic agents was observed around two hours of incubation of cells with
chemotherapeutic agents (Figure 7C). Similar results were observed with the human

melanoma cell line SK23MEL (Figure 7D).
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Figure 7. Etoposide, cisplatin, and melphalan induce the generation of PAFR
agonists.

A and B. 5x10° B16F10 cells were treated with 100 pg/mL etoposide or DMSO
vehicle for 1 hour. Cells were homogenized and lipids were extracted by organic
separation. KBP (PAFR-expressing, A) or KBM (PAFR-null, B) cells were incubated
with Fura-2 AM and treated with lipid extracts. Intracellular Ca®>" levels were
monitored over time by measuring fluorescence. Excess CPAF or endothelin-1 (ET-1)
(1 uM) was finally added to quantitate maximal Ca®* response. C and D. 5x10°
B16F10 (C) or SK23MEL (D) cells treated with 100 ug/mL of chemotherapeutic
agents or 0.5% DMSO vehicle for various time points. Lipid extracts from cell lysates
were tested for PAFR agonistic activity using Fura-2-loaded KBP cells. Graphs show
the mean = SEM percentage of maximum intracellular calcium release induced by 1
uM CPAF from at least four separate experiments. * denotes statistically significant (p
< 0.05) changes in PAFR agonistic activity from control values for C and D.
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Melanoma cells from patients have been shown to express PAFR, which can
contribute to metastasis [31]. However, previous studies revealed that murine B16F10
melanoma cells do not express functional PAFRs as shown by lack of mRNA and failure
to respond with an intracellular calcium mobilization response to CPAF [25]. To
determine whether melanoma PAFR expression could modulate the generation of PAFR
agonists by chemotherapy, the PAFR (Ptafr) gene (B16P) or MSCV2.1 retrovirus control
vector (B16M) was previously transduced into B16F10 melanoma cells [25]. This way,
PAFR expressing melanoma cells, B16P, induced greater amounts of PAFR agonists
following treatment with dacarbazine, etoposide and cisplatin (Figure 8A). This finding
suggests that PAFR expression on melanoma could contribute to the generation of PAFR
agonists by chemotherapy. This is likely due to ox-GPCs acting on the melanoma cell
PAFR to generate PAF enzymatically. To determine whether the PAFR agonists
generated from chemotherapy-treated cells was due to the oxidation of cell membrane
lipids, cells were pretreated with or without antioxidants, vitamin C (Vit C) and N-
acetylcysteine (NAC), followed by treatment with chemotherapy or vehicle. Lipid
extracts from B16P and B16M cells pretreated with antioxidants before treatment with

cisplatin and etoposide were found to mobilize less calcium in KBP cells (Figure 8B).

46



A B o 100 | | o B16M | |
120 | —#— BIGM-DACARBAZINE 2 == B16P
—y— B16M-ETOPOSIDE — o 80+ I
@ 100 | —#— BISM-CISPLATIN - x ¥
@ —8— B16P-DACARBAZINE Eo 4!
® O 80{—¥ B16P-ETOPOSIDE f R x
ES —8— B16P-CISPLATIN s E -
X 2 60 o3 4 1
= E 5 o all * o x
e = 4 -f_ﬂ
S o 2 || 3
8 20
0l _an =0 2
0 NAC - + - - + - - + .
0 1 10 100 Vit€C - - % - - ¥ . . &
[ChemoRx] (pg/mL) ETOP - - - + + L - - -

+

CISP- = =« =« - - + +

Figure 8. Generation of etoposide- and cisplatin-induced PAFR agonists is
blocked by antioxidants and augmented by PAFR expression.

A. PAFR-expressing BI6F10 PAFR cells (B16P) or PAFR-null BI6F10MSCV2.1
(B16M) cells were treated with increasing doses of etoposide, dacarbazine, and
cisplatin for 1 hour. Lipid extracts were isolated and then tested for the ability to
activate the PAFR. The data are the mean =+ SE percentage of maximum intracellular
calcium response (normalized to CPAF) from three to four separate experiments. B.
B16P and B16M cells were preincubated vitamin C (2.5 mM), NAC (5 mM), or 0.5%
DMSO vehicle one hour prior to a one hour treatment with 100 pg/mL of etoposide or
cisplatin. Lipid extracts were then isolated and tested for PAFR agonistic activity. The
data are the mean = SEM percentage of maximal intracellular calcium response
(normalized to CPAF) from at least three separate experiments. * denotes statistically
significant (p < 0.05) changes in PAFR agonistic activity from control values for A,
and differences between chemotherapy-treated B16P and B16M cells in B. For C, the
significant changes were for cisplatin at 10 pug/mL and for cisplatin, and etoposide at
100 pg/mL versus 0 dose.
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These results suggest that chemotherapeutics induce the formation of PAFR
agonists in part via the oxidation of resident lipids in treated melanoma cells. Lastly, to
quantitate (Figure 9) and determine the structural identity (Table 5) of the PAFR agonists
in the lipid extracts, collaborator Robert Murphy used mass spectrometry with deuterated
internal standards using previously published methodologies [26]. They found that
etoposide treatment generated greater than two-fold levels of PAF (1-O-hexadecyl-2-
acetoyl-GPC), AzPAF (1-O-hexadecyl-2-azeleoyl-GPC), and BPAF (1-O-hexadecyl-2-
butanoyl-GPC), among others, compared to vehicle treated cells. The structures of these
PAFR agonists are summarized in Table 5. However, levels of the biologically inactive
PAF precursor/metabolite lyso-PAF were unchanged following etoposide treatment.
These in vitro studies demonstrate that chemotherapeutic agents, etoposide, cisplatin, and
melphalan, induce melanoma cells to generate PAF and ox-GPCs with PAFR agonistic

activity, in part due to ROS.
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Figure 9. Structural characterization of etoposide-generated PAFR agonists.
Lipid extracts from B16F10 cells treated with etoposide (100 pg/mL) or vehicle (0.5%
DMSO) for 2 hours were collected. Lipid extracts were subjected to HPLC/MS/MS
analysis. PAF and Ox-GPC species were quantified using deuterium-labeled internal
standards. The data are expressed as mean + SEM fold increase in PAFR agonist in
etoposide over vehicle-treated. Representative of five separate experiments. * denotes
statistically significant (p < 0.05) changes from vehicle-treated. Mass spectrometry
analysis was kindly generated by Kathleen Harrison and Dr. Robert Murphy.
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Glycerophosphocholine

Vehicle-Treated
(pg/10° cells)

Etoposide-Treated
(pg/10° cells)

PAF 467 949
591 982
)\\/o\/\®N/\ 84 321
Q/—\_/—Lg/\(\o o/ o 221
ﬁ/ 161 301
Mean 269 Mean 548
PACPC 1200 3220
2 o o/ 2320 3490
WO/VO/ < \/\/N\ 5400 12600
d o} % 380 577
j/ 520 1453
Mean 1964 Mean 4268
BPAF o & 17.3 35.3
/\\P/O\/\N\ 17.1 39.4
oY o % / 8.2 26.8
On° 6.9 195
\j/ 16 31.2
Mean 13.1 Mean 30.4
PBPC o 191 441
P /\\P/O\/\@N/ 329 467
o \(\O \ /> 197 335
O © © 127 379
\j/ 271 751
Mean 224 Mean 475
PPrPC o 3.8 4.9
/\P/O\/\@N/ 8.4 19.9
oY o7, /S 0.1 2.8
Ox 0 © 3.2 7.8
T 8.4 10.5
Mean 4.8 Mean 9.2
PHPC 1.4 1.5
/\\P/o\/\®N/ 3.8 4.7
i g /> 13 3.7
NG © 7.2 34.1
\[i/\/ 11.3 39.6
Mean 5.0 Mean 16.7

Table 5. Glycerophosphocholine species generated in response to etoposide
treatment of B16F10 cells. B16F10 cells were incubated for 2 hours with etoposide
(100 pg/ml), or vehicle (0.5% DMSO) for 2 hours. PAF and Ox-GPC species from
lipid extracts were quantified using deuterium-labeled internal standards. The table
includes structures and amounts (pg per 10°) of different GPCs in extracts from
vehicle or etoposide-treated cells from 5 separate experiments. Mass spectrometry
analysis was kindly generated by Kathleen Harrison and Dr. Robert Murphy.
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Glvcerophosphocholine Vehicle-Treated | Etoposide-Treated
ycerophosp (pg/10° cells) (pg/10° cells)
AzPAF A /O\/\@'\)‘/ 1.5 225
o o\ /N 4.7 153
0y _O © 3.7 42.3
34.1 41.5
0 39.6 44.8
OH Mean 16.7 Mean 33.3
PAzPC A /o\/\®/ 219 140
O/Y\O/ \ PN 97 77
0 o _O ] 139 179
362 336
° 251 497
OH Mean 214 Mean 246
OVPAF \\P/ o\/\@N / 12 gi
o o™\ / ~ . .
O/\O(\ % 1.2 1.2
1.3 0.69
0 0.56 0.8
H Mean 1.2 Mean 2.6
ONPAF O\\ /o\/\@N/ 1.9 8.8
O/\(\O/ \O / ~ 1.3 4
o 0 © 1.3 5.9
0.18 0.29
° 0.75 0.25
H Mean 1.1 Mean 3.8
POVPC 3.4 7.2
Q
NN 15 6
0/\(\0/ N /N\ .
O 6.5 8.6
0 o 0 ]
4.2 4.2
0 4.3 5.7
H Mean 4.0 Mean 6.3
PONPC A /o\/\@/ 23.1 56.4
o/\/\o/ \ NN 16.8 35.2
0 oy _O ) 23.8 47.4
8.2 9.4
o
6.7 11.3
H Mean 15.7 Mean 31.9

Table 5. Glycerophosphocholine species generated in response to etoposide
treatment of B16F10 cells. B16F10 cells were incubated for 2 hours with etoposide
(100 pg/ml), or vehicle (0.5% DMSO) for 2 hours. PAF and Ox-GPC species from
lipid extracts were quantified using deuterium-labeled internal standards. The table
includes structures and amounts (pg per 10°) of different GPCs in extracts from
vehicle or etoposide-treated cells from 5 separate experiments. Mass spectrometry
analysis was kindly generated by Kathleen Harrison and Dr. Robert Murphy.
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B. Melanoma tumors treated with intratumoral chemotherapy produce
immunosuppressive PAFR agonists

While systemic intravenous administration of chemotherapy is the most common
route of administration, other routes of administration are useful in providing localized
high-dose chemotherapy. IPL and intratumoral injections are available recourses to avoid
the damaging effects of systemic high-dose chemotherapy on vital organs [99, 113, 114,
138, 139]. In order to ascertain whether chemotherapy generates PAFR agonists in vivo,
an intratumoral injection approach was used to isolate the effects of drug on the tumor
rather than the host. First, lipids were extracted from B16F10 tumors in mice one hour
after intratumoral injection with either etoposide, melphalan, or vehicle. Lipid extracts
from chemotherapy-treated tumors induced greater than a 10-fold increase in maximal
calcium mobilization in KBP cells, compared to vehicle treated tumors (Figure 10A).
Similar results were seen with human melanoma SK23MEL tumors transplanted into
SCID mice (Figure 10B). Additionally, when the mice were put on an antioxidant diet
(Vit C + NAC) before tumor implantation and chemotherapy (etoposide or melphalan)

injection, the PAFR agonistic potential of the lipid extracts was diminished (Figure 10A).
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Figure 10. Intratumoral etoposide, and melphalan induces the generation of
PAFR agonists.

A. WT mice were fed regular chow, or vitamin C-enriched chow (10 mg/kg) and NAC
(5 mM) in water, ad libitum for 10 days before implantation of BI6F10 tumors. B.
SK23MEL tumors were implanted on SCID mice on a regular diet. A and B. Lipid
extracts were obtained from 10 mg samples of tumors 1 hour following intratumoral
injection with either etoposide (36 mg/kg), or melphalan (15 mg/kg), or PBS vehicle
(100 pL). Lipid extracts were then tested by calcium mobilization for PAFR agonistic
activity. The data are the mean + SEM percentage of maximum intracellular calcium
response (normalized to CPAF) from four to six separate tumors. * denotes statistically
significant (p < 0.05) changes in levels of PAFR agonists in comparison to vehicle-
treated tumors.
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Since the generation of PAFR agonists was found in tumors following etoposide
and melphalan chemotherapy injection, this observation led to the hypothesis that PAFR
agonists could promote growth of a second tumor via systemic immunosuppression.
Systemic administration of chemotherapeutics was found to be effective in reducing
B16F10 tumor growth, but highly toxic to mice. Thus, to minimize toxicity in the mice
and potential effects of chemotherapeutic agents on the immune system, a dual-tumor
model was devised in which one tumor is treated with high-dose chemotherapy, while the
contralateral tumor is measured over time. This dual-tumor model is not only a relevant
model for intratumoral and IPL therapy in the clinic, but perhaps also a model of
metastatic tumor growth. Using this model melphalan was found to have reduced efficacy
in reducing growth of a second tumor in WT hosts compared to PAFR KO mice (Figure
11A). Notably, there was no discernable difference in growth of a second tumor between
WT and PAFR KO mice when tumors were treated with vehicle (Figure 11B). This

finding suggests that this difference in tumor growth may be PAFR-dependent.
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Figure 11. Intratumoral melphalan treatment augments the growth of untreated
B16F10 melanomas in a PAFR-dependent manner.

B16F10 tumors were implanted on bilateral dorsal hind flanks in WT and PAFR-KO
(Ptafr-/-) mice. A-D. Six days after implantation and every third day thereafter, the left
tumor was injected with melphalan (15 mg/kg; n = 6-7; A and B), or vehicle (n = 5-6),
while the contralateral tumor was undisturbed and measured. The data depicted are the
mean = SEM of tumor volume of untreated tumors over time. B. Data depicted is the
tumor volume on day 17 from WT and PAFR-KO mice treated with intratumoral
vehicle or melphalan. C and D. As in Fig. 8 mice were fed an antioxidant diet for 10
days before implantation of bilateral B16F10 tumors. Six days after implantation, one
tumor from each mouse was injected with melphalan (n = 10-11) and every 3 days
thereafter. The data depicted are the mean £ SEM of tumor volume of untreated
tumors over time. D. Data represent the volume of untreated tumors at day 16 from
melphalan-treated WT and PAFR-KO mice with regular or antioxidant diet. Statistical
significance of changes in tumor volumes denoted by ** (p < 0.01); * (p <0.05); # (p
<0.1).
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In light of evidence suggesting that chemotherapy generated PAFR agonists via
the oxidation of lipids in vivo, this evidence led to the hypothesis that ox-GPCs might
also be responsible for the increased growth of a second tumor in WT mice. To test this
hypothesis, mice were kept on an antioxidant diet (vitamin C + NAC) for 10 days before
the implantation of tumors. Using a dual-tumor model, it was found that when one tumor
was treated with melphalan, contralateral tumor growth in mice on antioxidants had
significantly decreased tumor growth compared with those on a normal diet (Figure 11C
and 11D). Similar, results were observed when tumors were treated with etoposide
(Figure 12A and B). Notably, there was no difference in contralateral tumor growth from
chemotherapy (melphalan or etoposide) treated tumors between PAFR KO mice given
antioxidants and normal diet (Figure 13). These findings suggest that the promotion of
growth of a second tumor was mediated by PAFR agonists produced by ROS in tumors

treated with chemotherapy.
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Figure 12. Intratumoral etoposide augments untreated tumor growth in a PAFR
and ROS-dependent manner.

A. B16F10 tumors were implanted on bilateral dorsal hind flanks in WT and PAFR-
KO (Ptafr-/-) mice. A and B. Six days after implantation and every third day
thereafter, the left tumor was injected with etoposide (36 mg/kg; n = 5-6; A and B), or
vehicle (n = 5-6), while the contralateral tumor was undisturbed and measured. The
data depicted are the mean = SEM of tumor volume of untreated tumors over time. B.
Data represent the volume of untreated tumors at day 16 from etoposide-treated WT
and PAFR-KO mice (n=9-12) with regular or antioxidant diet. Statistical significance
of changes in tumor volumes denoted by ** (p <0.01); * (p <0.05); # (p <0.1).
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Figure 13. Growth of tumors treated with intratumoral melphalan or etoposide
versus vehicle at Day 17.

As in Fig. 9 mice were fed an antioxidant diet for 10 days. B16F10 tumors were then
implanted on bilateral dorsal hind flanks in WT and PAFR-KO (Ptafr-/-) mice. Six
days after implantation, the left tumor from each mouse was injected with vehicle,
melphalan (15 mg/kg; n = 9-11) or etoposide (36 mg/kg; n=9-12), and every 3 days
thereafter. The data depicted are the mean tumor volumes + SEM at Day 17 post-
tumor implantation of tumors treated with chemotherapy, or vehicle, implanted on the
left flank. Between WT & PAFR-KO mice, there were no statistically significant
differences in the growth of chemotherapy- or vehicle-injected tumors.
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There are significant data suggesting that COX-2 is involved in the
immunosuppressive effects of UVB and PAF [16, 24, 25, 118, 130, 131]. Thus, this
evidence led to the hypothesis that COX-2 was involved in mediating the increase in
contralateral tumor growth by chemotherapy in a PAFR-dependent fashion. Similarly, it
was hypothesized that CPAF administration could modulate tumor growth in a COX-2
dependent fashion. To test this hypothesis mice were treated with either intraperitoneal
injections of vehicle or CPAF, and vehicle or COX-2 inhibitor SC-236, every 6 days after
single tumor implantation on Day 0. By measuring tumors over time, it was found that
CPAF i.p. promoted tumor growth (Figure 14A). While SC-236 did not modulate tumor
growth alone, it did inhibit the tumor promoting effects of CPAF. Similar results were
seen in using a structurally different COX-2 inhibitor, NS398 (Figure 14B). Noteworthy,
however, is the fact that neither SC-236, nor CPAF, had any effect on tumor growth in
PAFR KO mice (Figure 14C). Next to test the hypothesis that COX-2 inhibitors could
block the tumor promoting effects of chemotherapy, a dual-tumor model was used, where
mice were either treated with COX-2 inhibitor, SC-236, or vehicle every three days
during intratumoral chemotherapy treatment. Tumor measurements over time showed
that in mice treated with intratumoral chemotherapy, untreated tumors grew smaller and
at a slower rate when mice were treated with COX-2 inhibitor SC-236 compared to mice
given vehicle treatment (Figure 15A and 15B). These findings indicate that COX-2
inhibitors can block the growth promoting effect of chemotherapy on a contralateral

tumor.
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Figure 14. COX-2 inhibitors block PAFR-mediated augmentation in tumor
growth.

A and B. A single B16F10 tumor was implanted on the dorsal hind flanks in WT mice
(n = 6-7). Starting on the day of tumor implantation, the mice were treated every 6
days with CPAF (250 ng i.p.) or vehicle, and vehicle or COX-2 inhibitors SC-236 (200
ngi.p.; A), NS-398 (5 pgi.p.; B). C. A single B16F10 tumor was implanted on the
dorsal hind flanks in PAFR-KO mice (n = 4-5). Mice were treated at tumor
implantation and every 3 days with intraperitoneal injections of vehicle, CPAF (250
ng), or COX-2 inhibitor SC-236 (200 ng). Tumor growth was measured over time. The
data depicted are the mean = SEM of tumor volume. Statistical significance of changes
in tumor volumes is denoted: ** (p < 0.01); * (p <0.05); # (p <0.1).
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Figure 15. COX-2 inhibitors block melphalan- and etoposide-induced
augmentation of tumor growth.

A and B. B16F10 tumors were implanted on bilateral dorsal hind flanks in WT mice.
Mice were treated with COX-2 inhibitor SC-236 (200 ng i.p.) or vehicle every 3 days
starting on the day of tumor implantation. Left tumors were also injected on day 6
post-tumor implantation with PBS vehicle (n = 7) or chemotherapy (melphalan (n =
16; A) or etoposide (n=12-14; B) and every 3 days thereafter . Untreated tumors were
measured over time as in Fig. 11. The data depicted are the mean = SEM of tumor
volume of untreated tumors over time in which the contralateral tumor was treated
with chemotherapeutic agent. Statistical significance of changes in tumor volumes is
denoted: ** (p <0.01); * (p <0.05); # (p <0.1).
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There are several reports suggesting that Tregs are involved in the
immunosuppressive effect of UVB and PAF [24, 25, 118, 119]. This information led to
the hypothesis that Tregs could mediate the immunosuppressive effects of chemotherapy.
To test this hypothesis, an a-CD25 depleting antibody was used to deplete Tregs [24, 25].
In a dual tumor model, it was found that depleting Tregs using an antibody approach
protected against growth of the untreated tumor, when treating the contralateral tumor
with etoposide (Figure 16D). These data support the hypothesis that Tregs might be
involved in mediating the promotion of tumor growth by CPAF. To investigate whether
generated PAFR agonists might induce the expansion of FOXP3+ Tregs, a FOXP3-EGFP
reporter mouse was obtained from JAX [133]. Using flow cytometry, mice treated with
CPAF were found to have increased populations of intratumoral Tregs nine days after
CPAF injection in a process blocked by COX-2 inhibitors (Figure 16A and B). This
increase in Treg numbers in tumors and draining LNs, however, could be attenuated by
COX-2 inhibitor, SC-236, as measured by EGFP (Egfp) expression by qRT-PCR (Figure

16C).
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Figure 16. Tregs are necessary for etoposide-induced augmentation of tumor
growth.

FoxP3ESFP WT mice (n=6-9) were implanted with a single BI6F10 tumor on dorsal
hind flanks. Mice were then treated with with COX-2 inhibitor SC-236 (200 ng) or
vehicle PBS (100pl) i.p. starting on day of implantation and every third day. On days
0, 6 and 12 mice were also treated with CPAF or vehicle. On days 6, 9, 12, 15 and 18,
tumors were harvested and analyzed for EGFP+ cells by flow cytometry and qRT-PCR
as a marker for Tregs. A. Mean percent increase in tumor EGFP+ populations,
normalized to vehicle treated groups, between CPAF and SC-236 + CPAF treated
groups over various time points. Error bars represent SEM. B. Representative dot plot
for tumor EGFP+ cells 9 days after CPAF or SC-236 + CPAF treatment. C. Relative
Egfp mRNA levels normalized to Cd3e in tumors from CPAF or SC-236 + CPAF
treated mice. D. BI6F10 tumors were implanted on bilateral dorsal hind flanks in WT
mice. Two days prior to tumor implantation, groups of mice (n=7-8) were treated with
isotype (IgG1 and IgM1) or anti-CD25 (clones PC61.5.3 IgG1 and 7D4 IgM1, 1 mg
each). Tumors were injected with etoposide and contralateral tumors were measured as
outlined in Fig. 11. Statistically significant changes are denoted: ** (p <0.01); * (p <
0.05). Flow cytometry and qPCR for this figure were kindly contributed by Dr. Sahu.
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C. Isolated limb perfusion chemotherapy generates PAF and PAFR agonistic ox-

GPCs in humans

In light of evidence suggesting that PAFR agonists are generated as a result of

chemotherapy in mice, it became relevant to study this phenomenon in humans. To test
the hypothesis that high-dose chemotherapy in ILP generates PAF-like ox-GPCs,
perfusate samples from human patients undergoing ILP melphalan chemotherapy for
solid tumors (melanoma, sarcoma) were obtained in collaboration with surgeons Douglas
S. Tyler and Paul J. Speicher from Duke University, as well as Christopher E. Touloukian
at Indiana University. To measure PAFR agonists in the samples, lipids were extracted
from the perfusate samples. Then the PAFR-Ca”" biochemical assay was used to measure
the ability of these lipid isolates to activate the PAFR. A basal concentration of PAFR
agonists were measured from perfusate samples once the perfusion flow was established
(Control) and did not change after the limb was heated to 40°C. However, a significant
increase in PAFR activation was measured from perfusates collected 15-60 minutes after
melphalan was introduced into the perfusate (Figure 17A). Collaborator Prof. Robert
Murphy, University of Colorado, found by mass spectrometry analysis that various ox-
GPCs were generated during this process. Of significance, production of PAF, ONPAF
and AzPAF, were significantly increased in perfusates following melphalan
administration compared to control perfusates (Figure 17B). These findings demonstrate
that chemotherapy administered by IPL generates a significant quantity of PAFR agonists

in the clinical setting.
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Figure 17. Isolated limb perfusion melphalan therapy generates PAFR agonists in
humans.

A. ILP samples were drawn at various time points [once the perfusion circuit was
established (Control), once the limb was heated to 40 °C (Heat), and 15, 30, 45 and 60
minutes after the initiation of melphalan chemotherapy] from the perfusate of six
separate subjects undergoing high-dose chemotherapy. Lipid fractions were isolated
from these perfusate samples and tested by calcium mobilization for PAFR agonistic
activity as in Fig. 7. The data are the mean & SEM percentage of maximum
intracellular calcium release (normalized to 1 pM CPAF) of duplicate samples. B.
Perfusates collected at two time points (Control and 30 minutes after chemotherapy)
from three subjects were analyzed by mass spectrometry as in Fig. 9. The data
depicted are mean mass (ng) of GPC + SEM per 8 mL of perfusate from three separate
subjects. * Denotes statistically significant (p < 0.05) changes from values measured in
control perfusates. Mass spectrometry analysis was kindly generated by Kathleen
Harrison and Dr. Robert Murphy.
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D. PAFR agonist augmentation of tumor growth requires MCs

There are several reports that MCs are required for PAF- and UV-induced
immunosuppression [68, 73, 74, 127, 140]. These reports led to the hypothesis that MCs
may also be necessary for PAF-induced augmentation of tumor growth. To test this
hypothesis, mast cell-deficient (Wsh) mice were transplanted with B16F10 tumors and
the mice were treated with vehicle, or CPAF, on days 0, 6 and 12. Tumor measurements
over 14 days demonstrated that there were no significant differences in tumor growth
between mice treated with vehicle or CPAF (Figure 18). This evidence suggests that MCs
are involved in the tumor promoting effects of PAF. The mechanism by which MCs are

involved in this pathway remains poorly understood.

66



2000~ _
-o- \/ehicle

NS -=- CPAF

-
(3]
(=
(=]
1

500~

Tumor Volume (mm?)
=N
(=]
(=]
(=]
[

|
0 5 10 15
Days Post Tumor Implantation

Figure 18. Tumor measurements in MC-deficient Wsh mice treated with
intraperitoneal injections of CPAF vs vehicle.

Wsh mice (n=5) were implanted with a single B16F10 tumor and were treated at day 0
and every 6 days with intraperitoneal injections of CPAF (250 ng) or vehicle (PBS).
Growth of untreated tumor was assessed over time as in Fig. 11. The data depicted are
the mean + SEM of tumor volume over time. Statistical significance determined using
two-way ANOVA and using post-hoc Sidak multiple comparisons method for every
time point, with alpha=5%.
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II. Mast cell-derived histamine and prostaglandins mediate IL-33 receptor

dependent PAF-induced immunosuppression
A. Validation of MC transplant CHS model

To elucidate the role of MCs in PAFR-mediated immunosuppression, a

dinitrofluorobenzene (DNFB) contact hypersensitivity model (CHS) was used (Figure
19). This particular model is well established in the literature [141-144]. This allergy
model is better suited than a tumor model to understand the role of PAF and its effects in
the inflammatory process, for it has well-defined mechanisms. The first set of
experiments sought to validate a MC transplant model for the use in CHS experiments.
This model would allow us to study the role of a specific population of mast cells, the
dermal mast cell. Bone marrow-derived mast cells (BMMCs) were used for this model,
due to the fact that MC reconstitution into Wsh mice has been well described in the

literature [69].

Sensitization Challenge
5 days 9 days 24 hrs  Measure ear
T e APPIYDNFBto  Right EariDNFB  thickness
dorsal skin Left Ear: Vehicle A=Right-Left

Figure 19. CHS model.

Mice are treated (Tx) with CPAF (250ng, i.p.) or vehicle (PBS, i.p.), histamine (200
pg s.c.) or UVB (7.5kJ/m?) on shaved dorsal skin. Five days later mice are sensitized
to DNFB by painting 25uL of 0.5% DNFB in acetone:olive oil (4:1) on shaved dorsal
skin. Nine days later ears are measured, one ear of the mice is treated with 0.5%
DNFB, whereas the other is treated with vehicle. Ear thickness is measured 24 hours
later. Change in ear thickness is the difference in ear thickness between right and left
ears. Change in ear thickness is normalized to WT vehicle-treated mice.
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BMMC were obtained by flushing femurs and tibia from 8-12 week old mice and
plating the cells obtained with IL-3 (10 ng/mL) supplemented media for 4 weeks (Figure
20A). Flow cytometry analysis revealed that >90% of the cells in culture were FceRI+
ckit+, suggesting that the cells were mature mast cells (Figure 20B). These BMMC were
then incubated with Fura-2-AM and subsequently treated with CPAF. BMMCs
expressed a functional PAFR, due to the ability of Fura-2 loaded MCs to mobilize Ca*
when treated with CPAF (Figure 20C). MCs (10° cells) were then transplanted into the

dorsal skin of Wsh mice to reconstitute dermal MCs.
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Figure 20. BMMC:s express functional PAFR.
A. Mouse femur and tibia marrow were flushed with IMDM media. Mononuclear cells
were isolated by Ficoll and plated in media supplemented with IL-3 (10 ng/mL) for
4-8 weeks. B. After four weeks, cells are analyzed for ckit and FceRI expression by
flow cytometry. Culture method yields >90% ckit+ FceRI+ cells. C. Representative
Ca?" mobilization plot. After four weeks, cultured bone marrow cells were incubated
with Fura-2 AM and treated with CPAF. Subsequent, calcium mobilization was
measured by fluorimetry. Figures are representative of three experiments.
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A CHS assay with WT, PAFR KO, Wsh and Wsh mice transplanted with MCs was
performed that showed that CPAF and UVB irradiation attenuate the ear swelling
response to DNFB challenge in WT mice, compared to vehicle treated mice (Figure 21).
However, as depicted in Figure 21, PAFR KO and Wsh mice are insensitive to the
immunosuppressive effects of CPAF/UVB. Interestingly, MC reconstitution rescued the
immunosuppressive phenotype of UVB and CPAF in Wsh mice. These findings

confirmed that MCs are necessary for UVB/PAFR-mediated inhibition of CHS reactions.
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Figure 21. MC reconstitution rescues UVB and CPAF induced systemic
immunosuppression in Wsh mice.

Groups of 8-12 WT, PAF-R KO, Wsh, or Wsh mice reconstituted with WT MC were
treated with UVB (7.5kJ/m?) , CPAF (250 ng) , or vehicle 5 days prior to DNFB
sensitization. Mice were challenged with DNFB on Day 9 post-challenge and ear
thickness was measured 24 hours later. * Denotes statistically significant differences
(p<0.05) in ear thickness measurements normalized to vehicle treated mice. Statistical
significance determined using two-way ANOVA and the post-hoc Holm-Sidak
method, with alpha=5%. Each row was analyzed individually, without assuming a
consistent SD. Error bars represent SEM.
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B. MC PAFR is necessary for PAFR-mediated immunosuppression

Evidence that MCs were necessary for PAFR-mediated immune suppression, led
to the hypothesis that the MC PAFR is necessary to for PAF to induce systemic
immunosuppression. To test this hypothesis, WT, Wsh, or Wsh mice transplanted with
WT or PAFR KO MCs, were treated with either vehicle or CPAF prior to sensitization to
DNFB and subsequent ear challenge. While WT MC transplantation rescued the
immunosuppressive ability of CPAF as measured by CHS, transplantation of PAFR KO
MCs failed to rescue this phenotype (Figure 22). Additionally, if WT MCs were
transplanted into Wsh mice lacking PAFR (PAFR KO Wsh), CPAF treatment still
exerted a significant immunosuppressive effect (Figure 22). To verify that negative
results in PAFR KO MC transplantation were not due to poor transplantation yield, the
presence of dermal MCs in these mice were demonstrated by Toluidine Blue staining and
MC numbers were found to be in relatively normal numbers (Figure 23). Together, this
experimental evidence indicates that the MC PAFR is both necessary and sufficient to

mediate systemic immunosuppression by PAF.
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Figure 22. MC PAFR is necessary and sufficient for PAFR-mediated systemic

immune suppression.
Groups of 8-9 WT, Wsh, Wsh mice reconstituted with WT, or PAF-R KO MC; or

PAFR KO Wsh mice reconstituted with WT MC, were treated with CPAF or vehicle 5
days prior to DNFB sensitization Mice were challenged with DNFB on Day 9 post-
challenge and ear thickness was measured 24 hours later. * Denotes statistically
significant differences (p<0.05) in ear thickness measurements normalized to vehicle
treated mice. Statistical significance determined using two-way ANOVA and the post-
hoc Holm-Sidak method, with alpha=5%. Each row was analyzed individually,
without assuming a consistent SD. Error bars represent SEM. Experiments
representative of two separate experiments with 8-9 mice per group in each
experiment.

72



Mast Cells/HPF
H
[ ]

|
Wsh Wsh + Wsh + PAFR-KO Wsh
WT MC KO MC + WT MC

Figure 23. MC counts in dorsal skin slides stained with toluidine blue.

Dorsal skin from mice were formalin fixed before storage in ethanol. Sectioned slides
were stained for MCs by acidified toluidine blue. MC numbers were quantified by
counting ten high power fields (HPF, 600X). Data depicted is the mean of 4 mice +
SEM. * Denotes statistically significant differences (p<0.05) compared to WT.
Statistical significance determined using one-way ANOVA and the post-hoc
Bonferroni method for multiple corrections, with alpha=5%. Error bars represent
SEM.
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C. MC-derived histamine is necessary for PAF to induce systemic
immunosuppression

In 1998, Finlay-Jones and colleagues published a paper demonstrating that MC
deficient mice were not sensitive to immunosuppression by UVB [68]. Furthermore, they
showed that subcutaneous injection of histamine could elicit similar decrease in CHS
response as UVB in WT mice. These data led to the hypothesis that MC-derived
histamine may be one of the mediators involved in the immunosuppressive effects of
PAF. To test this hypothesis, WT, PAFR KO, or Wsh mice were treated with vehicle,
CPAF, or histamine before sensitization to DNFB and subsequent ear challenge to DNFB
for CHS experiments. Unlike CPAF, which has no effect on ear swelling to DNFB
challenge in Wsh mice and PAFR KO mice, histamine attenuated ear swelling on WT,

PAFR KO and Wsh mice (Figure 24).
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Figure 24. MC deficient mice are insensitive to CPAF- but sensitive to histamine-
induced inhibition of CHS reactions.

Groups of 8-12 WT, PAF-R KO or Wsh mice were treated with histamine (200 pg sc) ,
CPAF (250ng ip), or vehicle 5 days prior to DNFB sensitization. Mice were
challenged with DNFB on Day 9 post-challenge and ear thickness was measured 24
hours later. * Denotes statistically significant differences (p<0.05) in ear thickness
measurements normalized to vehicle treated mice. Statistical significance determined
using two-way ANOVA and the post-hoc Holm-Sidak method, with alpha=5%. Each
row was analyzed individually, without assuming a consistent SD. Error bars represent
SEM.
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Subsequently, this evidence led to the hypothesis that histamine is necessary for the
immunosuppressive effects of PAF. To test this hypothesis, histidine decarboxylase KO
(HDC KO) mice, which lack the enzyme responsible for histamine biosynthesis, were
used. Thus, WT and HDC KO mice were treated with vehicle, CPAF or histamine before
DNFB sensitization and subsequent CHS challenge. HDC KO mice were found to be
sensitive to immunosuppression by histamine, but insensitive to CPAF-induced
immunosuppression (Figure 25). This evidence suggests that histamine might be inducing

systemic immunosuppression down-stream of PAFR activation.
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Figure 25. HDC KO mice are insensitive to CPAF- but sensitive to histamine-
induced inhibition of CHS reactions.

Groups of 10-15 WT, or HDC KO mice were treated with histamine, CPAF, or vehicle
5 days prior to DNFB sensitization. Mice were challenged with DNFB on Day 9 post-
challenge and ear thickness was measured 24 hours later. * Denotes statistically
significant differences (p<0.05) in ear thickness measurements normalized to vehicle
treated mice. Statistical significance determined using two-way ANOVA and the post-
hoc Holm-Sidak method, with alpha=5%. Each row was analyzed individually,
without assuming a consistent SD. Error bars represent SEM. Figure is representative
of three pooled experiments.
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MCs are the primary, although not the only, source of histamine. Circulating
basophils are also a source of this bioactive amine [145]. As such, to test the hypothesis
that PAFR activation can induce MCs to release histamine and that MC-derived
histamine is necessary for the immunosuppressive effects of PAF, BMMCs were first
treated with CPAF in vitro. Using qRT-PCR, mRNA transcript for Hdc was found to be
upregulated after incubation with CPAF compared to vehicle treatment (Figure 26A).
Additionally, western blotting demonstrated that HDC protein production is increased as
well following CPAF treatment (Figure 26B and C). Lastly, CPAF-treated BMMCs were
found to have greater concentrations of histamine release, compared to vehicle, as
measured by ELISA (Figure 26D). These findings indicate that MCs are capable of

releasing histamine following PAFR activation.
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Figure 26. MC PAFR activation increases HDC mRNA and protein expression.
A. BMMCs were incubated with CPAF (100 nM) for different time points. Hdc gene
expression relative to vehicle (1-fold) was measured by gqRT-PCR using the 2724CT
method and endogenous Gapdh internal control. Each time point is representative of
three experiments. B. BMMCs were treated for 24hrs with increasing doses of CPAF
or ionophore/PMA (I/P). Protein fractions of cell lysates were run on an SDS-PAGE
gel and proteins were transferred to a nitrocellulose membrane. Membranes were
blotted for HDC and GAPDH. Figure is representative of three experiments. C.
Densitometry analysis of HDC western blots depict average fold expression of three
experiments of HDC relative to vehicle (1-fold) using GAPDH as loading control. D.
Histamine EIA shows average histamine release from three experiments from BMMCs
incubated with vehicle, CPAF (100nM) or aFceRI Ab (3pug/mL, positive control) for
one hour. Error bars represent SEM. * Denotes statistically significant differences
(p<0.05).
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Thus far the evidence suggests that histamine signaling and MC PAFR activation
are necessary for the immunosuppressive effects of PAF. While, MC PAFR activation
induces the release of histamine, MCs are not the only secretors of histamine. These data
led to the hypothesis that MC-derived histamine is necessary for PAF-induced
immunosuppression. To test this hypothesis MCs were derived from HDC KO mouse
BM. HDC KO or WT BMMC s, were then transplanted into Wsh mice. Subsequently,
these mice and WT controls were treated with vehicle, CPAF, or histamine, 5 days prior
to sensitization to DNFB for CHS experiment. The results of these experiments
demonstrated that CPAF and histamine attenuated ear swelling due to antigen challenge
in all of the mice (Figure 27A). Surprisingly, these experiments suggest that MC HDC
seems to be dispensable for the immunosuppressive effects of CPAF. Since it is known
that many cell types express the PAFR, there are likely redundant mechanisms in this
pathway. In particular, basophils, which express both PAFRs and produce histamine,
could serve this redundant role. For this reason, the use of a PAFR KO Wsh mouse,
which not only lacks MCs, but also lacks PAFR expression, could be useful in isolating
the role of MC HDC in PAFR-mediated immunosuppression. This mouse is useful in
transplantation, because transplanting PAFR-expressing MCs isolates PAFR expression
to only one cell type. Using a similar approach, WT or HDC KO BMMCs were
transplanted into the dorsal skin of PAFR KO Wsh mice. Transplanted mice and WT
control mice were treated with vehicle, CPAF or histamine, prior to DNFB sensitization.
After DNFB challenge, histamine treatment blocked ear-swelling responses in all groups,
however, CPAF treatment failed to suppress the DNFB responses in PAFR KO Wsh mice

transplanted with HDC KO MCs (Figure 27B).
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Figure 27. MC-derived histamine is necessary for PAFR inhibition of CHS

response.
WT or HDC KO MCs were transplanted into the dorsal skin of Wsh (A) or PAFR KO/

Wsh (B) mice. Groups of 5-8 mice along with WT were treated with vehicle, CPAF
i.p. or histamine s.c. 5 days before sensitization to DNFB for CHS assay. CPAF does
not confer immunosuppression in PAFR KO Wsh mice reconstituted with HDC KO
MCs. Error bars represent SEM. * Denotes statistically significant differences
(p<0.05) in ear thickness measurements normalized to vehicle treated mice. Statistical
significance determined using two-way ANOVA and the post-hoc Holm-Sidak
method, with alpha=5%. Each row was analyzed individually, without assuming a
consistent SD. Experiments representative of two different experiments with n=5-7
mice per group in each experiment.
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These data suggest that MC-derived histamine plays a role in PAFR-mediated
immunosuppression. While not necessary, MC-derived histamine may be sufficient to
induce systemic immunosuppression down-stream of PAFR activation.

D. MC COX-2 is necessary for PAF-induced immunosuppression

Previous work has demonstrated the importance of prostaglandins for UV light to
suppress the immune system. In particular, Narumiya and colleagues recently showed
that the prostaglandin receptor EP4 mediates UV-induced systemic immunosuppression
[131]. Our group has previously shown using a CHS assay that immunosuppression
induced by UVB, cigarette smoke and CPAF can all be blocked by COX-2 inhibitors [24,
25, 135]. In a similar fashion, WT mice were also treated with COX-2 inhibitor SC-236
and vehicle, CPAF or histamine, 5 days prior to sensitization to DNFB. After DNFB
challenge, ear measurements demonstrated that COX-2 inhibitors can block the

immunosuppressive effects of CPAF and histamine (Figure 28).
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Figure 28. COX-2 inhibitor SC-236 blocks CPAF- and histamine-induced
inhibition of CHS responses.

Groups of 6-8 mice along with WT were treated with vehicle or SC-236 (200 ng), and
vehicle, CPAF i.p. or histamine s.c. 5 days before sensitization to DNFB for CHS
assay. Error bars represent SEM. * Denotes statistically significant differences
(p<0.05) in ear thickness measurements normalized to vehicle treated mice. Statistical
significance determined using one-way ANOVA and the post-hoc Dunnett’s method,
with alpha=5%. Each row was analyzed individually, without assuming a consistent
SD. Experiments representative of two different experiments with n=4-5 mice per
group in the second experiment.
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These data suggest that COX-2 is involved in mediating the suppressive response of PAF,
but possibly down-stream of histamine. To test the hypothesis that MC PAFR activation
could induce prostaglandin release, BMMCs were first treated with CPAF. qPCR and
western blotting, revealed that COX-2 mRNA and protein levels are upregulated in
BMMC:s treated with CPAF (Figure 29A,B and C). Additionally, as shown in Figure
29D, treating BMMCs with CPAF resulted in PGE; release in BMMCs. These findings
demonstrate that MC PAFR activation induces COX-2 expression as well as

prostaglandin release.
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Figure 29. MC PAFR activation results in COX-2 mRNA and protein expression,
and PGE, production.

A. BMMC:s were incubated with CPAF (100 nM) for different time points. Pzgs2 gene
expression relative to vehicle (1-fold) was measured by qRT-PCR using the 2744CT
method and endogenous Gapdh internal control. Figure is representative of three
separate experiments. B. BMMCs were treated for 24hrs with increasing doses of
CPAF or ionophore/PMA (I/P). Protein fractions of cell lysates were run on an SDS-
PAGE gel and proteins were transferred to a nitrocellulose membrane. Membranes
were blotted for COX-2 and GAPDH. Figure is representative of three separate
experiments. C. Densitometry analysis of COX-2 western blots depict average fold
expression of three experiments of HDC relative to vehicle (1-fold) using GAPDH as
loading control. D. PGE, EIA shows PGE, release from BMMCs incubated with
vehicle, ionophore/PMA (I/P), or increasing concentrations of CPAF at eight hours.
Figure is representative of three separate experiments. Error bars represent SEM. *
Denotes statistically significant differences (p<0.05).
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Given the findings that PAFR activation can induce COX-2 expression in MCs,
thus led to hypothesis that MC COX-2 plays a role in the immunosuppressive mechanism
of PAF. In collaboration with Drs. Garret Fitzgerald and Sven-Christian Pawelzik at the
University of Pennsylvania, MCs were derived from the BM of Mcpt5-cre/Pigs 2"/
mice for transplantation into Wsh mice and subsequent CHS experiments [146-148].
Attempts at generating germline COX-2 KO mice on a C57BL/6 background resulted in
unhealthy mice that fail to thrive and have reproductive complications [149]. To take a
parallel approach, Fitzgerald and Pawelzik have generated COX-2 floxed mice that have
a MC-specific driven cre recombinase. MCPTS5, mast cell protease 5, is a mast cell
specific protease that is expressed in dermal MCs, which are connective tissue type MCs.
Thus, BMMCs were cultured from the BM of these mice. BMMCs from Mcpt5-
cre/Ptgs 2" mice transplanted into Wsh mice will mature and differentiate normally,
as has been demonstrated in the literature [69, 147, 148, 150], into dermal mast cells that
express MCPTS. Thus, MCPTS5 expression will result in the excision of exons VI - VIII
from COX-2 resulting in selective loss of COX-2 activity expression. Using this
approach BMMCs derived from Mcpt5-cre/Pigs2""* (COX-2 KO) or P1gs 2"/
(COX-2 WT) mice were transplanted into Wsh mice. These mice and WT controls were
treated with vehicle, CPAF, or histamine, 5 days prior to sensitization to DNFB. After
DNFB challenge, ear measurements showed that histamine and CPAF reduced ear
swelling in both WT mice and Wsh mice transplanted with COX-WT MCs. In contrast,
Wsh mice transplanted with COX-2 KO MCs were resistant to immunosuppression by
CPAF (Figure 30). These findings suggest that MC COX-2 contributes the suppressive

effects of PAF on the immune system.
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Figure 30. MC COX-2 is necessary for CPAF- but not histamine-induced
inhibition of CHS responses.

WT (Ptgs2foxfloxy or COX-2 KO (Mcpt5-cre/Ptgs2/oflox )y MCs were transplanted into
the dorsal skin of Wsh mice. Groups of 7-10 mice along with WT were treated with
vehicle, CPAF i.p. or histamine s.c. 5 days before sensitization to DNFB for CHS
assay. CPAF does not confer immunosuppression in Wsh mice reconstituted with
COX-2 KO MCs. Error bars represent SEM. * Denotes statistically significant
differences (p<0.05) in ear thickness measurements normalized to vehicle treated
mice. Statistical significance determined using two-way ANOVA and the post-hoc
Holm-Sidak method, with alpha=5%. Each row was analyzed individually, without
assuming a consistent SD. Experiments representative of two different experiments
each containing groups of n=5-10 mice per group in each experiment.
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E. The role of TGFP in PAFR-mediated systemic immunosuppression

Tregs are one of the main cell mediators of tolerance and anti-inflammatory
processes and they mediate their effects through various mechanisms including the
release of IL-10 and TGFp [151-153]. While natural Tregs persist following thymic
selection, inducible Tregs (iTregs) differentiate from naive T cells in the presence of
TGF in their microenvironment [151]. These iTregs play a critical role in attenuating the
inflammatory tide. Our group recently published data suggesting that Tregs might be
involved in mediating the immunosuppressive effects of PAF [24, 25]. These findings led
to the hypothesis that TGFf3 may also be involved in the immunosuppressive effects of
PAF by virtue of its role in Treg differentiation. To test this hypothesis, WT mice were
injected with the TGFBR1 inhibitor LY364947 or vehicle at the time of treatment with
vehicle, CPAF or histamine, 5 days prior to sensitization to DNFB. After DNFB ear
challenge, ear measurements demonstrated that treating mice with LY364947 blocked the

suppressive effects of CPAF and histamine on CHS reactions to DNFB (Figure 31).
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Figure 31. TGFBR1 inhibitor LY364947 blocks for CPAF- and histamine-induced
inhibition of CHS responses.

Groups of 5 WT mice were treated with vehicle or TGFB-R1 inhibitor LY364947 1mg/
kg g.0.d. i.p., and CPAF i.p., Histamine s.c., or vehicle 5 days prior to DNFB
sensitization. Ears were measured 24hrs after DNFB challenge on Day 9. Error bars
represent SEM. * Denotes statistically significant differences (p<<0.05) in ear thickness
measurements normalized to vehicle treated mice. Statistical significance determined
using two-way ANOVA and the post-hoc Holm-Sidak method, with alpha=5%. Each
row was analyzed individually, without assuming a consistent SD. Figure is
representative of two different experiments each with n=5 per group.
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These data led to the hypothesis that MC PAFR stimulation might induce TGFf release.
To test this hypothesis, BMMCs were treated with CPAF and qPCR analysis
demonstrated that 7gfb/ mRNA transcript is upregulated after 4 hours (Figure 32A).
However, flow cytometry analysis of intracellular staining or ELISA did not provide
evidence of increased TGF[} protein expression or increased levels of released TGFf1
protein (Figure 32B and C). These studies suggest that while TGFf may be required for
PAF to promote the suppression of immune responses, MC PAFR activation does not
appear to induce MCs to release TGFp. It is noteworthy, however, that MCs do readily
secrete significant amounts of TGF and while release is not induced by PAF, MC
migration to lymph nodes could effectively deliver TGF to a site of T cell differentiation
in a PAFR-independent manner. This scenario where TGFp exerts its effects down-
stream of MC PAFR activation could explain how a TGFBR inhibitor could block CPAF-
and histamine-mediated inhibition of CHS reactions. Thus, the MC PAFR could be
important in trafficking the MC to the lymph nodes but not for producing the necessary

TGFB.
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Figure 32. CPAF treatment of BMMC results in increased TGFf1 mRNA but not
protein levels.

A. BMMCs were incubated with CPAF (100 nM) for different time points. 7gfbl gene
expression relative to vehicle (1-fold) was measured by gqRT-PCR using the 274ACT
method and endogenous Gapdh internal control. Figure is representative of three
separate experiments. B. BMMCs were treated for 24hrs with increasing doses of
CPAF or ionophore/PMA (I/P). Cells were permeabilized with saponin and stained for
TGFB-bound LAP. Figure is representative of three experiments. Mean fluorescence
intensities are depicted in the table below. C. TGFB ELISA shows TGFp1 release from
BMMCs incubated with vehicle, ionophore/PMA (I/P), or CPAF for 24 hours. Figure
is representative of three experiments. Error bars represent SEM. * Denotes
statistically significant differences (p<0.05).
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F. PAF induces MC migration to draining LNs

Recent work in the field has demonstrated that once MCs are activated by UVB or
PAF, MCs subsequently migrate to draining LNs. In particular Ullrich and colleagues
have shown that this MC migration may be blocked by AMD3100, a CXCR4 inhibitor,
resulting in reduced sensitivity to immunosuppression by CPAF and UVB. Additionally,
this group has reported that PGE; and UVB treatment upregulates CXCL12, the ligand
for CXCR4, in inguinal LNs [73, 74]. Together, these data suggest that MCs migrate to
draining LNs following PAFR activation. Still, it has been shown in the literature that
CXCR4 is regulated by prostaglandins including PGE,, although there is some debate as
to whether prostaglandins promote or inhibit migration [38, 154-158]. These findings led
to the hypothesis that PAF-induced MC prostaglandin release might be the down-stream
effectors of the MC PAFR by regulating MC CXCR4 expression. To show that
prostaglandins mediate PAFR-activated MC migration to LNs, Wsh mice reconstituted
with dermal CD45.1 WT BMMCs were either treated with vehicle or CPAF, and vehicle
or COX-2 inhibitor SC-236. Bilateral inguinal LNs were harvested 24 hours later. One
LN was formalin fixed, sectioned and stained for MCs with toluidine blue. The other LN
was passed through a 70um filter to render a single cell suspension that was stained and
subjected to flow cytometry analysis. Histology revealed the presence of significant
numbers of MCs in LNs from mice treated with CPAF (Figure 33). Interestingly, these
mast cell populations were absent in mice treated with both CPAF and SC-236,
suggesting that COX-2 inhibitors could block the PAFR-mediated migration of MCs to

LNs. Flow cytometry analysis revealed similar findings (Figure 34).
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Figure 33. Histological analysis of PAF-induced MC migration to LNs blocked by
COX-2 inhibitors.
A. CD45.1 BOYJ BMMCs (10) were transplanted into the dorsal skin of Wsh mice.
Groups of 2-3 mice were then treated with vehicle or CPAF, and vehicle or SC-236.
Inguinal LNs were harvested 24hrs later, formalin fixed, sectioned and stained by
toluidine blue. Arrows point at MCs. Images were taken at 400X. Black bar represents
50um. B. MC numbers were quantified using by counting all the MCs per slide and
dividing by the number of LNs on the slide. Data depicted is the mean + SEM of three
slides from 1-2 mice per group. Error bars represent SEM. * Denotes statistically
significant differences (p<0.05).
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Figure 34. Flow cytometry analysis of PAF-induced MC migration to LNs
blocked by COX-2 inhibitors.

A. CD45.1 BOYJ BMMCs (10°) were transplanted into the dorsal skin of Wsh mice.
Groups of 3 mice were then treated with vehicle or CPAF, and vehicle or SC-236.
Inguinal LNs were harvested 24hrs later and passed through a 70um filter to make a
single cell suspension. Cells were stained and analyzed by flow cytometry. Figure
depicts representative dot plots of cells that are Live ckit+ CD45.1+ CD4-. B. Total
number of MCs per LN were calculated. Mean MC numbers of 4 separate experiments

are shown. Error bars represent SEM. * Denotes statistically significant differences
(p<0.05).
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Subsequent experiments demonstrated that CPAF treated MCs upregulate CXCR4
transcript after 12 hours (Figure 35A). Flow cytometry analysis also demonstrated that
CXCR4 is upregulated in the surface of MCs treated with CPAF as compared to vehicle
treated cells. Interestingly, however, incubation of these cells with COX-2 inhibitor SC-
236 could block this increase in surface CXCR4 expression (Figure 35B). Additionally,
incubation of MCs with EP4 agonist CAY 10598 resulted in increases surface expression
of CXCR4 in MCs (Figure 35C). These data suggest that MC CXCR4 expression may be
regulated by prostaglandins acting in an autocrine or paracrine fashion by activating the
MC EP4 receptor. In other words, it seems that the machinery needed for PAFR activated

MCs to migrate to LNs is regulated by prostaglandins.
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Figure 35. CPAF upregulation of CXCR4 is blocked by COX-2 inhibitor SC-236,
while activation of EP4 is sufficient to increase MC surface CXCR4 expression.
A. BMMC:s were incubated with increasing concentrations of CPAF for 12hrs. Cxcr4
gene expression relative to vehicle (1-fold) was measured by qRT-PCR using the
272CT method and endogenous Gapdh internal control. Figure is representative of
three experiments. B. BMMCs were treated for 24hrs with vehicle, CPAF (B), EP4
agonist CAY 10598 (C) or ionophore/PMA (I/P), and vehicle or SC-236 (500 nM).
Cells were stained for surface CXCR4 expression with a conjugated antibody. Figures
are representative of three experiments. Error bars represent SEM. * Denotes
statistically significant differences (p<0.05).
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Ongoing experiments are aimed at investigating the functional role of PAF-
induced MC histamine release in MC migration to LNs. It has been previously found that
histamine can directly upregulate COX-2 expression in cells [159] and that UV-induced
production of prostaglandins in the skin can be mediated by histamine [160].
Additionally, it has been found that secretory granules released from MCs can travel
down lymphatic vessels to affect distant LN microenvironments [81], and that PGE, can
upregulate CXCL12, the chemokine ligand necessary for CXCR4-mediated migration, in
inguinal LNs [73]. These findings led to the hypothesis that histamine released from MCs
could upregulate to COX-2 in LNs to provide the prostaglandins necessary for CXCL12
release and thus provide a chemokine gradient for CXCR4-mediated MC migration to
draining LNs. To test this hypothesis, preliminary experiments consisted of injecting
histamine subcutaneously, or PBS in the dorsal skin of WT mice. After one hour,
draining LNs were harvested and homogenized. Western blotting from the LN lysates
revealed increased COX-2 protein expression in draining LNs (Figure 36). These data
support the hypothesis that histamine may play a role in setting up the chemokine
gradient for MC migration to draining LNs. Yet, further work is needed to fully delineate
the mechanism of PAF-induced MC migration to draining LNs in the context of

subsequent systemic immunosuppression.
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Figure 36. Subcutaneous histamine increases COX-2 expression in skin DLNs.
A. Histamine (200 pg in 100puL s.c.) or PBS (100uL) was injected into the dorsal skin
of WT mice. Inguinal LNs were harvested one hour later. Whole LNs were
homogenized by mechanical syringe methods while on ice. Lysates were separated by
polyacrylamide gel electrophoresis, transferred onto a nitrocellulose membrane, and
blotted for COX-2 and GAPDH by western blotting techniques. B. Densitometry
analysis of COX-2 western blots depict average fold expression of three experiments
of HDC relative to vehicle (1-fold) using GAPDH as loading control. Error bars
represent SEM. * Denotes statistically significant differences (p<0.05).
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G. IL-33 signaling plays a role in PAF-induced systemic immunosuppression
Recently, UVB irradiation, as well as systemic CPAF treatment, has been shown
to increase the expression of alarmin IL-33 in the skin [161]. Additionally, treatment with
high dose IL-33 has been shown to reduce the Th1 response in cell mediated
hypersensitivity [161]. This evidence led to the hypothesis that IL-33 may be necessary
for PAF to suppress the immune system following UVB irradiation. To test this
hypothesis, mice lacking the IL-33 receptor, ST2 KO mice, were tested for the sensitivity
to immunosuppression by UVB or CPAF. Thus, ST2 KO mice were treated with vehicle,
UVB, CPAF, or histamine, five days prior to sensitization with DNFB. A CHS assay
revealed that UVB and histamine showed a robust decrease in ear swelling following
challenge to DNFB (Figure 37). CPAF, however, demonstrated some decrease in ear
swelling, but still lesser in magnitude than UVB irradiation (Figure 37). To follow up on
this experiment, WT and ST2 KO mice were treated with vehicle, CPAF, or histamine
prior to elicitation of CHS responses. ST2 KO mice were found to be less sensitive to the
suppressive effects of CPAF on CHS responses (Figure 38). Similar results were found

using IL-33 KO mice.
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Figure 37. ST2 KO mice are sensitive to UVB- and histamine-induced but have
decreased sensitivity to CPAF-induced inhibition of CHS reactions.

Groups of 5-10 ST2 KO mice were treated with vehicle, UVB, CPAF, or histamine 5
days prior to DNFB sensitization. Mice were challenged with DNFB on Day 9 post-
challenge and ear thickness was measured 24 hours later. * Denotes statistically
significant differences (p<0.05) in ear thickness measurements normalized to vehicle
treated mice. Statistical significance determined using one-way ANOVA and the post-
hoc Sidak method, with alpha=5%. Each row was analyzed individually, without
assuming a consistent SD. Error bars represent SEM. Figure is representative of one
experiment.
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Figure 38. CPAF does not suppress CHS response in ST2 KO mice.

Groups of 5 WT or ST2 KO mice were treated with vehicle, CPAF, or histamine 5
days prior to DNFB sensitization. Mice were challenged with DNFB on Day 9 post-
challenge and ear thickness was measured 24 hours later. * Denotes statistically
significant differences (p<0.05) in ear thickness measurements normalized to vehicle
treated mice. Statistical significance determined using two-way ANOVA and the post-
hoc Holm-Sidak method, with alpha=5%. Each row was analyzed individually,
without assuming a consistent SD. Error bars represent SEM. Figure is representative
of three experiments with n=5 mice per group per experiment.
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There has been a large body of work demonstrating that MCs mediate
inflammatory mechanisms following stimulation by IL-33. Particularly in arthritis
models, MCs have been shown to be involved in a perpetual IL-33/TNFa cycle [162,
163]. These findings led the hypothesis that IL-33 signaling may be involved in the
mechanism by which MCs mediate the immunosuppressive effects of PAF. To test this
hypothesis, first WT BMMCs were tested for expression the IL-33 receptor by flow
cytometry, and were found to express ST2 (Figure 39A). CPAF and PGE, were also
found to upregulate ST2 expression in MCs by qPCR (Figure 39B and C). Then, BMMCs
from WT, IL-33 KO or ST2 KO mice were transplanted into the dorsal skin of Wsh mice.
These mice as well as WT controls were treated with vehicle, CPAF, or histamine, 5 days
prior to sensitization to DNFB and subsequent ear challenge to DNFB. Wsh mice
transplanted with WT and IL-33 KO MCs were found to be sensitive to the
immunosuppressive effects of CPAF on ear challenge responses (Figure 40). In mice
transplanted with ST2 KO MCs, however, CPAF did not demonstrate significant
reduction in response to DNFB. Similar results were observed in PAFR KO Wsh mice
transplanted with WT or ST2 KO MCs (Figure 41). This evidence suggests that while IL-
33 may play a role in mediating PAF-induced immunosuppression, MC activation by IL-

33, but not its release by MCs, may be involved.
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Figure 39. MCs express ST2 which is upregulated by CPAF and PGE,.

A. BMMC:s were unstained (red) or stained with APC-conjugated ST2 antibody (grey)
and analyzed by flow cytometry. Figure is representative of three experiments. B and
C. BMMC:s were incubated with increasing concentrations of CPAF (12 hrs, B), PGE,
(4 hrs, C) or IP. 111711 gene expression relative to vehicle (1-fold) was measured by
gRT-PCR using the 2722¢T method and endogenous Gapdh internal control. Figure is
representative of one experiment.
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Figure 40. MC ST2, but not MC IL-33, is necessary for PAFR-mediated systemic
immunosuppression.

WT, ST2 KO, or IL-33 KO MCs were transplanted into the dorsal skin of Wsh mice.
Groups of 4-6 transplanted mice along with WT and Wsh were treated with vehicle,
CPAF i.p. or histamine s.c. 5 days before sensitization to DNFB for CHS assay. CPAF
does not confer immunosuppression in Wsh mice reconstituted with ST2 KO MCs.
Error bars represent SEM. * Denotes statistically significant differences (p<0.05) in
ear thickness measurements normalized to vehicle treated mice. Statistical significance
determined using two-way ANOVA and the post-hoc Holm-Sidak method, with
alpha=5%. Each row was analyzed individually, without assuming a consistent SD.

Figure representative of one experiment.

104



Il Vehicle

I CPAF
B Histamine

g 150-

o * * * * *
c

4

0

= 100-

[ .

1+

L

=

Q  50-

[

1+

=

(&)

X 0-

WT PAFR KO Wsh PAFR KO Wsh
+ +
WT MC ST2 KO MC

Figure 41. CPAF does not suppress CHS responses in PAFR KO Wsh mice
reconstituted with ST2 KO MCs.

WT, or ST2 KO MCs were transplanted into the dorsal skin of PAFR KO Wsh mice.
Groups of 6-12 transplanted mice along with WT were treated with vehicle, CPAF i.p.
or histamine s.c. 5 days before sensitization to DNFB for CHS assay. CPAF does not
confer immunosuppression in Wsh mice reconstituted with ST2 KO MCs. Error bars
represent SEM. * Denotes statistically significant differences (p<0.05) in ear thickness
measurements normalized to vehicle treated mice. Statistical significance determined
using two-way ANOVA and the post-hoc Holm-Sidak method, with alpha=5%. Each
row was analyzed individually, without assuming a consistent SD. Figure
representative of one experiment.
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As discussed previously, activation of MCs by IL.-33 has been shown to mediate
strong pro-inflammatory responses [162, 163]. This evidence along with previous CHS
experiments, led to the hypothesis that MC ST2 activation might also initiate anti-
inflammatory mechanisms, such as the induction of TGFf. To test this hypothesis, MCs
were incubated with IL-33 and flow cytometry analysis revealed that TGFf expression is
strongly upregulated by IL-33 as assessed by intracellular staining (Figure 42). Since,
MC ST2 activation was found to induce anti-inflammatory mechanisms, exploring the
mechanisms of how this pathway is involved in the suppressive mechanism of PAF
proved to be important. Initial experiments found that ST2 is upregulated in MCs
following PAFR activation (Figure 39B). These data helped to develop the hypothesis
PAF and IL-33 may have some pharmacological interaction to induce the expression of
anti-inflammatory mediators. Preliminary experiments show that PAF can potentiate IL-
33 induced IL-10 expression, and synergize with IL-33 to induce COX-2 expression
(Figure 43). However, PAF did not seem to have an effect on IL-33-induced 1L-33

expression.
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Figure 42. 1L-33 upregulates TGFp in MCs.

BMMCs were treated for 24hrs with increasing doses of IL-33. Cells were
permeabilized with saponin and stained for TGFB-bound LAP. Mean fluorescence are
depicted in the table below. Figure is representative of three experiments
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Figure 43. CPAF and IL-33 synergize to upregulate IL-10 and COX-2.

BMMCs were incubated with CPAF (100 nM) and 1L-33 (10ng/mL) for 24hrs (Ptgs2)
or 4hrs (/133 and //10). Gene expression relative to vehicle (1-fold) was measured by
gRT-PCR using the 2722¢T method and endogenous Gapdh internal control. Figure is
representative of one experiment. Error bars represent SEM. * Denotes statistically
significant differences (p<0.05) compared to CPAF and IL-33 treatment groups.
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Chapter 4: Discussion and Future Directions
I. Chemotherapy induces systemic immunosuppression via the generation of
PAFR agonists

The cytotoxic effects of chemotherapeutics pose a significant concern to patients.
Despite narrow therapeutic concentrations, significant side effects pose a dosage limit to
resistant tumors. Suppression of the immune system is a potential side effect of
chemotherapy, which can promote opportunistic infections and diminish the effect of
both host anti-tumor effects as well as exogenous immunotherapies [164-167]. While the
mechanism of this suppression is controversial, some reports show that chemotherapy
could induce a “rebound phase” via the activation of a chemotherapy induced “cytokine
storm” [165, 168]. This might in part be the result of the bivalent pro-inflammatory and
anti-inflammatory nature of PAFR signaling. I hypothesize that the effects of
chemotherapy on the host immune system could be the result of PAFR agonists generated
during chemotherapy that therefore mediate systemic immunosuppression. The approach
to study this hypothesis is two fold: 1.) Test to see if chemotherapy treated melanoma
generates PAFR agonists, and 2.) Test to see if chemotherapy induced PAFR agonists can
promote tumor growth of a second tumor.

Using our specific calcium mobilization fluorometric assay involving PAFR-
positive KBP cells, I found that chemotherapeutics, namely etoposide, cisplatin and
melphalan, could generate PAFR agonists from mouse and human melanoma cells in
vitro (Figures 7). These experiments revealed that incubating melanoma cells with
chemotherapy generates the greatest concentration of PAFR agonists after two hours of

incubation. Interestingly, this trend seemed to decrease after four hours of incubation,
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possibly suggesting that the PAFR agonists being generated were being metabolized, or
possibly that some of the 0x-GPCs are inhibiting PAFR activation. In fact some of the
0x-GPCs generated are partial agonists of the PAFR, which in high concentrations could
decrease the response of full agonists.

Using a similar approach to measure PAFR agonists by calcium mobilization,
PAFR-expressing melanoma cells (B16P) generated greater concentrations of PAFR
agonists when treated with chemotherapeutics, dacarbazine, etoposide and cisplatin, as
compared to PAFR-null melanoma (B16M) cells (Figure 8A). Additionally, pretreating
melanoma cells with antioxidants NAC and vitamin C attenuated the generation of PAFR
agonists by chemotherapy treatment (Figure 8B). In light of these data, this
chemotherapy-induced generation of PAFR seems to be partially driven by both
enzymatic, as well as, non-enzymatic PAF synthesis mechanisms. As antioxidants can
attenuate the generation of these PAFR agonists (Figure 8B), this suggests that this
process involves the oxidation of GPCs by ROS. Even with antioxidants, however, a
significant amount of PAFR agonists were still detected, suggesting the presence of
another mechanism that generates PAFR agonists. This could be the result of PAFR
activation on melanoma cells (Figure 8A) or the activation of PLA,/LPCAT via another
mechanism following treatment with chemotherapeutics. More studies are necessary to
describe this mechanism fully, but may involve the activation of apoptotic or necrotic
pathways. Structural studies by Prof. Robert Murphy using mass spectrometry confirmed
that chemotherapeutic agents generated both PAF as well as ox-GPC PAFR agonists
(Figure 9). Still, the exact mechanism by which these PAFR agonists are generated

requires further investigation.
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Our group previously demonstrated that systemic PAFR activation by UVB or
CPAF promotes tumor growth [25]. These observations led to the hypothesis that PAFR
agonists generated as a result of chemotherapy could also promote tumor growth. The
calcium mobilization functional assay, described above, demonstrated that lipid extracts
from implanted tumors in mice treated with chemotherapy contained higher
concentrations of PAFR agonists than those treated with vehicle (Figure 10). This
generation of PAFR agonists in vivo was found to be blocked by feeding the mice an
antioxidant diet consisting of vitamin C chow and NAC in water (Figure 10A). These
data led to the hypothesis that chemotherapy induced generation of PAFR agonists in
vivo could modulate the growth of a second tumor. To test this hypothesis, a dual tumor
model was used, where one tumor was treated with intratumoral chemotherapy and the
contralateral tumor was measured. Tumor measurements demonstrated that PAFR
agonists generated by chemotherapy could promote growth of a contralateral tumor in
WT tumor-burdened mice and not in PAFR-KO hosts (Figure 11 and 12). Feeding the
mice an antioxidant diet, however, blocked the tumor growth promoting effect of
chemotherapy (Figures 11C, 11D and 12B), suggesting that this promotion of tumor
growth is in part due to the generation of 0x-GPC PAFR agonists. Tumor measurements
did not demonstrate significant tumor growth differences in tumors treated with
intratumoral injections within a treatment group, yet some differences were observed
between treatment groups. Namely, tumor growth differences in injected tumors between
vehicle and chemotherapy-treated groups were found (Figure 13). In fact, decreased
growth in contralateral (untreated) tumors that were measured was noted when

comparing mice treated with chemotherapy versus vehicle (Figure 11B). This is likely the
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result of chemotherapy acting appropriately both locally and systemically to attenuate
tumor growth. The chemotherapeutics injected are likely not confined to the tumor
volume, but rather diffusing systemically. Additionally, WT hosts promoted greater
growth of a second tumor following intratumoral chemotherapy than PAFR KO hosts
(Figure 11B), indicating that this increase in tumor growth is due to the effects of PAF.

Previous work in the field has demonstrated that the immunosuppressive effects
of PAF are mediated by COX-2 derived prostaglandins and Tregs [24, 25, 36], and that
the immunosuppressive effects of UVB are mediated by MCs [68, 73]. These lines of
evidence led to the hypothesis that these chemotherapeutic agents may also be involved
in mediating the suppressive effects of chemotherapy on the immune system. Using a
single tumor model, COX-2 inhibitors blocked the increase in tumor growth driven by
CPAF (Figures 14A and B). Notably, neither CPAF nor COX-2 inhibitors exerted any
effects on tumor growth in PAFR KO mice (Figure 14C). Using a dual tumor model, the
chemotherapy-induced promotion of tumor growth by melphalan and etoposide was also
found to be blocked by COX-2 inhibitor SC-236 (Figure 15).

Interestingly, CPAF was found to increase intratumoral and draining LN Treg
numbers in a process attenuated by COX-2 inhibitors (Figure 16ABC). These data led to
the hypothesis that chemotherapy-induced promotion of tumor growth may be mediated
by Tregs. To test this hypothesis a dual tumor model was used, where mice were treated
with a Treg-depleting antibody cocktail prior to tumor implantation. Left tumors were
treated with chemotherapy in these mice and the subsequent tumor growth measurements
demonstrated that the tumor growth promoting effects of chemotherapy could be blocked

by Treg depleting antibodies (Figure 16D). This evidence suggests that Tregs are
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necessary to mediate chemotherapy-induced immunosuppression. Lastly, I sought to test
the hypothesis that MCs are involved in the tumor growth-promoting effects of PAF.
Using a single tumor model, MC-deficient Wsh mice were not found to be sensitive to
the tumor growth promoting effects of CPAF (Figure 18), suggesting that MCs may be
involved in PAFR-mediated increase in tumor growth.

The work presented here demonstrates that therapeutic doses of chemotherapeutic
agents can induce the generation of PAFR agonists when treating cancer cells. In fact
even humans, PAFR agonists were also found in perfusate samples from patients
undergoing ILP melphalan chemotherapy (Figure 17). In collaboration with Prof. Robert
Murphy, PAF and several PAFR agonistic 0x-GPCs were found in the lipid extracts from
these perfusates (Figure 17B). Chemotherapy appears to promote the oxidation of GPCs
via the generation of ROS, and that these chemotherapy-induced PAF species promote
growth of a second tumor by mediating systemic immunosuppression that is mediated by
COX-2, Tregs, and MCs. These findings are consistent with recent published data that
chemotherapy induces suppression of the immune system [164-167], and that PAF-
induced systemic immunosuppression is mediated by prostaglandins and COX-2 [24, 25,
36].

As discussed previously, the immunosuppressive effects of chemotherapeutics is
not a novel observation. In fact since its synthesis in 1953 by Bergel and Stock,
melphalan, an alkalating analog, has displayed these characteristics during its use in
treating leukemia and solid tumors [169]. Due to its structure as a phenylalanine-
substituted mustard gas, melphalan is particularly effective against active tumors that use

large amounts of phenylalanine such as melanoma. [169]. Originally, however, since
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1988 melphalan has been used in autologous bone-marrow transplantation [169]. This use
is largely due to well-described immunosuppression and bone-marrow ablation
characteristics of high-dose melphalan, especially when administered intravenously
[170]. The data in this manuscript support the hypothesis that chemotherapeutics such as
etoposide, melphalan, dacarbazine, and cisplatin, induce systemic immunosuppression
via the generation of PAFR-agonistic 0x-GPCs in a process blocked by antioxidants,
COX-2 inhibitors, and Treg-depleting antibodies (Figure 44). Still, more work is
necessary to shed light on the mechanism of immune suppression by chemotherapy,
where the data in this manuscript provides some light to the role of PAF in this
mechanism. Part of this is the impetus for Part II, where the role of MCs in the

mechanism of PAFR-mediated systemic immunosuppression is further investigated.
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Figure 44. Current model for chemotherapy-induced PAFR-dependent increase

in tumor growth.

Chemotherapy induces the generation of PAFR-agonistic 0x-GPCs via the oxidation of
GPCs by ROS. The generation of these PAFR agonists is blocked by antioxidants.
Subsequent PAFR activation induces Treg-dependent increase in tumor growth via
systemic immunosuppression. This increase in tumor growth can be blocked by

COX-2 inhibitors and Treg-depleting antibodies.
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II. Mast cell-derived histamine and prostaglandins mediate IL-33 receptor

dependent PAF-induced immunosuppression

PAF and the activation of the PAFR have been implicated in mediating the

suppressive effects of pro-oxidative stressors on the immune response. These oxidative
stressors include UVB, jet fuel, cigarette smoke, photodynamic therapy, and now
chemotherapy [24, 25, 36, 140, 171]. Still, the mechanism of this suppression remains to
be fully elucidated. While key players have been identified, namely COX-2, IL-10, Tregs
and MCs among others to be uncovered, their interactions have not been thoroughly
investigated. These findings shaped the hypothesis that dermal MCs may play a central
role in initiating the suppressive effects of PAF on immune responses. To test this
hypothesis, MC transplantation and CHS models were used to investigate the suppressive
effects of PAFR stimulated dermal MCs on cell-mediated immunity. Initial experiments
demonstrated that MCs derived from BM expressed a functional PAFR as measured by
calcium mobilization (Figure 20). Additionally, reconstitution of dermal MCs in Wsh
mice rescued the sensitivity to immunosuppression by UVB and CPAF absent in MC-
deficient mice (Figure 21). These findings led to the hypothesis that the MC PAFR is
necessary to mediate the immunosuppressive effects of PAF. To test this hypothesis,
BMMCs from WT or PAFR KO mice were transplanted into Wsh mice. This experiment
demonstrated that MC PAFR was necessary for CPAF to the attenuate ear swelling
challenge response (Figure 22). Additionally, by reconstituting PAFR KO Wsh mice with
WT MCs, MC PAFR activation was shown to be sufficient to suppress the CHS response

(Figure 22). Notably, a similar number of MCs were found in reconstituted Wsh mice
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compared to WT mice (Figure 23). Together, this evidence suggests that the MC PAFR is
both necessary and sufficient to mediate PAF systemic immunosuppression.

It was previously shown that subcutaneous histamine injections could attenuate
CHS responses in WT and MC-deficient mice [68]. In line with these observations,
histamine was found to also suppress CHS responses in PAFR KO mice (Figure 24).
Additionally, HDC KO mice appear to be sensitive to immunosuppression by histamine,
but not CPAF (Figure 25). Together, these data suggest that histamine may promote
systemic immunosuppression downstream of PAFR activation. MCs are one of the main
contributors of histamine in inflammation. In fact, MCs are known to release large stores
of histamine by rapid degranulation following FceRI coupling, in a process involving
intracellular calcium mobilization [172]. This thought process led to the hypothesis that
MCs might release histamine following PAFR activation and that MC-derived histamine
is an important mediator of PAF-induced immunosuppression. MC PAFR activation
revealed upregulation of HDC mRNA and protein expression, and stimulation of
histamine release (Figure 26). Surprisingly, transplantation of HDC KO MCs into Wsh
mice still rescued the immunosuppressive effects of CPAF, but not if HDC KO MCs
were transplanted into Wsh mice lacking PAFR (Figure 27). This evidence suggests that
MC histamine release plays a role in PAFR-mediated systemic immunosuppression, but
that there are other compensatory pathways due to the expression of PAFR on other cells
(e.g. basophils, keratinocytes, fibroblasts, endothelial cells). Still, it seems that MC PAFR
is necessary, but perhaps activation of other PAFR expressing cells contribute to reaching

the threshold necessary to suppress immune responses. For example, it has been
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previously shown that PAFR activation on keratinocytes upregulates COX-2 expression
[130] and treatment with CPAF upregulates IL-33 expression in fibroblasts [161].

As previously mentioned, COX-2 has been shown to be involved in mediating the
immunosuppressive effects of UVB and PAF. Furthermore, PAFR activation has been
shown to upregulate COX-2 [130]. In line with this evidence, PAFR activation also
upregulates COX-2 in MCs (Figure 29) and MC COX-2 expression appears to be
necessary for PAFR-mediated systemic immunosuppression as found by CHS (Figure
30). Additionally, COX-2 inhibitors were shown to block CPAF and histamine
immunosuppression in WT mice (Figure 28), suggesting that COX-2 is involved
downstream of PAF and histamine receptor activation. One of the proposed mechanisms
for the involvement of COX-2 in this pathway is the interaction of prostaglandins and the
regulation of cell chemotaxis. In particular, PGE, has been shown to mediate
immunosuppressive responses by promoting chemotaxis of anti-inflammatory cells,
while attenuating the attraction of pro-inflammatory cells [158]. One such example of
this is the ability of PGE, to induce CXCL12 expression in endothelial cells [73].
Additionally, the Ullrich laboratory has shown that MC PAFR activation upregulates
CXCR4 expression in MCs and promotes a necessary chemotaxis to draining LNs to
mediate immunosuppression [73]. These findings led to the hypothesis that MC CXCR4
might be under the control of prostaglandins released by PAFR activation. To test this
hypothesis, Wsh mice transplanted dorsally with CD45.1 WT BMMCs were treated with
CPAF or vehicle, and SC-236 or vehicle. Histological (Figure 33) and flow cytometry
(Figure 34) analysis of inguinal LNs in these mice revealed that CPAF induced the

migration of MCs to LNs in a process blocked by COX-2 inhibitors. Furthermore, COX-
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2 inhibitors were found to block the upregulation of CXCR4 by PAFR activation in MCs
(Figure 35B), and PGE, receptor, EP4, activation was found to independently upregulate
MC surface CXCR4 expression (Figure 35C). Lastly, it remains to be fully elucidated
how the CXCL12 chemokine gradient is established to facilitate PAF-induced MC
migration to draining LNs. In light of evidence that MC mediators can travel down
lymphatic vessels to affect the LN microenvironment [81], PGE; can upregulate CXCL12
LNs [73], and that histamine can promote prostaglandin release [159, 160], led to the
hypothesis that histamine released following MC PAFR activation could subsequently
promote a CXCL12 chemokine gradient by upregulating COX-2 in draining LNs.
Preliminary data suggested that subcutaneous histamine injection can increase COX-2
levels in inguinal LNs (Figure 36). These data support the hypothesis that histamine
released following MC PAFR activation could promote COX-2 expression to provide the
source of prostaglandins necessary to mount a CXCL12 chemokine gradient. Together
this evidence suggests that the role of prostaglandins, and possibly both MC-derived
prostaglandins and histamine, are important to mediate PAF-induced systemic
immunosuppression and it may do so in part by regulating MC CXCR4 and LN COX-2
expression.

MC CXCR4 has been shown to be important for UVB-induced systemic
immunosuppression, because MC migration to LNs via this chemokine pathway has been
shown to be necessary [73, 74]. MC migration to LNs is not a new finding as MCs have
been shown to migrate to LNs after various inflammatory stimuli [72]. While the role of
MCs in the LN is a current topic of further investigation, it seems that MCs can be a

pivotal player in directly influencing lymphocyte activation. Once in the LN, MCs could
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release prostaglandins, histamine, and TGFf, amongst other mediators, to influence
lymphocyte activation [173], or recruit other immunosuppressive cell types [91, 93, 96,
174]. While CPAF and histamine-induced systemic immunosuppression could be blocked
by TGFp inhibitors (Figure 31), MC PAFR activation failed to induce TGFf release
(Figure 32). Still, basal TGFf or histamine release could become relevant once MCs
enter draining LNs. The immunosuppressive effect of MCs in the local microenvironment
has been observed before [88]. However, MCs can upregulate TGF[} expression in
response to IL-33, which seems to be involved in PAFR-mediated systemic
immunosuppression.

The alarmin IL-33 has been shown to be released as a result of cell damage and to
initiate immune responses. Recently, it was shown to be upregulated in skin irradiated
with UVB and upregulated in dermal fibroblast after CPAF treatment [161]. These data
led to the hypothesis that IL-33 may be important for PAFR-mediated systemic
immunosuppression. Initial experiments demonstrated that mice lacking the IL-33
receptor (ST2), were sensitive to systemic immunosuppression by UVB and histamine,
but had a decreased response to CPAF (Figure 37). Further experiments showed that
compared to WT mice, ST2 KO mice had a decreased, but not significant, response to
CPAF (Figure 38), and that WT BMMCs express ST2 that can be upregulated by
treatment with CPAF and PGE, (Figure 39). Next, MC ST2, but not MC IL-33 was found
to be necessary to mediate PAF-induced immunosuppression (Figure 40 and 41).
Moreover, BMMCs treated with IL-33 were found to upregulate TGF expression
(Figure 42), and IL-33 appears to synergize with CPAF to upregulate IL-10 and COX-2

expression (Figure 43). This evidence suggests that ST2 might be important in the
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promotion of immunosuppression by CPAF, but that UVB activates other pathways that
do not involve IL-33 signaling. For example, cis-UCA could be mediating the
immunosuppressive effects of UVB in a process that does not require 1L-33 signaling. In
the context of PAF, however, IL-33 might be mediating systemic immunosuppression
through the upregulation of IL-10, TGFf, and COX-2, which have been implicated in
UV-induced systemic immunosuppression. Still, the exact source of IL-33 relevant to this
mechanism is a topic of current investigation. In line with previous observations,
however, it appears that ST2 KO mice are still sensitive to immunosuppression by
histamine, suggesting that histamine might mediate suppression of the immune system
downstream of ST2 and PAFR.

These results suggest that COX-2, IL-33, and histamine mediate the
immunosuppressive effects of PAF (Figure 45). It appears that a pro-inflammatory
threshold must be reached before subsequent immunosuppression ensues, where COX-2-
derived prostaglandins and histamine contribute to the pro-inflammatory “cytokine
storm” activation energy. Of particular interest, would be to identify the site of action of
histamine, PGE,, and IL-33. The current evidence in this work gives rise to two
hypotheses for how MCs may be mediating immune suppression: 1.) Either by direct
interactions with lymphocytes in draining LNs following CXCR4-dependent MC
migration to LNs, or 2.) By MC release of mediators in the skin that act locally or travel
via lymphatics to affect T cell activation in draining LNs. As mentioned before, MC
migration to draining LNs has been shown to be necessary to mediate systemic
immunosuppression, and that this migration is mediated via CXCR4 chemotaxis

following MC PAFR activation [73, 74, 127]. It has also been shown that MC-derived
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particles can travel via lymphatic vessels to signal to distant LNs [81]. This could be
important because histamine and prostaglandins released following MC PAFR activation
could travel to draining LNs to influence T cell activity. Additionally, one of the main
APCs in the skin, dendritic cell migration has been shown to be repressed by PGD, but
promoted by PGE, [154, 155, 157, 175-178]. The migration of DCs could potentially
play a role, because the downregulation of DC activity or migration in the skin could also
account for decreased CHS responses by virtue of decreasing presentation of antigen
during sensitization. Thus, the possibility exists that these two mechanisms contribute to
the immune suppressive response of PAF, MC migration-dependent and —independent
mechanisms.

Additionally, the kinetics of MC histamine and PGE; release may be relevant to
study further. MC PAFR activation seems to induce early histamine release within an
hour and PGE; release within 8 hours of activation, which may be relevant in the skin or
in LNs provided that these mediators can flow to draining LNs. Conversely, mRNA and
protein expression of HDC and COX-2 are upregulated after 12-24 hours. The expression
timeline of this increase in protein expression more closely correlates with the timeline of
MC migration to LNs following MC PAFR activation. These observations suggest that
MC histamine and prostaglandin release could become relevant in the LN following MC
migration. Thus, histamine and PGE, seem to have both early and late effects.
Furthermore, it remains to be further elucidated where in the mechanism IL-33 is

relevant.
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Figure 45. Current model of the role of MCs in PAFR-mediated systemic
immunosuppression.

MC PAFR activation stimulates PGE, and histamine release that reactivate MCs via
possible paracrine mechanisms to upregulate MC CXCR4. Additionally, histamine and
PGE, can flow to draining lymph nodes to upregulate lymph node CXCL12
expression to provide the chemokine gradient for CXCR4-mediated MC migration to
draining lymph nodes over the course of 24 hours. In the LNs, MCs induce Treg-
mediated systemic immunosuppression, possibly by promoting Treg differentiation via
the release of TGFf} subsequent to IL-33 stimulation. This immunosuppression is
mediated by Tregs, partly by the decrease in Th1 populations, and resulting decreased
CHS reactions.
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III. Future Directions

To further dissect the role of MC migration in the suppressive effects of PAF on
the immune system, I plan to investigate the role of MC COX-2 and histamine in PAFR-
induced MC migration. Preliminary studies have demonstrated that COX-2 inhibitors can
block the migration of MCs to draining LNs. Suggesting the importance of COX-2
derived prostaglandins in this mechanism. I also have some data suggesting that
histamine and PGE; can have autocrine effects in MCs, suggesting that that MC COX-2
and histamine may be important for PAF-induced migration of MCs to draining LNs. To
study this, I plan on studying underlying autocrine effects of PGE; and histamine in vitro,
as well as the ability of COX-2 and HDC KO MC to migrate to draining LNs following
PAFR activation. Additionally, I plan to investigate the role of prostaglandins released
after MC PAFR activation on DC migration and subsequent changes in T cell activation.
Lastly, moving forward with the hypothesis that MCs migrate to draining LNs, I want to
test the role of MC PAFR activation on T cell differentiation. Previously, unstimulated
MCs have been shown to promote Treg differentiation when cultured in vitro [179]. Still,
the effects of histamine on Tregs is controversial, where some evidence suggests that
histamine represses [92, 180] and promotes [145, 181] Treg function. Thus, I want to test
the hypothesis that PAFR-activated MCs can promote the differentiation of Tregs in LNs
by co-culture.

The mechanistic role of MCs in the immunosuppression of chemotherapy is not
well elucidated. While dermal MCs could be conceivably activated by PAF-species made
by chemotherapy, which MCs and how the MCs are activated in the context of tumor

immunity are still a topic of investigation. Aside from the role of MCs, it remains to be
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elucidated whether the suppression of the immune system by PAF is antigen specific. To
investigate this further, I propose to make use of OVA-expressing melanoma cells and
OT-I mice, whose majority of the T cell receptor repertoire is specific for the recognition
of the OVA antigen. For these experiments, antitumor immunity can be modeled by
transplanting OT-I T cells into mice burdened with OV A-expressing tumors. The tumor
modulating effects of chemo and CPAF can then be studied in the context of antitumor
immunity. Using this tumor model, the immunosuppressive effects of PAF on the
adaptive immune response, versus non-specific anti-tumor immunity (such as NK cell
and macrophages) can be investigated.

While pharmacokinetics and pharmacodynamics of melphalan treatment in
humans have been carried out [169, 170], further studies are needed to uncover where
PAF may be relevant in the immunosuppressive effects of chemotherapy, particularly
etoposide and melphalan. For instance, it remains to be elucidated whether the PAFR
agonists generated by chemotherapy are only formed by intratumoral chemotherapy or if
systemic chemotherapy will also produce similar results. Perhaps, the generation and
action of these PAFR agonists is confined to the tumor microenvironment. Moreover, it
remains to be known if COX-2 inhibitors may be effective at reducing
immunosuppressive effects of chemotherapy in humans. Further clinical studies aimed at
investigating the efficacy of chemotherapy in patients taking COX-2 inhibitors would be

necessary.

125



References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

Murphy K, Travers P, Walport M, Janeway C: Janeway's immunobiology, 8th
edn. New York: Garland Science; 2012.

Kroegel C: The potential pathophysiological role of platelet-activating factor
in human diseases. K/in Wochenschr 1988, 66(9):373-378.

Stafforini DM, Mclntyre TM, Zimmerman GA, Prescott SM: Platelet-activating
factor, a pleiotrophic mediator of physiological and pathological processes.
Crit Rev Clin Lab Sci 2003, 40(6):643-672.

Ishii S, Nagase T, Shimizu T: Platelet-activating factor receptor.
Prostaglandins & other lipid mediators 2002, 68-69:599-609.

Honda Z, Ishii S, Shimizu T: Platelet-activating factor receptor. J Biochem
2002, 131(6):773-779.

Snyder F: Platelet-activating factor and its analogs: metabolic pathways and
related intracellular processes. Biochim Biophys Acta 1995, 1254(3):231-249.
Shukla SD: Platelet-activating factor receptor and signal transduction
mechanisms. FASEB J 1992, 6(6):2296-2301.

Braquet P, Touqui L, Shen TY, Vargaftig BB: Perspectives in platelet-
activating factor research. Pharmacol Rev 1987, 39(2):97-145.

Steiger J, Bray MA, Subramanian N: Platelet activating factor (PAF) is a
potent stimulator of porcine tracheal fluid secretion in vitro. European
Jjournal of pharmacology 1987, 142(3):367-372.

Hanahan DJ: Platelet activating factor: a biologically active phosphoglyceride.
Annu Rev Biochem 1986, 55:483-509.

Henson PM, Cochrane CG: ACUTE IMMUNE COMPLEX DISEASE IN
RABBITS: THE ROLE OF COMPLEMENT AND OF A LEUKOCYTE-
DEPENDENT RELEASE OF VASOACTIVE AMINES FROM
PLATELETS. The Journal of experimental medicine 1971, 133(3):554-571.
Benveniste J, Henson PM, Cochrane CG: LEUKOCYTE-DEPENDENT
HISTAMINE RELEASE FROM RABBIT PLATELETS: THE ROLE OF
IGE, BASOPHILS, AND A PLATELET-ACTIVATING FACTOR. The
Journal of experimental medicine 1972, 136(6):1356-1377.

Ishii S, Shimizu T: Platelet-activating factor (PAF) receptor and genetically
engineered PAF receptor mutant mice. Prog Lipid Res 2000, 39(1):41-82.
Koga MM, Bizzarro B, Sa-Nunes A, Rios FJ, Jancar S: Activation of PAF-
receptor induces regulatory dendritic cells through PGE2 and IL-10.
Prostaglandins Leukot Essent Fatty Acids 2013, 89(5):319-326.

Prescott S, Zimmerman G, Stafforini D, Mclntyre T: Platelet-activating factor
and related lipid mediators. Annual review of biochemistry 2000, 69:419-445.
Walterscheid JP, Ullrich SE, Nghiem DX: Platelet-activating factor, a
molecular sensor for cellular damage, activates systemic immune
suppression. The Journal of experimental medicine 2002, 195(2):171-179.
Mclntyre T, Zimmerman G, Prescott S: Biologically active oxidized
phospholipids. The Journal of biological chemistry 1999, 274(36):25189-25192.

126



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Wardlaw AJ, Mogbel R, Cromwell O, Kay AB: Platelet-activating factor. A
potent chemotactic and chemokinetic factor for human eosinophils. J Clin
Invest 1986, 78(6):1701-1706.

Hakansson L, Venge P: Inhibition of neutrophil and eosinophil chemotactic
responses to PAF by the PAF-antagonists WEB-2086, L.-652,731, and SRI-
63441. J Leukoc Biol 1990, 47(5):449-456.

Sumita C, Yamane M, Matsuda T, Maeda M, Nariai T, Fujio Y, Azuma J:
Platelet activating factor induces cytoskeletal reorganization through Rho
family pathway in THP-1 macrophages. FEBS Lett 2005, 579(18):4038-4042.
Yost CC, Cody MJ, Harris ES, Thornton NL, McInturff AM, Martinez ML,
Chandler NB, Rodesch CK, Albertine KH, Petti CA et al: Impaired neutrophil
extracellular trap (NET) formation: a novel innate immune deficiency of
human neonates. Blood 2009, 113(25):6419-6427.

Travers JB, Li Q, Kniss DA, Fertel RH: Identification of functional platelet-
activating factor receptors in Raji lymphoblasts. Journal of immunology 1989,
143(11):3708-3713.

Godecke A: PAF, PIP(3) and NO: emerging role in reperfusion injury.
Cardiovasc Res 2003, 60(2):215-216.

Sahu RP, Petrache I, Van Demark MJ, Rashid BM, Ocana JA, Tang Y, Yi Q,
Turner MJ, Konger RL, Travers JB: Cigarette smoke exposure inhibits contact
hypersensitivity via the generation of platelet-activating factor agonists.
Journal of immunology 2013, 190(5):2447-2454.

Sahu RP, Turner MJ, DaSilva SC, Rashid BM, Ocana JA, Perkins SM, Konger
RL, Touloukian CE, Kaplan MH, Travers JB: The environmental stressor
ultraviolet B radiation inhibits murine antitumor immunity through its
ability to generate platelet-activating factor agonists. Carcinogenesis 2012,
33(7):1360-1367.

Marathe GK, Johnson C, Billings SD, Southall MD, Pei Y, Spandau D, Murphy
RC, Zimmerman GA, Mclntyre TM, Travers JB: Ultraviolet B radiation
generates platelet-activating factor-like phospholipids underlying cutaneous
damage. J Biol Chem 2005, 280(42):35448-35457.

Marques M, Pei Y, Southall MD, Johnston JM, Arai H, Aoki J, Inoue T, Seltmann
H, Zouboulis CC, Travers JB: Identification of platelet-activating factor
acetylhydrolase II in human skin. J /nvest Dermatol 2002, 119(4):913-919.
Liu J, Chen R, Marathe GK, Febbraio M, Zou W, McIntyre TM: Circulating
platelet-activating factor is primarily cleared by transport, not intravascular
hydrolysis by lipoprotein-associated phospholipase A2/ PAF acetylhydrolase.
Circ Res 2011, 108(4):469-477.

Honda Z, Nakamura M, Miki I, Minami M, Watanabe T, Seyama Y, Okado H,
Toh H, Ito K, Miyamoto T ef al: Cloning by functional expression of platelet-
activating factor receptor from guinea-pig lung. Nature 1991, 349(6307):342-
346.

Hwang SB: High affinity receptor binding of platelet-activating factor in rat
peritoneal polymorphonuclear leukocytes. European journal of pharmacology
1991, 196(2):169-175.

127



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Melnikova VO, Mourad-Zeidan AA, Lev DC, Bar-Eli M: Platelet-activating
factor mediates MMP-2 expression and activation via phosphorylation of
cAMP-response element-binding protein and contributes to melanoma
metastasis. J Biol Chem 2006, 281(5):2911-2922.

Yu Y, Zhang M, Zhang X, Cai Q, Zhu Z, Jiang W, Xu C: Transactivation of
epidermal growth factor receptor through platelet-activating factor/receptor
in ovarian cancer cells. J Exp Clin Cancer Res 2014, 33:85.

Marques SA, Dy LC, Southall MD, Yi Q, Smietana E, Kapur R, Marques M,
Travers JB, Spandau DF: The platelet-activating factor receptor activates the
extracellular signal-regulated kinase mitogen-activated protein kinase and
induces proliferation of epidermal cells through an epidermal growth factor-
receptor-dependent pathway. The Journal of pharmacology and experimental
therapeutics 2002, 300(3):1026-1035.

Ishii S, Nagase T, Tashiro F, Tkuta K, Sato S, Waga I, Kume K, Miyazaki J,
Shimizu T: Bronchial hyperreactivity, increased endotoxin lethality and
melanocytic tumorigenesis in transgenic mice overexpressing platelet-
activating factor receptor. EMBO J 1997, 16(1):133-142.

Ishii S, Kuwaki T, Nagase T, Maki K, Tashiro F, Sunaga S, Cao WH, Kume K,
Fukuchi Y, Ikuta K et al: Impaired anaphylactic responses with intact
sensitivity to endotoxin in mice lacking a platelet-activating factor receptor.
The Journal of experimental medicine 1998, 187(11):1779-1788.

Zhang Q, Yao Y, Konger RL, Sinn AL, Cai S, Pollok KE, Travers JB: UVB
radiation-mediated inhibition of contact hypersensitivity reactions is
dependent on the platelet-activating factor system. J Invest Dermatol 2008,
128(7):1780-1787.

Dinarello CA: Historical insights into cytokines. European journal of
immunology 2007, 37 Suppl 1:S34-45.

Randolph GJ, Angeli V, Swartz MA: Dendritic-cell trafficking to lymph nodes
through lymphatic vessels. Nat Rev Immunol 2005, 5(8):617-628.

Turvey SE, Broide DH: Innate immunity. J Allergy Clin Immunol 2010, 125(2
Suppl 2):S24-32.

Mogensen TH: Pathogen recognition and inflammatory signaling in innate
immune defenses. Clin Microbiol Rev 2009, 22(2):240-273, Table of Contents.
Mills KH: TLR-dependent T cell activation in autoimmunity. Nat Rev
Immunol 2011, 11(12):807-822.

Akira S, Takeda K: Toll-like receptor signalling. Nat Rev Immunol 2004,
4(7):499-511.

Cirone M, Di Renzo L, Lotti LV, Conte V, Trivedi P, Santarelli R, Gonnella R,
Frati L, Faggioni A: Activation of dendritic cells by tumor cell death.
Oncoimmunology 2012, 1(7):1218-1219.

Gabrilovich DI, Nagaraj S: Myeloid-derived suppressor cells as regulators of
the immune system. Nat Rev Immunol 2009, 9(3):162-174.

Nagaraj S, Collazo M, Corzo CA, Youn JI, Ortiz M, Quiceno D, Gabrilovich DI:
Regulatory myeloid suppressor cells in health and disease. Cancer research
2009, 69(19):7503-7506.

128



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Talmadge JE, Gabrilovich DI: History of myeloid-derived suppressor cells. Nat
Rev Cancer 2013, 13(10):739-752.

Keskinov AA, Shurin MR: Myeloid regulatory cells in tumor spreading and
metastasis. /mmunobiology 2015, 220(2):236-242.

Condamine T, Ramachandran I, Youn JI, Gabrilovich DI: Regulation of tumor
metastasis by myeloid-derived suppressor cells. Annu Rev Med 2015, 66:97-
110.

Morales JK, Saleem SJ, Martin RK, Saunders BL, Barnstein BO, Faber TW,
Pullen NA, Kolawole EM, Brooks KB, Norton SK et al: Myeloid-derived
suppressor cells enhance IgE-mediated mast cell responses. J Leukoc Biol
2014, 95(4):643-650.

Saleem SJ, Martin RK, Morales JK, Sturgill JL, Gibb DR, Graham L, Bear HD,
Manjili MH, Ryan JJ, Conrad DH: Cutting edge: mast cells critically augment
myeloid-derived suppressor cell activity. Journal of immunology 2012,
189(2):511-515.

Gajardo T, Morales RA, Campos-Mora M, Campos-Acuna J, Pino-Lagos K:
Exogenous interleukin-33 targets myeloid-derived suppressor cells and
generates periphery-induced Foxp3(+) regulatory T cells in skin-
transplanted mice. /mmunology 2015, 146(1):81-88.

Arstila TP, Casrouge A, Baron V, Even J, Kanellopoulos J, Kourilsky P: A direct
estimate of the human alphabeta T cell receptor diversity. Science 1999,
286(5441):958-961.

Treanor B: B-cell receptor: from resting state to activate. /mmunology 2012,
136(1):21-27.

Smith-Garvin JE, Koretzky GA, Jordan MS: T cell activation. Annu Rev
Immunol 2009, 27:591-619.

Williams MA, Bevan MJ: Effector and memory CTL differentiation. Annu Rev
Immunol 2007, 25:171-192.

Zhu J, Yamane H, Paul WE: Differentiation of effector CD4 T cell populations
(*). Annu Rev Immunol 2010, 28:445-489.

Marrack P, Scott-Browne J, MacLeod MK: Terminating the immune response.
Immunol Rev 2010, 236:5-10.

McKinstry KK, Strutt TM, Swain SL: Regulation of CD4+ T-cell contraction
during pathogen challenge. /mmunol Rev 2010, 236:110-124.

Ehrlich P: Beitrige zur Theorie und Praxis der histologischen Firbung.:
Leipzig University; 1878.

Ehrlich P: Beitrige zur Kenntnis der Anilinfirbungen und ihrer Verwendung
in der mikroskopischen Technik. Arch mikr Anat 1877, 13:263-277.

Beaven MA: Our perception of the mast cell from Paul Ehrlich to now.
European journal of immunology 2009, 39(1):11-25.

Rodewald HR, Feyerabend TB: Widespread immunological functions of mast
cells: fact or fiction? /mmunity 2012, 37(1):13-24.

Kraneveld AD, Sagar S, Garssen J, Folkerts G: The two faces of mast cells in
food allergy and allergic asthma: the possible concept of Yin Yang. Biochim
Biophys Acta 2012, 1822(1):93-99.

129



64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Pawankar R: Allergic diseases and asthma: a global public health concern and
a call to action. World Allergy Organ J 2014, 7(1):12.

Dahlin JS, Hallgren J: Mast cell progenitors: origin, development and
migration to tissues. Mol Immunol 2015, 63(1):9-17.

Abonia JP, Austen KF, Rollins BJ, Joshi SK, Flavell RA, Kuziel WA, Koni PA,
Gurish MF: Constitutive homing of mast cell progenitors to the intestine
depends on autologous expression of the chemokine receptor CXCR2. Blood
2005, 105(11):4308-4313.

Walker BE: Mast cell turn-over in adult mice. Nature 1961, 192:980-981.

Hart PH, Grimbaldeston MA, Swift GJ, Jaksic A, Noonan FP, Finlay-Jones JJ:
Dermal mast cells determine susceptibility to ultraviolet B—induced systemic
suppression of contact hypersensitivity responses in mice. 7/e Journal of
experimental medicine 1998, 187(12):2045-2053.

Grimbaldeston MA, Chen CC, Piliponsky AM, Tsai M, Tam SY, Galli SJ: Mast
cell-deficient W-sash c-kit mutant Kit W-sh/W-sh mice as a model for
investigating mast cell biology in vivo. Am J Pathol 2005, 167(3):835-848.
Kalesnikoff J, Galli SJ: Antiinflammatory and immunosuppressive functions
of mast cells. Methods in molecular biology 2011, 677:207-220.

de Vries VC, Le Mercier I, Nowak EC, Noelle RJ: Studying mast cells in
peripheral tolerance by using a skin transplantation model. Methods in
molecular biology 2015, 1220:461-486.

Wang HW, Tedla N, Lloyd AR, Wakefield D, McNeil PH: Mast cell activation
and migration to lymph nodes during induction of an immune response in
mice. J Clin Invest 1998, 102(8):1617-1626.

Chacoén-Salinas R, Chen L, Chavez-Blanco AD, Limon-Flores AY, Ma Y, Ullrich
SE: An essential role for platelet-activating factor in activating mast cell
migration following ultraviolet irradiation. Journal of Leukocyte Biology 2013.
Byrne S, Limon-Flores A, Ullrich S: Mast cell migration from the skin to the
draining lymph nodes upon ultraviolet irradiation represents a key step in
the induction of immune suppression. Journal of immunology (Baltimore, Md :
1950) 2008, 180(7):4648-4655.

Galli SJ, Borregaard N, Wynn TA: Phenotypic and functional plasticity of cells
of innate immunity: macrophages, mast cells and neutrophils. Nat Immunol
2011, 12(11):1035-1044.

Kanakura Y, Thompson H, Nakano T, Yamamura T, Asai H, Kitamura Y,
Metcalfe DD, Galli SJ: Multiple bidirectional alterations of phenotype and
changes in proliferative potential during the in vitro and in vivo passage of
clonal mast cell populations derived from mouse peritoneal mast cells. Blood
1988, 72(3):877-885.

Sibilano R, Frossi B, Pucillo CE: Mast cell activation: a complex interplay of
positive and negative signaling pathways. European journal of immunology
2014, 44(9):2558-2566.

Tshori S, Razin E: Editorial: Mast cell degranulation and calcium entry--the
Fyn-calcium store connection. J Leukoc Biol 2010, 88(5):837-838.

Nishida K, Yamasaki S, Ito Y, Kabu K, Hattori K, Tezuka T, Nishizumi H,
Kitamura D, Goitsuka R, Geha RS ef al: Fe{epsilon}RI-mediated mast cell

130



80.

81.

82.

83.

&4.

85.

86.

87.

88.

&9.

90.

91.

92.

degranulation requires calcium-independent microtubule-dependent
translocation of granules to the plasma membrane. J Cell Biol 2005,
170(1):115-126.

Moon TC, Befus AD, Kulka M: Mast cell mediators: their differential release
and the secretory pathways involved. Front Immunol 2014, 5:569.

Kunder CA, St John AL, Li G, Leong KW, Berwin B, Staats HF, Abraham SN:
Mast cell-derived particles deliver peripheral signals to remote lymph nodes.
The Journal of experimental medicine 2009, 206(11):2455-2467.

Suurmond J, van Heemst J, van Heiningen J, Dorjee AL, Schilham MW, van der
Beek FB, Huizinga TW, Schuerwegh AJ, Toes RE: Communication between
human mast cells and CD4(+) T cells through antigen-dependent
interactions. European journal of immunology 2013, 43(7):1758-1768.

Stelekati E, Bahri R, D'Orlando O, Orinska Z, Mittrucker HW, Langenhaun R,
Glatzel M, Bollinger A, Paus R, Bulfone-Paus S: Mast cell-mediated antigen
presentation regulates CD8+ T cell effector functions. /mmunity 2009,
31(4):665-676.

Kambayashi T, Allenspach EJ, Chang JT, Zou T, Shoag JE, Reiner SL, Caton AJ,
Koretzky GA: Inducible MHC class Il expression by mast cells supports
effector and regulatory T cell activation. Journal of immunology 2009,
182(8):4686-4695.

Malaviya R, Ross EA, MacGregor JI, Ikeda T, Little JR, Jakschik BA, Abraham
SN: Mast cell phagocytosis of FimH-expressing enterobacteria. Journal of
immunology 1994, 152(4):1907-1914.

Galli SJ, Grimbaldeston M, Tsai M: Immunomodulatory mast cells: negative,
as well as positive, regulators of immunity. Nat Rev Immunol 2008, 8(6):478-
486.

Galli SJ, Kalesnikoff J, Grimbaldeston MA, Piliponsky AM, Williams CM, Tsai
M: Mast cells as "tunable" effector and immunoregulatory cells: recent
advances. Annu Rev Immunol 2005, 23:749-786.

Grimbaldeston MA, Nakae S, Kalesnikoff J, Tsai M, Galli SJ: Mast cell-derived
interleukin 10 limits skin pathology in contact dermatitis and chronic
irradiation with ultraviolet B. Nat Immunol 2007, 8(10):1095-1104.

Bond G, Nowocin A, Sacks SH, Wong W: Kinetics of mast cell migration
during transplantation tolerance. Transpl Immunol 2015, 32(1):40-45.

Zhang W, Wu K, He W, Gao Y, Huang W, Lin X, Cai L, Fang Z, Zhou Q, Luo Z
et al: Transforming growth factor beta 1 plays an important role in inducing
CD4(+)CD25(+)forhead box P3(+) regulatory T cells by mast cells. Clin Exp
Immunol 2010, 161(3):490-496.

Martin RK, Saleem SJ, Folgosa L, Zellner HB, Damle SR, Nguyen GK, Ryan JJ,
Bear HD, Irani AM, Conrad DH: Mast cell histamine promotes the
immunoregulatory activity of myeloid-derived suppressor cells. J Leukoc Biol
2014, 96(1):151-159.

Forward NA, Furlong SJ, Yang Y, Lin TJ, Hoskin DW: Mast cells down-
regulate CD4+CD25+ T regulatory cell suppressor function via histamine H1
receptor interaction. Journal of immunology 2009, 183(5):3014-3022.

131



93.

94.

95.

96.

97.

98.
99.

100.

101.

102.
103.

104.

105.

106.

107.

108.

109.

110.

Morgan RK, McAllister B, Cross L, Green DS, Kornfeld H, Center DM,
Cruikshank WW: Histamine 4 receptor activation induces recruitment of
FoxP3+ T cells and inhibits allergic asthma in a murine model. Journal of
immunology 2007, 178(12):8081-8089.

Sarchio SN, Kok LF, O'Sullivan C, Halliday GM, Byrne SN: Dermal mast cells
affect the development of sunlight-induced skin tumours. Exp Dermatol 2012,
21(4):241-248.

Wasiuk A, de Vries VC, Hartmann K, Roers A, Noelle RJ: Mast cells as
regulators of adaptive immunity to tumours. Clin Exp Immunol 2009,
155(2):140-146.

Yang Z, Zhang B, Li D, Lv M, Huang C, Shen GX, Huang B: Mast cells
mobilize myeloid-derived suppressor cells and Treg cells in tumor
microenvironment via IL-17 pathway in murine hepatocarcinoma model.
PloS one 2010, 5(1):e8922.

Robinson JK: Sun exposure, sun protection, and vitamin D. JAMA 2005,
294(12):1541-1543.

Cancer Facts and Figures 2016. American Cancer Society 2016.

Goldberg EP, Hadba AR, Almond BA, Marotta JS: Intratumoral cancer
chemotherapy and immunotherapy: opportunities for nonsystemic
preoperative drug delivery. J Pharm Pharmacol 2002, 54(2):159-180.

Gyorki DE, Callahan M, Wolchok JD, Ariyan CE: The delicate balance of
melanoma immunotherapy. Clinical & Translational Immunology 2013,
2(8):e5.

Zou W, Restifo NP: T(H)17 cells in tumour immunity and immunotherapy.
Nat Rev Immunol 2010, 10(4):248-256.

Mukherji B: Immunology of melanoma. Clin Dermatol 2013, 31(2):156-165.
Parmiani G, Castelli C, Santinami M, Rivoltini L.: Melanoma immunology: past,
present and future. Current opinion in oncology 2007, 19(2):121-127.

Robbins SL, Kumar V, Cotran RS: Robbins and Cotran pathologic basis of
disease, 8th edn. Philadelphia, PA: Saunders/Elsevier; 2010.

Jilaveanu LB, Aziz SA, Kluger HM: Chemotherapy and biologic therapies for
melanoma: do they work? Clin Dermatol 2009, 27(6):614-625.

Treisman J, Garlie N: Systemic therapy for cutaneous melanoma. Clin Plast
Surg 2010, 37(1):127-146.

Purwar R, Schlapbach C, Xiao S, Kang HS, Elyaman W, Jiang X, Jetten AM,
Khoury SJ, Fuhlbrigge RC, Kuchroo VK et al: Robust tumor immunity to
melanoma mediated by interleukin-9-producing T cells. Nat Med 2012,
18(8):1248-1253.

Ullrich SE: Sunlight and skin cancer: lessons from the immune system. Mol
Carcinog 2007, 46(8):629-633.

Ma HL, Whitters MJ, Konz RF, Senices M, Young DA, Grusby MJ, Collins M,
Dunussi-Joannopoulos K: IL-21 activates both innate and adaptive immunity
to generate potent antitumor responses that require perforin but are
independent of IFN-gamma. Journal of immunology 2003, 171(2):608-615.
Dougan M, Dranoff G: Immune therapy for cancer. Annu Rev Immunol 2009,
27:83-117.

132



111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Atkins MB, Lotze MT, Dutcher JP, Fisher RI, Weiss G, Margolin K, Abrams J,
Sznol M, Parkinson D, Hawkins M et al: High-dose recombinant interleukin 2
therapy for patients with metastatic melanoma: analysis of 270 patients
treated between 1985 and 1993. J Clin Oncol 1999, 17(7):2105-2116.

Menaa F: Latest approved therapies for metastatic melanoma: what comes
next? J Skin Cancer 2013, 2013:735282.

Lammers T, Peschke P, Kuhnlein R, Subr V, Ulbrich K, Huber P, Hennink W,
Storm G: Effect of intratumoral injection on the biodistribution and the
therapeutic potential of HPMA copolymer-based drug delivery systems.
Neoplasia 2006, 8(10):788-795.

Brincker H: Direct intratumoral chemotherapy. Crit Rev Oncol Hematol 1993,
15(2):91-98.

Almutawa F, Alnomair N, Wang Y, Hamzavi [, Lim HW: Systematic review of
UV-based therapy for psoriasis. Am J Clin Dermatol 2013, 14(2):87-1009.
Scherschun L, Kim JJ, Lim HW: Narrow-band ultraviolet B is a useful and
well-tolerated treatment for vitiligo. / Am Acad Dermatol 2001, 44(6):999-
1003.

El Mofty M, Mostafa W, Esmat S, Youssef R, Azzam O, Hunter N, El Hanafi G,
Fawzi M: Narrow band Ultraviolet B 311 nm in the treatment of vitiligo: two
right-left comparison studies. Photodermatol Photoimmunol Photomed 2006,
22(1):6-11.

Ullrich S: Mechanisms underlying UV-induced immune suppression.
Mutation research 2005, 571(1-2):185-205.

Ullrich S, Byrne S: The immunologic revolution: photoimmunology. 7he
Journal of investigative dermatology 2012, 132(3 Pt 2):896-905.

Applegate LA, Ley RD, Alcalay J, Kripke ML: Identification of the molecular
target for the suppression of contact hypersensitivity by ultraviolet radiation.
The Journal of experimental medicine 1989, 170(4):1117-1131.

Jaksic A, Finlay-Jones JJ, Watson CJ, Spencer LK, Santucci I, Hart PH: Cis-
urocanic acid synergizes with histamine for increased PGE2 production by
human keratinocytes: link to indomethacin-inhibitable UVB-induced
immunosuppression. Photochem Photobiol 1995, 61(3):303-309.

Kurimoto I, Streilein JW: cis-urocanic acid suppression of contact
hypersensitivity induction is mediated via tumor necrosis factor-alpha.
Journal of immunology 1992, 148(10):3072-3078.

De Fabo EC, Noonan FP: Mechanism of immune suppression by ultraviolet
irradiation in vivo. 1. Evidence for the existence of a unique photoreceptor in
skin and its role in photoimmunology. The Journal of experimental medicine
1983, 158(1):84-98.

Ghoreishi M, Dutz JP: Tolerance induction by transcutaneous immunization
through ultraviolet-irradiated skin is transferable through CD4+CD25+ T
regulatory cells and is dependent on host-derived IL-10. Journal of
immunology 2006, 176(4):2635-2644.

Sahu R, Petrache I, Van Demark M, Rashid B, Ocana J, Tang Y, Yi Q, Turner M,
Konger R, Travers J: Cigarette Smoke Exposure Inhibits Contact

133



Hypersensitivity via the Generation of Platelet-Activating Factor Agonists.
Journal of immunology (Baltimore, Md : 1950) 2013, 190(5):2447-2454.

126. Sahu R, Turner M, DaSilva S, Rashid B, Ocana J, Perkins S, Konger R,
Touloukian C, Kaplan M, Travers J: The environmental stressor ultraviolet B
radiation inhibits murine antitumor immunity through its ability to generate
platelet-activating factor agonists. Carcinogenesis 2012, 33(7):1360-1367.

127. Chacon-Salinas R, Limon-Flores A, Chavez-Blanco A, Gonzalez-Estrada A,
Ullrich S: Mast cell-derived IL-10 suppresses germinal center formation by
affecting T follicular helper cell function. Journal of immunology (Baltimore,
Md : 1950) 2011, 186(1):25-31.

128. da Silva EZ, Jamur MC, Oliver C: Mast cell function: a new vision of an old
cell. J Histochem Cytochem 2014, 62(10):698-738.

129.  Juremalm M, Hjertson M, Olsson N, Harvima I, Nilsson K, Nilsson G: The
chemokine receptor CXCR4 is expressed within the mast cell lineage and its
ligand stromal cell-derived factor-lalpha acts as a mast cell chemotaxin.
European journal of immunology 2000, 30(12):3614-3622.

130. Pei Y, Barber LA, Murphy RC, Johnson CA, Kelley SW, Dy LC, Fertel RH,
Nguyen TM, Williams DA, Travers JB: Activation of the epidermal platelet-
activating factor receptor results in cytokine and cyclooxygenase-2
biosynthesis. Journal of immunology 1998, 161(4):1954-1961.

131.  Soontrapa K, Honda T, Sakata D, Yao C, Hirata T, Hori S, Matsuoka T, Kita Y,
Shimizu T, Kabashima K ef al: Prostaglandin E2-prostaglandin E receptor
subtype 4 (EP4) signaling mediates UV irradiation-induced systemic
immunosuppression. Proc Natl Acad Sci U S A 2011, 108(16):6668-6673.

132.  Yao Y, Wolverton JE, Zhang Q, Marathe GK, Al-Hassani M, Konger RL, Travers
JB: Ultraviolet B radiation generated platelet-activating factor receptor
agonist formation involves EGF-R-mediated reactive oxygen species. Journal
of immunology 2009, 182(5):2842-2848.

133. Bettelli E, Carrier Y, Gao W, Korn T, Strom TB, Oukka M, Weiner HL, Kuchroo
VK: Reciprocal developmental pathways for the generation of pathogenic
effector TH17 and regulatory T cells. Nature 2006, 441(7090):235-238.

134.  Yao Y, Harrison KA, Al-Hassani M, Murphy RC, Rezania S, Konger RL, Travers
JB: Platelet-activating factor receptor agonists mediate xeroderma
pigmentosum A photosensitivity. J Bio/ Chem 2012, 287(12):9311-9321.

135. Sahu RP, Ocana JA, Harrison KA, Ferracini M, Touloukian CE, Al-Hassani M,
Sun L, Loesch M, Murphy RC, Althouse SK et al: Chemotherapeutic agents
subvert tumor immunity by generating agonists of platelet-activating factor.
Cancer research 2014, 74(23):7069-7078.

136. Woods AE: Laboratory Histopathology: A Complete Refererence.: Churchill
Livingstone.; 1994.

137. Bligh EG, Dyer WJ: A rapid method of total lipid extraction and purification.
Can J Biochem Physiol 1959, 37(8):911-917.

138.  Testori A, Verhoef C, Kroon HM, Pennacchioli E, Faries MB, Eggermont AM,
Thompson JF: Treatment of melanoma metastases in a limb by isolated limb
perfusion and isolated limb infusion. J Surg Oncol 2011, 104(4):397-404.

134



139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

Kroon HM: Treatment of locally advanced melanoma by isolated limb
infusion with cytotoxic drugs. J Skin Cancer 2011, 2011:106573.

Limon-Flores A, Chacon-Salinas R, Ramos G, Ullrich S: Mast cells mediate the
immune suppression induced by dermal exposure to JP-8 jet fuel.
Toxicological sciences : an official journal of the Society of Toxicology 2009,
112(1):144-152.

Saint-Mezard P, Berard F, Dubois B, Kaiserlian D, Nicolas JF: The role of CD4+
and CD8+ T cells in contact hypersensitivity and allergic contact dermatitis.
Eur J Dermatol 2004, 14(3):131-138.

Erkes DA, Selvan SR: Hapten-induced contact hypersensitivity, autoimmune
reactions, and tumor regression: plausibility of mediating antitumor
immunity. J Immunol Res 2014, 2014:175265.

Watanabe H, Unger M, Tuvel B, Wang B, Sauder DN: Contact hypersensitivity:
the mechanism of immune responses and T cell balance. J Interferon Cytokine
Res 2002, 22(4):407-412.

Vocanson M, Hennino A, Chavagnac C, Saint-Mezard P, Dubois B, Kaiserlian D,
Nicolas JF: Contribution of CD4(+ )and CD8(+) T-cells in contact
hypersensitivity and allergic contact dermatitis. Expert Rev Clin Immunol
2005, 1(1):75-86.

O'Mahony L, Akdis M, Akdis CA: Regulation of the immune response and
inflammation by histamine and histamine receptors. J Allergy Clin Immunol
2011, 128(6):1153-1162.

Wang D, Patel VV, Ricciotti E, Zhou R, Levin MD, Gao E, Yu Z, Ferrari VA, Lu
MM, Xu J et al: Cardiomyocyte cyclooxygenase-2 influences cardiac rhythm
and function. Proc Natl Acad Sci U S A 2009, 106(18):7548-7552.

Reber LL, Marichal T, Mukai K, Kita Y, Tokuoka SM, Roers A, Hartmann K,
Karasuyama H, Nadeau KC, Tsai M et al: Selective ablation of mast cells or
basophils reduces peanut-induced anaphylaxis in mice. J Allergy Clin
Immunol 2013, 132(4):881-888 e881-811.

Scholten J, Hartmann K, Gerbaulet A, Krieg T, Miiller W, Testa G, Roers A:
Mast cell-specific Cre/loxP-mediated recombination in vivo. 7ransgenic Res
2008, 17(2):307-315.

Seta F, Chung AD, Turner PV, Mewburn JD, Yu Y, Funk CD: Renal and
cardiovascular characterization of COX-2 knockdown mice. Am J Physiol
Regul Integr Comp Physiol 2009, 296(6):R1751-1760.

Hart PH, Grimbaldeston MA, Swift GJ, Jaksic A, Noonan FP, Finlay-Jones JJ:
Dermal mast cells determine susceptibility to ultraviolet B-induced systemic
suppression of contact hypersensitivity responses in mice. 7/e Journal of
experimental medicine 1998, 187(12):2045-2053.

Chen W, Konkel JE: TGF-beta and 'adaptive' Foxp3(+) regulatory T cells. J
Mol Cell Biol 2010, 2(1):30-36.

Workman CJ, Szymczak-Workman AL, Collison LW, Pillai MR, Vignali DA:
The development and function of regulatory T cells. Cell Mol Life Sci 2009,
66(16):2603-2622.

135



153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Wan YY, Flavell RA: 'Yin-Yang' functions of transforming growth factor-
beta and T regulatory cells in immune regulation. /mmunol Rev 2007,
220:199-213.

Legler DF, Krause P, Scandella E, Singer E, Groettrup M: Prostaglandin E2 is
generally required for human dendritic cell migration and exerts its effect
via EP2 and EP4 receptors. Journal of immunology 2006, 176(2):966-973.
Krause P, Singer E, Darley PI, Klebensberger J, Groettrup M, Legler DF:
Prostaglandin E2 is a key factor for monocyte-derived dendritic cell
maturation: enhanced T cell stimulatory capacity despite IDO. J Leukoc Biol
2007, 82(5):1106-1114.

Kabashima K, Sakata D, Nagamachi M, Miyachi Y, Inaba K, Narumiya S:
Prostaglandin E2-EP4 signaling initiates skin immune responses by
promoting migration and maturation of Langerhans cells. Nat Med 2003,
9(6):744-749.

Hammad H, de Heer HJ, Soullie T, Hoogsteden HC, Trottein F, Lambrecht BN:
Prostaglandin D2 inhibits airway dendritic cell migration and function in
steady state conditions by selective activation of the D prostanoid receptor 1.
Journal of immunology 2003, 171(8):3936-3940.

Kalinski P: Regulation of immune responses by prostaglandin E2. Journal of
immunology 2012, 188(1):21-28.

Tan X, Essengue S, Talreja J, Reese J, Stechschulte DJ, Dileepan KN: Histamine
directly and synergistically with lipopolysaccharide stimulates
cyclooxygenase-2 expression and prostaglandin I(2) and E(2) production in
human coronary artery endothelial cells. Journal of immunology 2007,
179(11):7899-7906.

Pentland AP, Mahoney M, Jacobs SC, Holtzman MJ: Enhanced prostaglandin
synthesis after ultraviolet injury is mediated by endogenous histamine
stimulation. A mechanism for irradiation erythema. J Clin Invest 1990,
86(2):566-574.

Byrne SN, Beaugie C, O'Sullivan C, Leighton S, Halliday GM: The immune-
modulating cytokine and endogenous Alarmin interleukin-33 is upregulated
in skin exposed to inflammatory UVB radiation. Am J Pathol 2011,
179(1):211-222.

Taniguchi K, Yamamoto S, Hitomi E, Inada Y, Suyama Y, Sugioka T, Hamasaki
Y: Interleukin 33 is induced by tumor necrosis factor alpha and interferon
gamma in keratinocytes and contributes to allergic contact dermatitis. J
Investig Allergol Clin Immunol 2013, 23(6):428-434.

Kunisch E, Chakilam S, Gandesiri M, Kinne RW: IL-33 regulates TNF-alpha
dependent effects in synovial fibroblasts. /nt J Mol Med 2012, 29(4):530-540.
Mackall CL, Fleisher TA, Brown MR, Magrath IT, Shad AT, Horowitz ME,
Wexler LH, Adde MA, McClure LL, Gress RE: Lymphocyte depletion during
treatment with intensive chemotherapy for cancer. Blood 1994, 84(7):2221-
2228.

Bracci L, Schiavoni G, Sistigu A, Belardelli F: Immune-based mechanisms of
cytotoxic chemotherapy: implications for the design of novel and rationale-

136



166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

based combined treatments against cancer. Cell Death Differ 2014, 21(1):15-
25.

Proietti E, Moschella F, Capone I, Belardelli F: Exploitation of the propulsive
force of chemotherapy for improving the response to cancer immunotherapy.
Mol Oncol 2012, 6(1):1-14.

Hewlett EL, Hamid OY, Ruffier J, Mahmoud AA: In vivo suppression of
delayed hypersensitivity by thiabendazole and diethylcarbamazine.
Immunopharmacology 1981, 3(4):325-332.

Bracci L, Moschella F, Sestili P, La Sorsa V, Valentini M, Canini I, Baccarini S,
Maccari S, Ramoni C, Belardelli F et al: Cyclophosphamide enhances the
antitumor efficacy of adoptively transferred immune cells through the
induction of cytokine expression, B-cell and T-cell homeostatic proliferation,
and specific tumor infiltration. Clinical cancer research : an official journal of
the American Association for Cancer Research 2007, 13(2 Pt 1):644-653.
Samuels BL, Bitran JD: High-dose intravenous melphalan: a review. J Clin
Oncol 1995, 13(7):1786-1799.

Bayraktar UD, Bashir Q, Qazilbash M, Champlin RE, Ciurea SO: Fifty years of
melphalan use in hematopoietic stem cell transplantation. Biol Blood Marrow
Transplant 2013, 19(3):344-356.

Ramos G, Nghiem DX, Walterscheid JP, Ullrich SE: Dermal application of jet
fuel suppresses secondary immune reactions. 7Toxicol Appl Pharmacol 2002,
180(2):136-144.

Sanchez-Miranda E, Ibarra-Sanchez A, Gonzalez-Espinosa C: Fyn kinase
controls FcepsilonRI receptor-operated calcium entry necessary for full
degranulation in mast cells. Biochem Biophys Res Commun 2010, 391(4):1714-
1720.

Schwartz A, Askenase PW, Gershon RK: Histamine inhibition of the in vitro
induction of cytotoxic T-cell responses. Immunopharmacology 1980, 2(3):179-
190.

Godot V, Arock M, Garcia G, Capel F, Flys C, Dy M, Emilie D, Humbert M: H4
histamine receptor mediates optimal migration of mast cell precursors to
CXCL12. J Allergy Clin Immunol 2007, 120(4):827-834.

Hammad H, Kool M, Soullie T, Narumiya S, Trottein F, Hoogsteden HC,
Lambrecht BN: Activation of the D prostanoid 1 receptor suppresses asthma
by modulation of lung dendritic cell function and induction of regulatory T
cells. The Journal of experimental medicine 2007, 204(2):357-367.

Bruckner M, Dickel D, Singer E, Legler DF: Converse regulation of CCR7-
driven human dendritic cell migration by prostaglandin E(2) and liver X
receptor activation. European journal of immunology 2012, 42(11):2949-2958.
Bruckner M, Dickel D, Singer E, Legler DF: Distinct modulation of chemokine
expression patterns in human monocyte-derived dendritic cells by
prostaglandin E(2). Cell Immunol 2012, 276(1-2):52-58.

Krause P, Bruckner M, Uermosi C, Singer E, Groettrup M, Legler DF:
Prostaglandin E(2) enhances T-cell proliferation by inducing the
costimulatory molecules OX40L, CD70, and 4-1BBL on dendritic cells. Blood
2009, 113(11):2451-2460.

137



179.

180.

181.

Zhang W, Wu K, He W, Gao Y, Huang W, Lin X, Cai L, Fang Z, Zhou Q, Luo Z
et al: Transforming growth factor beta 1 plays an important role in inducing
CD4(+)CD25(+)forhead box P3(+) regulatory T cells by mast cells. Clinical
and experimental immunology 2010, 161(3):490-496.

Tamaka K, Seike M, Hagiwara T, Sato A, Ohtsu H: Histamine suppresses
regulatory T cells mediated by TGF-beta in murine chronic allergic contact
dermatitis. Exp Dermatol 2015, 24(4):280-284.

Akdis CA, Jutel M, Akdis M: Regulatory effects of histamine and histamine
receptor expression in human allergic immune responses. Chem Immunol
Allergy 2008, 94:67-82.

138



Curriculum Vitae

Jesus A Ocana

Education

Kent State University Indiana University

Chemistry, BS (Honors) PhD in Pharmacology, July 2016
Biology, Minor MD (In Progress)

2006-2010 Expected Graduation Date 2018

Personal Statement

From an early stage in my career development, I have held science with high regard and
great curiosity. Now on my third year of graduate work, I have successfully contributed
to several manuscripts, and am co-first author on a manuscript recently accepted in
Cancer Research. I look forward to the sense of fulfillment with the publication of my
dissertation research and completion of my MD and PhD degrees. In the years to come, I
plan to manage a well-funded laboratory in the field of immunopharmacology, while still
maintaining part-time clinical duties. I strive to contribute to the scientific community in
my efforts as a successful physician scientist.

Extracurricular Activities

Pharm & Tox- Graduate Student President

Rock for Riley — Former President of Philanthropy

Competency IX - Philanthropic Medical School Band

Combined Degree Student Council — Former Co-Chair

Operation Leftover- Volunteer to cater to the homeless of Indianapolis

Publications

Bunge SD, Ocana JA, Cleland TL, Steele JL. Synthetic, structural, and theoretical
investigation of guanidinate complexes containing planar Cug cores. Inorg Chem. 2009
Jun 1;48(11):4619-21. PMID: 19388654.

Ocana JA, Bunge SD. Investigation of Guanadinate Group 11 Complexes and their
stabilization with Silyl and Alkyl Amines. Senior Honors Thesis, Kent State University,
2010

Sahu RP, Turner MJ, DaSilva SC, Rashid BM, Ocana JA, Perkins SM, Konger RL,
Touloukian CE, Kaplan MH, Travers JB. The environmental stressor ultraviolet B
radiation inhibits murine antitumor immunity through its ability to generate platelet-
activating factor agonists. Carcinogenesis. 2012 Jul;33(7):1360-7. PMID: PMC3405652.

Sahu RP, Petrache I, Van Demark MJ, Rashid BM, Ocana JA, Tang Y, Yi Q, Turner MJ,
Konger RL, Travers JB. Cigarette Smoke Exposure Inhibits Contact Hypersensitivity via
the Generation of Platelet-Activating Factor Agonists. J Immunol. 2013 Mar
1;190(5):2447-54. PMID: PMC3577966.



Adas SK, Ocana JA, Bunge SD. Synthesis and Structural Characterization of a Series of
Group 11 2,2-Dialkyl-1,3-dicyclohexylguanidinate Complexes. Aust J Chem. 2014 Jun:
67:1021-1029.

Sahu RP, Ocana JA, Harrison KA, Ferracini M, Touloukian CE, Al-Hassani,Sun L,
Loesch M, Murphy RC, Althouse SK, Perkins SM, Speicher PJ, Tyler DS, Konger RL,
and Travers JB. Chemotherapeutic agents subvert tumor immunity by generating agonists
of platelet-activating factor. Cancer research 2014, 74(23): 7069-7078. PMID:
25304264.

Rezania S, Sahu RP, Ocana JA, DaSilva SC, Bradish JR, Warren SJ, Rashid B, Travers
JB, and Konger RL. Topical application of a platelet activating factor receptor agonist
suppresses phorbol ester-induced acute and chronic inflammation and has cancer
chemopreventive activity in mouse skin. PLOS ONE. 2014 Nov: 9 (11): e111608. PMID:
4222871.

Sehra S, Serezani AP, Ocaifia JA, Travers JB, Kaplan MH. Mast Cells Regulate
Epidermal Barrier Function and the Development of Allergic Skin Inflammation.
Journal of Investigative Dermatology. 2016 Mar. PMID: 27021404.

Presentations

Ocana, J. A., Bertke, J., Cleland, T. and Bunge, S. D., “Synthesis and Characterization
of a Novel Series of Hetero-Ligated Lanthanide Compounds for the Ring Opening
Polymerization of e-Caprolactone.” Poster: Ohio Science and Engineering Alliance
Symposium at Wright State University, American Chemical Society Regional Meeting at
Columbus, OH. Talk: Research Night at Kent State University.

Ocana, J. A., Steele, J., Cleland, T. and Bunge, S. D., “A Synthetic and Theoretical
Investigation of Cyclic Multinuclear Group 11 Guanadinate Complexes‘ Poster:
Ohio Inorganic Weekend at University of Toledo (November 2008). Talk: Ohio Science
and Engineering Alliance Symposium at Ohio State University.

Ocana, J.A., Sahu, R.P., Harrison, K.A., Touloukian, C.E., Sun, L., Murphy, R.C.,
Konger, R.L., and Travers, J.B., "The dark side of chemotherapy: Evidence that
chemotherapeutic agents generate Platelet-activating Factor agonists that subvert
tumor immunity." Poster: Indiana University Simon Cancer Center: Cancer Research
Day 2012. Poster: National MD/PhD Student Conference, Keystone, Co.

Ocana, J.A., Yao, Y., Sahu, R.P., Konger, R.L., and Travers, J.B., "The role of mast
cells in Platelet Activating Factor-mediated systemic immunosuppression." Oral &
Poster: Autumn Immunology Conference, Chicago, 2013. Poster: Bioactive Lipids in
Cancer, Inflammation and Related Diseases, Puerto Rico, 2013.




Ocana, J.A., Yao, Y., Sahu, R.P., Konger, R.L., and Travers, J.B., “Platelet Activating
Factor-mediated systemic immunosuppression requires IL-33 and various mast cell
mediators.” Oral Plenary & Poster: Society of Investigative Dermatology, Albuquerque,
2014.

Ocana JA, Yi Q, Yao Y, Bryce P, Kaplan M and Travers JB. “Mast cell-derived
histamine is necessary for Platelet Activating Factor mediated systemic
immunosuppression.” Oral & Poster: American Association of Immunologists Annual
Meeting, New Orleans, 2015.

Honors Awards and Fellowships

Access Scholarship, Kent State University, 2006-2010

Oscar Ritchie Memorial Scholarship, Kent State University, 2006-2010

Honors College Scholarship, Kent State University, 2006-2010

Choose Ohio First Scholar, Kent State University, 2008-2010

Golden Key Honors Society, Kent State University, 2008-2010

Student Poster Presentation and Contest: Award of Excellence, Kent State University,
2009

Undergraduate Student Award in Analytical Chemistry, Kent State University, 2009
Undergraduate Student Award in Analytical Chemistry, American Chemical Society,
2009

Senior Honors Thesis Fellowship, Kent State University, 2009-2010

Lubrizol Chemistry Scholarship, Kent State University, 2010

Summa Cum Laude, Kent State University, 2010

IU Simon Cancer Center Poster Presentation: Honorable Mention, [USM, 2013
Merilyn Hester scholarship recipient, [IUSM, 2013

Cancer Biology Training Program Fellowship, [USM, 2013

John Wallace Minority Scholarship, Autumn Immunology Conference Council, 2013
Annual MD/PhD National Student Conference Diversity Travel Award, Keystone, CO,
2013

Ruth L. Kirschstein F30 National Research Service Award, Submitted, 2013

IUSM Travel Grant, [USM, 2014

Immunology and Infectious Disease Training Program T32-Trainee Award, [IUSM, 2014
Ruth L. Kirschstein F31 National Research Service Award, Submitted, 2014

IUSM Travel Grant, IUSM, 2015

R. R. Paradise Travel Award, Department of Pharmacology, [USM, 2015
IMMUNOLOGY 2015 Trainee Abstract Travel Award, 2015

FASEB MARC Program Poster/Oral Presentation Travel Award, 2015

President's Diversity Dissertation Fellowship, Indiana University, Indianapolis, 2015
K. K. Chen Fellowship, Department of Pharmacology, [USM 2015



