ABSTRACT

COLLETTE, NICHOLAS MYKEL. Synthetic Alkylamide 15 and the Required Structural
Components for Mast Cell Inhibition. (Under the direction of Dr. Scott Laster.)

A number of medicinal plants produce fatty acid amides, also referred to as
alkylamides. These molecules have been shown to exert effects on a variety of cell types and
have been linked to the health effects of medicinal plants. In this investigation, we evaluated
the effects of alkylamides on the function of mast cells. Mast cells are responsible for many
of the symptoms associated with allergic reactions, including asthma and atopic dermatitis.
We used a set of alkylamides based on the structure of dodeca-2E, 4E-dienoic acid
isobutylamide, also known as A 15, which is produced by the plant Echinacea purpurea.

This alkylamide and a series of variants were produced for us by the laboratory of J. Pierce.
Specifically, we sought to determine the level of saturation and the length of the fatty acid
that produced optimal inhibition of mast cell degranulation. We found that the two double
bonds in this alkylamide were dispensable for the activity toward mast cells. Regarding the
length of the fatty acid chain, with both IgE- and ionophore-induced degranulation, we found
that optimal inhibition was achieved with a fatty acid of 8-12 carbons. Optimum inhibition
of calcium signaling was also achieved by an alkylamide with an 8-12 carbon fatty acid
chain. Together, these data support the hypothesis that alkylamides inhibit mast cell
degranulation by suppressing calcium responses. Finally, we examined the effects of
alkylamides on the secretion of the cytokine TNF-a. In this case, we found that optimum
inhibition was achieved by alkylamides with fatty acids of 10-12 carbons, suggesting
different mechanisms for alkylamide-mediated inhibition of degranulation and de novo
cytokine synthesis. These findings lay the foundation for modification of alkylamide

structure to improve specific activity.
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1. INTRODUCTION

Echinacea and Its Uses

Echinacea is a perennial plant of the Asteraceae family found native to the United States
and Canada. The most common species, Echinacea angustifolia, Echinacea pallida, and
Echinacea purpurea are geographically distributed throughout the Great Plains region of the
United States and Canada. E. angustifolia and E. pallida are native to both countries while E.
purpurea, also known as purple coneflower, was originally native to the US and introduced into
Canada during the mid-1900’s (Desmet & Brouilet, 2013; Kindscher, 1989; Shadow, 2017;
Stevens, 2017).

Knowledge about the health benefits of Echinacea was obtained primarily, from various
Indian tribes and their uses of the plant. The Sioux Nation (Dakota and Lakota tribes), and the
Meskwaki, Kiowa, and Choctaw tribes, used Echinacea preparations for a variety of medical
conditions including, sore throats, colds and flu, and venomous bites. During the early 1900’s
Echinacea was adopted by the broader American and European cultures with extracts used to
treat colds and flu, atopic dermatitis, ulcers, bacterial infections, and to promote wound healing
(Borchers, Keen, Stern, & Gershwin, 2000; Flannery, 1999; Kindscher, 1989; Smith, Huron H
(Huron Herbert), 1928).

There are two hypotheses for the medicinal effects of Echinacea. Early on, investigators
postulated that Echinacea preparations provided a health benefit by promoting clearance of
infections through augmentation or enhancement of the immune system (Flannery, 1999).

Support for this hypothesis has come from several clinical trials where daily usage of Echinacea



reduced upper respiratory tract infections, compared to the placebo, in adults and children
(Schapowal, Klein, & Johnston, 2015; Weber et al., 2005). For example, reduced levels of a
panel of respiratory viruses were reported in a trial where Echinacea was used to treat patients
with recurrent colds and chronic respiratory symptoms (Jawad, Schoop, Suter, Klein, & Eccles,
2012). An alternative hypothesis for the medicinal effects of Echinacea emerged when the role
of cytokines in the symptoms of infectious and inflammatory disease became known. This
hypothesis postulates that Echinacea suppresses release or action of inflammatory mediators
thereby reducing the symptoms of disease. In support of this hypothesis, a number of the
constituents of Echinacea have been shown to suppress production of pro-inflammatory
mediators from immune cells in vitro (Cech et al., 2006; Jeon et al., 2015; Ramasahayam et al.,
2011; Spelman, Wetschler, & Cech, 2009; Todd et al., 2015).

The Chemical Components of Echinacea and Their Effects

Both Echinacea roots and the aerial components of the plant are harvested and used as
herbal medicines. Aerial components are typically extracted with hot water (aqueous extraction)
and can include a low percentage of ethanol (i.e., 20%). These extracts typically contain high
concentrations of caffeic acid, glycoproteins, and polysaccharides; components that have been
associated with the immune stimulating benefits of Echinacea (Benson et al., 2010; Cech et al.,
2006; Sasagawa, Cech, Gray, Elmer, & Wenner, 2006; Spelman et al., 2009) (Fig. 1). Several
studies have been performed with purified compounds from aerial extracts that demonstrate
immune stimulating activity. For example, a study with arabinogalactan, a polysaccharide that

consists of a galactan backbone with attached arabinose side chains linked with rhamnose



showed increased phagocytic activity and secretion of TNF-a from macrophages (Ferreira,
Passos, Madureira, Vilanova, & Coimbra, 2015; Luettig, Steinmiiller, Gifford, Wagner, &
Lohmann-Matthes, 1989). In addition, arabinogalactan-containing proteins isolated from
Echinacea stimulated greater nitric oxide production and IL-6 secretion in murine macrophages
(Classen, Thude, Blaschek, Wack, & Bodinet, 2006). Finally, arabinogalactan isolated from
larch wood was shown to stimulate the immune system by increasing the numbers of NK cells
and mature granulocytes isolated from the spleen of mice (Currier, Lejtenyi, & Miller, 2003).

In contrast, Echinacea roots are typically extracted with a high concentration of ethanol
(75-95%). These extracts are typically high in alkylamides and caffeic acids, with minor
amounts of polyphenols, cichoric acids, and glycoproteins (Fig. 1) and have been associated with
suppression of inflammation and cytokine mediated symptoms (Benson et al., 2010; Cech et al.,
2006; Ramasahayam et al., 2011; Spelman et al., 2009). A number of laboratories have
documented the ability of alkylamides to suppress production of inflammatory mediators and
these results are described in the section below. Caffeic acid has also been shown suppress
secretion of TNF-a from HMC-1 cells (Jeon et al., 2015).

Despite several tantalizing in vitro studies, clinical trials with Echinacea extracts have
been ambiguous. The variety of different plant structures and methods which are used to
produce extracts from Echinacea may contribute to the inconsistent and confusing results of
clinical trials. Cech et al., found that different habitats and plant age were factors that
contributed to variable concentrations of alkylamides, caftaric acid and cichoric acid produced

by Echinacea (Cech et al., 2010). Additionally, investigators attribute successful results of



clinical trials to immunologically stimulatory properties of Echinacea without properly
performing and interpreting clinical measurements and assays to support these claims (B. P.
Barrett, Brown, Locken, Maberry, & al, 2002; Jawad et al., 2012; Taylor et al., 2003; Weber et
al., 2005). For example, Jawad et al., provided data analyzing viral load in nasal swabs of each
participant. However, data corresponding to the effect of E. purpurea on the immune response,
including serum antibody concentration, serum cytokine levels, and immune cell numbers was
not provided. Barrett et al., suggested that results of Echinacea clinical trials were inconsistent,
in part, because of a participant belief in the benefits of Echinacea and a placebo effect. These
factors were suggested to skew the severity and duration of cold symptoms towards a favorable
outcome for Echinacea treatments (B. Barrett et al., 2011).

The method of Echinacea extract preparation differs between clinical studies. For
example, Jawad et al., used Echinacea ethanolic extracts of aerial (95%) and root (5%)
structures, which contain mostly alkylamides, and found that the number of days until secondary
upper respiratory infections (URI) was increased in participants that used this preparation (Jawad
etal., 2012). In contrast, Taylor et al., used Echinacea aqueous extracts of aerial structures,
which contain mostly polysaccharides and glycoproteins, and found that participants that used
this extract did not delay the time until secondary URIs (Taylor et al., 2003). The concentration
of constituents contained in each E. purpurea preparation was not accounted for in these clinical
trials, contributing to discrepancies in constituent dosing. Jawad et al., used doses of E.
purpurea that were standardized based on the alkylamide dodecatetraenoic acid isobutylamide,

in which the daily doses varied from 2.7 mL to 4.5 mL (0.12 to 0.20 mg of dodecatetraenoic acid



isobutylamide). Taylor et al., used the aqueous preparation and the daily dose varied from 7.5
mL to 10 mL with no constituent standardization performed and no measurement of constituent
concentration per dose. The inconsistent study parameters mentioned above illustrate the need
for more control in clinical trials to accurately assess the effectiveness of E. purpurea for the
prevention and treatment of colds.

The Alkylamides

Alkylamides consist of an amide head group connected to a fatty acid (Fig. 1). The fatty
acid may vary in length and also in degree of saturation. Furthermore, alkylamides may contain
alkyl, thienyl, hydroxyl or piperdine groups attached to the amide head group or fatty acid chain.
Several species of the Asteraceae family produce alkylamides, including Echinacea angustifolia,
Echinacea purpurea, Echinacea pallida, Acmella oleracea, Anacyclus pyrethrum, and Otanthus
maritimus (Boonen, Sharma, Dixit, Burvenich, & Spiegeleer, 2012; Cheng et al., 2015; Cruz et
al., 2016; Nomura et al., 2013; Ruiu et al., 2013). As mentioned above, high concentrations of
alkylamides are found in ethanolic extracts of Echinacea (Spelman et al., 2009; Cech et al.,
2010).

Several studies have shown that alkylamides can suppress the production of
inflammatory mediators. For example, Echinacea extracts with high levels of alkylamides
suppressed LPS induced TNF-a secretion in human peripheral blood monocytes and
macrophages (Gertsch, Schoop, Kuenzle, & Suter, 2004). Alkylamides also suppressed LPS
induced nitric oxide production in macrophages (Chen et al., 2005). Furthermore, PMA/PHA

induced IL-2 production in Jurkat T cells was inhibited by alkylamides (Sasagawa et al., 2006;



Spelman et al., 2009). Alkylamides also inhibited TNF-a and PGE> secretion in influenza A
stimulated macrophages (Cech et al., 2010). Finally, TNF-a secretion was inhibited in LPS
stimulated RAW 264.7 cells treated with Echinacea extracts containing high levels of
alkylamides (Todd et al., 2015).

Recently, Moazami et al. examined the relationship between alkylamide structure and
activity (Moazami, Gulledge, Laster, & Pierce, 2015). To synthesize alkylamides, the authors
performed a series of oxidation steps to yield the carboxylic acid, (2E,4E)-dodeca-2,4-diezoic
acid, from the commercial compound, (2E,4E)-dodeca-2,4-dien-1-ol. Finally, the resulting
carboxylic acid was coupled with the isobutyl amine, propylphosphonic anhydride, to yield A15.
Variants of A15 were produced using similar oxidation/coupling reactions, but differed in
starting and coupling compounds. The resulting compounds were then tested for their effects on
the production of TNF-a by RAW 264.7 macrophage-like cells. These studies showed that any
change in the in the length of the fatty acid from the natural product, either shorter or longer,
resulted in reduced inhibition of LPS stimulated TNF-a production from RAW 264.7 cells.
Similarly, changes in the structure of the amide head group cells also lead to reduced inhibitory
activity. In contrast, altering the number double bonds did not affect activity (Moazami et al.,
2015). The relatively simple ability to modify the structure of alkylamides may lead to
improvements in their specific activity and effectiveness to treat inflammatory conditions.

Allergic Disease

Allergy is a world-wide problem and millions of people suffer from allergies to foods,

drugs, animal dander, and plant pollens. Allergies can take a number of clinical forms including



allergic rhinitis, atopic dermatitis, food allergies, and asthma to name just a few. A number of
studies indicate that up to 20% of the population can suffer from allergy. Food and drug
allergies can affect 7-8% of the population (Schwartz, Eberle, & Voehringer, 2016). Finally, the
prevalence of allergic rhinitis is up to 40% and has remained relatively constant in the United
States since 1997 (Eifan & Durham, 2016; Scadding et al., 2017).

Allergic reactions are immune reactions that develop following crosstalk between
dendritic cells, T and B lymphocytes, and mast cells. Initially, an allergen is encountered by
antigen presenting cells, processed, and peptides are presented to T-lymphocytes. Subsequently,
the T cells produce cytokines including IL-4 which drive B lymphocyte production of Ag-
specific IgE. The IgE in turn binds to the a subunit of the high affinity FceRI receptor expressed
on mast cells, sensitizing these cells. Once allergen binds to the surface bound IgE, the mast
cells become activated, resulting in the exocytosis and the release of mediators into the
extracellular space through a process termed degranulation. Mast cells release dozens of
biologically active molecules, including histamine, serotonin, chymase, tryptase, and cytokines
such as TNF-a. These molecules exert a number of effects on the local tissue environment. For
example, tryptases and chymases released from granules can lead to remodeling of the
surrounding tissue, while release of histamine and serotonin leads to increased vasculature
permeability and extravasation of immune cells. (Saffar et al., 2007; Donnadieu, Jouvin, &
Kinet, 2000; Blank et al., 2014).

In addition to the release of pre-formed mediators that are stored in mast cell granules,

mast cells initiate the de novo synthesis of eicosanoids and cytokines and these molecules



contribute the symptoms of allergic disease. For example, release of eicosanoids, including
leukotrienes and prostaglandins, causes constriction of airway smooth muscle. Cytokine and
chemokines exert many activities on the local tissues, and in addition, result in the activation and
recruitment other immune cells (Blank et al., 2014; Lundequist & Pejler, 2011).

The Mast Cell Activation Pathway

The mast cell is a highly granulated type of immune cell whose activity is critical for
allergic reactions. Mast cells are found throughout the body and labelled by their anatomic
location, i.e. serosal mast cells, mucosal mast cells, and connective tissue mast cells, while a
circulating form of the mast cell is known as the basophil. Mast cells are activated by
crosslinking IgE bound to their FceRI receptors, resulting in the release of both preformed, and
mediators synthesized through de novo pathways. Due to their clinical importance, with an eye
towards development of inhibitors, the biochemical signaling pathways in mast cells have been
studied extensively.

Initially, following the cross-linking of surface IgE, the Lyn kinase is activated by auto-
phosphorylation and phosphorylates the ITAMs of B and y subunits of the Fce receptor.
Subsequently, the tyrosine kinase, Syk, is recruited to the activated ITAMs of the y subunit and
phosphorylated by receptor associated Lyn. Activated Syk in turn phosphorylates the membrane
scaffold protein, linker for activation of T cells (LAT), allowing PLC-y to associate (Huber &
Gibbs, 2015; Lin, Huang, Huang, Tzeng, & Lin, 2016). Subsequently, PLC-y cleaves
phosphatidylinositol 4,5-bisphosphate (PIP>) leading to production of diacylglycerol (DAG) and

inositol 1,4,5-trisphosphate (IP3).



The next phase of mast cell activation centers on the second messenger calcium, which
plays a critical role in mast cell mediator release. Calcium concentrations in mast cell cytoplasm
are elevated in a two-step process. Initially, IP3 formed from the cleavage of PIP, by PLC-y,
binds to the IP3 receptor located at the endoplasmic reticulum (ER), causing release of calcium
from the ER into the cytoplasm. Next, the ER sensor protein STIM 1, senses the reduction in ER
calcium concentration and relocates near the plasma membrane binding ORAI 1 and causing
activation of the calcium release-activated calcium (CRAC) channel. Finally, calcium enters
from the extracellular space through the open CRAC channel (Huber & Gibbs, 2015; A. H.
Shim, Tirado-Lee, & Prakriya, 2015).

The physical process of granule movement and fusion with the plasma membrane also
relies on calcium. Calcium binds to the calcium domains of Rab effectors which facilitate the
docking of Rab GTPases and the N-ethylmaleimide-sensitive factor attachment protein receptors
(SNARES) that are associated with secretory granules. Calcium drives these complexes to
undergo granule-granule and granule-plasma membrane fusion, which is critical for
degranulation to occur (Azouz, Matsui, Fukuda, & Sagi-Eisenberg, 2012; Blank & Rivera, 2004;
Blank et al., 2014; Fukuda, 2013).

Signals for activation of the de novo cytokine synthesis pathway also emanate from the
FceRI receptor. The rise of intracellular calcium along with DAG formation trigger the
activation of several protein kinase C isomers, whose activity is required for cytokine release
(Nechushtan & Razin, 2001). Subsequently, the MAP kinase signaling cascade is activated,

resulting in the transcription of cytokine related genes (Blank et al., 2014; Vonakis et al., 2005).
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Also, calcium binding to calcineurin leads to NFAT dephosphorylation and activation of this
transcription factor. Another pathway activated in mast cells begins with the activation of
phosphoinositide 3-kinase (PI3K) followed by activation of the AKT-mTOR pathway for
cytokine production (Blank et al., 2014). As mentioned above extensive pharmaceutical research
has been conducted on these pathways with the goal of developing inhibitory compounds.
Upstream portions of the degranulation pathway have been targeted, such as the Lyn kinase and
calcium binding and channel proteins. The protein kinases responsible for the de novo synthesis
pathway have also been targeted for inhibitor design (Cho, Woo, Yoon, & Kim, 2004; Diaz-
Flores et al., 2013; Vuong et al., 2015).

Treatments for Allergy

Therapeutic treatments for allergy generally focus on reducing the severity of the
symptoms. Antihistamines, including azelastine and ketotifen, are histamine receptor antagonists
that block the activity of histamine (Bielory, Buddiga, & Bigelson, 2004). Antihistamines
temporarily resolve allergy related symptoms but usefulness is limited by the side effects,
including drowsiness and dehydration. Antihistamines also only target one of the mediators of
allergy and the activities of other mediators remains unaffected (Bielory et al., 2004; Tan, Sugita,
& Akdis, 2016; Zhang, Finn, Barlow, & Walsh, 2016).

Glucocorticoid hormones are corticosteroids also used for the treatment of allergy. These
molecules can diffuse across the plasma membrane and bind glucocorticoid receptors in the
cytoplasm. The ligand and receptor glucocorticoid complex crosses the nuclear membrane to

activate or suppress transcription factors associated with degranulation and cytokine production
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(Liu et al., 2013; Stahn & Buttgereit, 2008; Trevor & Deshane, 2014). Furthermore, there is
evidence of glucocorticoid treatment that is independent of the impact on transcription factors
and involves activation of kinases (Stahn & Buttgereit, 2008). The use of glucocorticoids is also
limited by their side effects. Use of glucocorticoids at high doses for long periods causes
negative steroid related effects, including osteoporosis, diabetes, and gluacoma (R. Gupta &
Fonacier, 2016; Liu et al., 2013).

B-adrenergic agonists target B-2 receptors and has been shown to inhibit mast cell
mediator release. These molecules may be used in combination with other treatments, such as
corticosteroids, to treat asthma (Catalli et al., 2014). The usage of long acting 3-2 receptor
agonists has been shown to be beneficial to treat severe asthma outbreaks, though long term use
is considered hazardous by the FDA (Butler et al., 2016).

Monoclonal antibodies are also in use for the treatment of allergy. Monoclonal
antibodies have been developed to treat allergic reactions by targeting specific molecules such as
cytokines and IgE. For example, Omalizumab is a humanized monoclonal antibody that binds
the Fc region of IgE, lowers available serum IgE levels, and reduces chances of mast cell
mediate allergic responses. Though omalizumab has been effective, frequent costly doses are
required to maintain efficacy and anaphylaxis has been reported (Stokes & Casale, 2015; Tan et
al., 2016).

Allergen immunotherapy (AIT) is used to stimulate the immune system to produce IL-10
and TGF-f and induce tolerance to specific allergens. IgG antibodies are also produced and bind

to FCyR receptors on mast cells leading to activation of inhibitory signaling involving
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phosphatase activity (da Silva, Elaine Zayas Marcelino, Jamur, & Oliver, 2014). Results of AIT
differ based on route of administration, type of peptide/epitope used, or a combination of both
(Cuppari et al., 2014; Scadding et al., 2017). Two recent clinical trials evaluated if tolerance
could be induced to peanut and grass pollen allergens after repeated challenge (Du Toit et al.,
2015; Scadding et al., 2017). Peanut tolerance was demonstrated after weekly oral consumption
of peanuts resulted in lower serum IgE levels, higher serum IgG4 level, and reduced wheal from
peanut skin prick tests (Du Toit et al., 2015). Tolerance to grass pollen was not established after
sublingual AIT resulted in no difference in serum IgE levels and nasal challenge scores
(Scadding et al., 2017). These studies also revealed several problems with AIT. Despite low
doses of allergen, AIT resulted in systemic adverse reactions related to hypersensitivity leading
to throat closure, urticaria, and diarrhea. Also, for some individuals it took up to 45 months for
tolerance to develop.

Unfortunately, current treatments for allergy are either ineffective, targeting only one of
the many mediators released by mast cells, or display dangerous side effects. Allergic reactions
are highly dependent on the activity of mast cells and therefore inhibitors of mast cell function
have been highly sought after by the pharmaceutical industry. The alkylamides are known to
inhibit the activity of a number of immune cells and therefore in this report we test alkylamides
for their ability to inhibit mast cell degranulation using the model cell line RBL-2H3. We also
examine the length of the fatty acid chain necessary for optimum inhibition of mast cell
degranulation. Our results show that the alkylamide A15 was an effective inhibitor of

degranulation, calcium influx, and TNF-a secretion. The length of the fatty acid chain, but not



the degree of unsaturation, was a crucial component in alkylamide mediated inhibition of mast
cell function. Our experiments demonstrate that the continued modification of alkylamide

structure may result in molecules with high specific activity.
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2. MATERIALS AND METHODS

Chemicals and Reagents

Alkylamide 15 (A15) was chemically synthesized at North Carolina State University
(Raleigh, NC) by the J. Pierce laboratory, as previously described (Moazami et al., 2015). 1
pg/mL of mouse anti-dinitrophenyl IgE (IgE-DNP), 50 ng/mL of dinitrophenyl bovine serum
albumin (DNP-BSA), and p-nitrophenyl N-acetyl-B-D-glucosamide (p-NAG), 3,4,5-
trimethoxybenzoic acid 8-(diethylamino)octyl ester (TMB-8) were purchased from Sigma-
Aldrich (St. Louis, MO). Fluo-4 Direct™ Calcium Assay Kit was purchased from ThermoFisher
Scientific. The mouse TNF-a ELISA kit was from eBioscience (San Diego, CA).

Cell Culture

RBL-2H3 cells were obtained from Dr. Moeser of Michigan State University and ATCC.
Cells were maintained in MEM supplemented with 1% non-essential amino acids, 1% sodium
pyruvate, 1% antibiotics, and 15% heat inactivated fetal bovine serum at 37°C with 5% COo.
The Molecular Probes Fluo-4 Direct Calcium Assay Kit was purchased from Life Technologies.

B-Hexosaminidase Release Assay

RBL-2H3 cells (1.0 x 10° cells) were incubated with or without 0.1 pg/mL of IgE-DNP
overnight in a 96 well plate at 37°C with 5% CO». The cells were washed with Tyrode’s buffer
and assayed with few modifications (Kuehn, Radinger, & Gilfillan, 2010). Briefly, IgE-DNP
sensitized cells were stimulated 1 hour with 5 ng/mL of DNP-BSA in the absence or presence of
each compound and incubated at 37°C with 5% COx.. For experiments using only A23187 as

the stimulant, cells were washed with Tyrode’s buffer and stimulated 1 hour with 1 uM A23187
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in the absence or presence of each compound and incubated at 37°C with 5% CO;. The
stimulated cells were centrifuged at 1200 x g for 5 minutes. The supernatant or cell lysate (30
uL) was incubated with 3.4 mg/mL of p-NAG (10 puL) for 1 hour at 37°C. The reaction was
terminated by addition of 0.2 M sodium carbonate (pH 10) and the absorbance was read at
OD4osnm on a BioTek Synergy HT microplate reader. The total B-hexosaminidase released from
the cell was calculated as the difference between the OD of the supernatant and blank plus the
difference between the OD of the lysate and blank. The percent -hexosaminidase released from
the cell was calculated as the difference between the OD of the supernatant and blank divided by
the total B-hexosaminidase released from the cell multiplied by 100: ODsupematant —

ODblank/[ (ODiysate = ODplank) + (ODsupernatant - ODblank)] * 100.

Calcium Assay

RBL-2H3 cells (1.0 x 10° cells) were incubated overnight in a 96 well black-wall clear
bottom plate with or without IgE-DNP (0.1 pg/mL) at 37°C with 5% CO». The assay was
performed using the Fluo-4 Direct™ Calcium Assay Kit according to the manufacturer’s
instruction. Briefly, cells were incubated with the Fluo-4 Direct calcium reagent loading
solution for 30 minutes at 37°C with 5% CO; then 30 mins at room temperature. Prior to
stimulation, the well baseline fluorescence was measured every 5 seconds over 1 minute using a
BioTek Synergy HT microplate reader with 485/20 nm excitation and 528/20 nm emission
filters. Cells were stimulated with 1 uM A23187 or 5 ng/mL DNP (IgE-DNP) in the absence or

presence of each compound, and the fluorescence was measured every 5 seconds over 2 minutes.
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The change in fluorescence (ART) was calculated as the sample fluorescence minus the baseline
fluorescence for each well.
ELISA

RBL-2H3 cells (1.0 x 10° cells) were incubated overnight in a 24 well plate at 37°C with
5% COs. Cells were washed with 1X PBS and stimulated with 1 uM A23187 for 18 hrs in the
absence or presence of each compound. The cells were centrifuged (1200 x g, 5 min) and the
supernatants were collected. The concentration of TNF-a in the supernatants were determined
using the TNF-a ELISA kit.

Statistical Analysis

Graphpad Prism software (Graphpad Software, La Jolla, CA) was used to perform all
statistical analysis. Comparison of the means of TMB-8 with A23187 or DNP-BSA stimulated
cells were performed with the student’s unpaired ¢ test. Comparison of the means of A15 or
variants with A23187 or DNP-BSA stimulated cells, or comparison of the means of A15 with
variants were performed using One-way ANOVA with Dunnett’s post hoc test. Comparison of
the relationship between the number of carbons in the fatty acid portion of the alkylamide with
the percent inhibition of degranulation or calcium was fit using the second order polynomial fit

test.



17

3. RESULTS

Induction of Mast Cell Degranulation

The RBL-2H3 cell line is used often to investigate the FceRI receptor signaling events in
mast cells that lead to increased intracellular calcium levels, degranulation, and cytokine
production. Because RBL-2H3 cells are basophilic in origin their biochemical pathways are very
similar to normal mast cells. As a marker for RBL-2H3 cell degranulation we quantified the
amount of B-hexosaminidase (3-hex) that is released into supernatant. (Kuehn et al., 2010;
Passante & Frankish, 2009; Wendeler & Sandhoff, 2009). B-hex is an enzyme that cleaves
carbohydrates, such as N-acetyl glucosamine (NAG). In these experiments, we used p-NAG as
the substrate and measured the production of p-nitrophenol, a yellow colored product. Initially,
we performed time course and dose response studies to optimize degranulation in the presence of
the ionophore. Cells were plated overnight, washed, and then stimulated with 1 uM A23187 for
a 3 hour period. As shown in Figure 3A, stimulation with 1 uM A23187 resulted in the rapid
release of B-hex from the cell within 1 hour of stimulation. After 1 hour, we noted only a small
increase in the release of B-hex. Cells sensitized overnight with IgE anti-DNP-BSA and
stimulated with 5 ng/mL DNP-BSA resulted in a similar pattern of B-hex release from the cell
within 1 hour of stimulation (Fig. 3B). Overall, we noted a lower amount of B-hex released
following stimulation with IgE-anti-BSA, compared to the amount of stimulation with 1 uM

A23187.

Figure 4A and B, respectively, display the amount of B-hex released from RBL-2H3 cells

after 1 hour of stimulation with different concentrations of A23187 or DNP-BSA. We found that
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concentrations of A232187 as low as 0.5 uM indued B-hex release, while concentrations of
A23187 above 2.5 uM did not cause any additional 3-hex release. With DNP-BSA, we found
that concentrations as low as 0.25 ng/ml induced B-hex release, while maximum stimulation was

generally observed at 5 ng/ml. Based on these results, the effects of alkylamides on mast cell

degranulation were evaluated using 1 pM A23187 or 5 ng/mL DNP-BSA for 1 hour.
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Figure 3: Time courses of A23187 and DNP-BSA induced degranulation from RBL-2H3 cells.
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(IgE-DNP) (B) for indicated times. Graphs display the mean percent B-hex released from the cell, as
indicated in the Materials and Methods section. Experiments were performed in duplicate.
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Calcium Dependent Mast Cell Degranulation

Calcium is an important component of exocytosis and degranulation in mast cells.
Previous studies have demonstrated that TMB-8, a calcium inhibitor, reduces the rate that
extracellular calcium is imported into the cytosol (Bencherif, Eisenhour, Prince, Lippiello, &
Lukas, 1995; Hu et al., 2014; Ruiz, Matute, & Alberdi, 2010). To ensure that calcium was
critical in our assays, we utilized the calcium antagonist TMB-8. First, we confirmed that TMB-
8 did indeed inhibit the calcium response in these cells. RBL-2H3 cells were plated overnight,
loaded with the calcium sensitive fluorescent dye Fluo-4 AM, and fluorescence monitored over a
2 min period. Cells stimulated with 1 uM A23187 (Fig. 5A) or 5 ng/mL DNP-BSA (Fig. 5B)
displayed a rapid rise in cytosolic calcium levels. In contrast, when cells were stimulated in the
presence of TMB-8, there was a decreased rate of calcium entering the cytosol and a lower
fluorescence reading at the 2-minute time point confirming that TMB-8 works as predicted.
After this, degranulation was monitored in the presence of TMB-8. RBL-2H3 cells were
stimulated with 1 uM A23187 or 5 ng/mL DNP-BSA in the absence or presence of TMB-8 for 1
h and the B-hex release was measured. As shown in Figure 6, TMB-8 significantly inhibited -
hex release from A23187 stimulated cells. Release of B-hex was also inhibited by TMB-8 in
DNP-BSA stimulated cells. Collectively, these findings suggest that calcium is indeed a key

second messenger for degranulation in RBL-2H3 cells.
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Figure 5: Inhibition of calcium influx by TMB-8 in RBL-2H3 cells. RBL-2H3 cells were

plated overnight, incubated with Fluo-4 AM for 1 h, stimulated with 1 pM A23187 (A) or 5
ng/mL DNP-BSA (B) in the absence (solid line) or presence (dashed line) of TMB-8 and the
fluorescence was read every 5 secs for 2 mins. Data are presented as the mean change in

RFU. Experiments were performed in triplicate.
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A15 Inhibits Mast Cell Degranulation and Calcium Increases

Previously, investigators have shown that alkylamides can inhibit the release of cytokines
and lipid mediators from a number of different cell types (Cech et al., 2010; Chen et al., 2005;
Gertsch et al., 2004; Moazami et al., 2015; Spelman et al., 2009; Todd et al., 2015). One
alkylamide in particular, A15, was shown to display broad anti-cytokine and lipid mediator
activity with RAW 264.7 cells (Cech et al., 2010; Moazami et al., 2015; Todd et al., 2015). The
structure of A15 is shown in Figure 7. The molecule contains an isobutyl amide head group and
a 12-carbon unsaturated fatty acid. To determine if A15 exerts an inhibitory effect on mast cell
degranulation, we treated RBL-2H3 cells with 1 uM A23187 or 5 ng/mL DNP-BSA in the
absence or presence of indicated concentrations of A15 and measured the percent release of 3-
hex (Figs. 8A, 8B). We found that A15 produced significant dose dependent inhibition of
degranulation with each triggering compound. Based on these results, subsequent experiments

evaluating A15, and its structural variants, were performed using the 100 uM concentration.

To determine if A15 is inhibiting the calcium response, RBL-2H3 cells were plated
overnight and intracellular calcium was monitored by fluorescence over 2 minutes after
stimulation with 1 uM A23187 or 5 ng/mL DNP-BSA in the absence or presence of 100 uM
A15. The rapid increase of intracellular calcium levels induced by A23187 and DNP-BSA was
suppressed by A15 for the complete 2 min. (Fig. 8C, 8D), raising the possibility that this

alkylamide inhibits degranulation by inhibiting calcium dependent signaling.



27

Fatty acid Amide Isobutyl
l | | || l
O

11 9 7 5 3

Xy

12 10 8 6 4 2

Ir=z

Figure 7: The structure of A15. Distinct chemical regions of A15 including fatty
acid chain, amide, isobutyl head group are indicated by brackets.



60
5 50
=
= 40 ns
o=
E 2 T
23 ns
2 30
z 2 S :
"]
e
m, 20
ol
e
& 10
) 0 25.0 50.0 100.0
Al5 (uM)
C — Vehicle
* AlS
12000+
100004
8000+
=
=
82 6000
R
40004
20004
1r************************

0 15 30 45 60 75 90 105 120
Time (secs)

=

25

% B-Hexosaminidase

28

ns

+

ox

=

D

10000
3000

[auil

ARFU

4000

2000

x

0"
L

0 25.0 50.0 100.0

A15 (UM)

— Vehicle
* AlS

*
************* *
* *
* *
MEE Bl

0

15 30 45 60 75 90 105 120
Time (secs)
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A15 and Variants Inhibit Mast Cell Degranulation and Calcium Increases

Previously, in an attempt to define the length of fatty acid chain on A15 for optimum
cytokine inhibition, a series of chain length variants were synthesized and tested for effects with
RAW 264.7 macrophages (Moazami et al., 2015). In this report we examined these variants for
their effects on degranulation with RBL-2H3 cells. A total of 7 compounds were tested with
fatty acid lengths varying from 4-15 carbons (Fig. 9). The results of this analysis are shown in
Figure 10. B-hex release was measured after 1 hour of stimulation with 1 uM A23187 (Fig. 10A)
or 5 ng/mL DNP-BSA (Fig. 10B). The percent inhibition for each compound is shown in Figs.
10 C and D. We found that with A23187 as the triggering agent YM8-87 and YM11-55 were the
least effective inhibitors of degranulation resulting in 11% and 18% inhibition, respectively (Fig.
10A, 10C). YMS5-47, YMB8-85, YM8-86, YMS5-27, and A 15 significantly inhibited A23187
induced degranulation resulting in 51%, 64%, 59%, 40%, and 47% inhibition, respectively.
Moreover, YM8-85, which contains 8 carbons in the fatty acid, was the most effective inhibitor

of degranulation.

The pattern of inhibition was very similar when DNP-BSA was used as the triggering
agent (Figure 10B, 10D). YMS8-87 and YM11-55 were the least effective inhibitors of DNP-
BSA induced degranulation resulting in 12% and 16% inhibition, respectively (Fig. 10D). YMS5-
47, YMB-85, YMS8-86, YM5-27, and A15 were effective inhibitors of DNP-BSA induced
degranulation resulting in 36%, 60%, 46%, 33%, and 27% inhibition, respectively. Particularly,
YMS-85 and YM8-86 significantly inhibited degranulation whereas YMS8-85 was the most

effective inhibitor of degranulation, a finding similar to when A23187 stimulated cells were
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treated with each compound. When cells were treated with alkylamide alone, degranulation was
not induced (data not shown). These data suggest that the fatty acid structure of the alkylamide
requires between 6 to 12 carbons for inhibition of mast cell degranulation, indicating that

alkylamides may interact with a molecule that requires a particular fatty acid length.

Next, we asked if the varying ability of these compounds to inhibit degranulation
stemmed from differences in their ability to inhibit the calcium response. RBL-2H3 cells were
plated overnight and intracellular calcium was measured over 2 minutes by fluorescence after
stimulation with 1 uM A23187 or 5 ng/mL DNP-BSA in the absence or presence of each
compound. After 2 minutes of stimulation with A23187, the rapid increase of intracellular
calcium levels was significantly suppressed by YMS8-85, YM8-86, YMS5-27, and A15 resulting in
91%, 92%, 79%, and 76% inhibition, respectively (Fig. 11A, 11C). After 2 minutes of
stimulation with DNP-BSA, YM5-47, YMS-85, YM8-86, YM5-27, A15, and YM11-55
significantly suppressed the rapid increase of intracellular calcium resulting in 38%, 49%, 40%.,
65%, 66%, and 27% inhibition, respectively (Fig. 11B, 11D). Consistent with degranulation,
YMS8-87 was the least effective inhibitor of calcium influx during A23187 and DNP-BSA
stimulation. YMS8-85 was the most effective inhibitor of calcium influx after stimulation with
A23187, while A15 was the greatest inhibitor after DNP-BSA stimulation. When cells were
treated with alkylamide alone, calcium influx was not induced (data not shown). These data
suggest that the fatty acid structure of the alkylamide requires between 8 to 12 carbons for

optimum inhibition of intracellular calcium increases in mast cells.
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To evaluate the relationship between degranulation, calcium, and the length of
alkylamide fatty acid, percent inhibition data from the degranulation and calcium assays were
plotted versus the number of carbons in the fatty acid for each compound. YMS8-87, which has
the least carbons in the fatty acid, and YM11-55, which has the most carbons in the fatty acid,
were weak inhibitors of degranulation and calcium in A23187 and DNP-BSA stimulated cells
(Fig. 12A, 12B). YM5-47, YMS8-85, YMS8-86, YM5-27, and A15, which contain fatty acids
ranging from 6 to 12 carbons, were strong inhibitors of calcium and degranulation in A23187
and DNP-BSA stimulated cells. Taken together, these data show the relationship between the
inhibition of degranulation and calcium during mast cell activation is dependent on an optimum

length of 8 to 12 carbons in the fatty acid.
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Figure 11: The alkylamide fatty acid is necessary for inhibition of calcium influx.
RBL-2H3 cells were plated overnight, incubated with Fluo-4 AM for 1 h, stimulated by 1
uM A23187 (A) or 5 ng/mL DNP-BSA (B) in the absence or presence of each
alkylamide, and fluorescence was read for 2 mins every 5 secs. Data are presented as the
mean change in RFU of 4 experiments. Percent inhibition of calcium influx was
calculated for A23187 (C) and DNP-BSA (D) stimulated cells at 2 mins. *P<0.05,
*#P<0.01, and ***P<0.001 one-way ANOVA with Dunnett’s post hoc test compared to
AlS.
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The Alkylamide Fatty Acid is Critical for Inhibition of Mast Cell TNF-a Secretion.

Mast cells also contribute to the symptoms of allergic disease through de novo synthesis
of cytokines and alkylamides have been shown to inhibit cytokine production from macrophage-
and T cell-derived cell lines (Moazami et al., 2015; Spelman et al., 2009). Therefore, in these
experiments we asked if A15 could inhibit TNF-a production from RBL-2H3 cells and, if so,
whether the optimal chain length for inhibiting degranulation is also optimal for inhibiting
production of TNF-a.. As a first step, RBL-2H3 cells were plated overnight, stimulated with
A23187, and the levels of TNF-a in the supernatants were measured by ELISA (Fig. 13). Levels
of TNF-a were detected in the supernatants within 2 hours and increased up to 18 hours after
stimulation (Fig. 13A). This effect was dose dependent, with increased concentrations of
A23187 leading to increased levels of TNF-a production (Fig. 13B). Subsequent experiments

were performed by stimulating RBL-2H3 cells with 1 uM A23187 for 18 hours.

Finally, to determine whether A15 and chain length variants are inhibitors of mast cell
TNF-a secretion, RBL-2H3 cells were plated overnight and stimulated with 1 uM A23187 for 18
hours in the absence or presence of each compound. Figure 14 shows that the secretion of TNF-
o in A23187 stimulated cells was significantly inhibited by YM5-47, YM8-85, YM8-86, YMS5-
27, A15, and YM11-55 resulting in 47%, 43%, 50%, 76%, 79%, and 40% inhibition,
respectively. Alkylamide treatment by itself did not induce production of TNF-a (data not
shown). In summary, A15 is an inhibitor of mast cell TNF-a secretion and optimum inhibition

requires 10 to 12 carbons in the fatty acid. These results differ from degranulation where 8



carbons in the fatty acid were required for optimal inhibition, indicating that the alkylamides

may affect different pathways that lead to TNF-a production and degranulation.
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Figure 13: A23187 induces rapid production of TNF-a at low concentrations in
RBL-2H3 cells. RBL-2H3 cells were plated overnight and stimulated with 1 uM
A23187 for indicated timepoints over 18 h (A) or varying concentrations of A23187 for
18 h (B). The concentration of TNF-o was analyzed in the supernatants by ELISA.
Experiments were performed in duplicate in A. A representative of 1 experiment is
shown in B.
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Figure 14: A1S strongly inhibits production of TNF-a. RBL-2H3 cells were plated
overnight and stimulated with 1 uM A23187 in the absence or presence of each
alkylamide for 18 h. Culture supernatants were analyzed for TNF-a levels by ELISA
and experiments were performed in triplicate (A). Percent inhibition of TNF-a secretion
for each alkylamide listed in panel B. * P<0.05, **P<0.01, ***P<0.001, one-way
ANOVA with Dunnett’s post hoc test compared to vehicle (A) or A15 (B).
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4. DISCUSSION

Extracts from the medicinal plant Echinacea contain a class of compounds known as
alkylamides which several studies have shown can inhibit cytokine and eicosanoid production
from monocytes, macrophages, and T lymphocytes (Gertsch et al., 2004; Chen et al., 2005;
Sasagawa et al., 2006; Spelman et al., 2009; Cech et al., 2010; Todd et al., 2015). In this study
we show that alkylamides can inhibit degranulation and production of TNF-a from the RBL-2H3
basophils and we investigated the optimum structure of the fatty acid chain of alkylamide A15
that is necessary for these effects. In a previous investigation with RAW 264.7 macrophage-like
cells, we found that a minimum of 12 carbons in the fatty acid was necessary for optimum
inhibition of LPS-stimulated production of TNF-a (Moazami et al., 2015). Similarly, with RBL-
2H3 cells, a fatty acid chain with 12 carbons was found to be optimum. In contrast, we found
that a fatty acid chain of 8-10 carbons was optimal for inhibition of degranulation. Together

these results suggest that A15 may target distinct pathways to mediate these inhibitory effects.

During the early phase allergic response, mast cells rapidly degranulate and release
mediators that contribute to the symptoms associated with asthma, allergic rhinitis, and atopic
dermatitis. Inhibiting the release of these granules that contain pre-formed mediators can inhibit
smooth muscle contraction, tissue remodeling, increased mucus secretion, and vasodilation
(Cruse & Bradding, 2016; Galli & Tsai, 2012; Lundequist & Pejler, 2011). Mast cell
degranulation is typically dependent on FceRI crosslinking, which in our studies was modeled
using anti-DNP IgE antibody and DNP-BSA. This signal leads to IP3-dependent depletion of ER

calcium stores followed by the influx of extracellular calcium. Mast cell activation by the
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calcium ionophore A23187 circumvents the FceRI receptor signaling events and depletes
calcium from the ER to increase the cytosolic calcium levels through influx of extracellular
calcium (Han, Moon, Jeong, & Kim, 2016; Miiller, Obel, Waagepetersen, Schousboe, & Bak,
2013; Na-Ra-Han, Phil-Dong-Moon, & Ka-Jung-Ryu Jae-Bum-Jang Hyung-Min- Kim Hyun-
Ja-Jeong, 2016; J. Shim et al., 2016; Verma et al., 2011). Using an assay for the granule protein
-hexosaminidase, we found that A15 inhibited mast cell degranulation in a dose dependent
manner following treatment with A23187 or DNP-BSA. This finding indicates that A15 inhibits
mast cell degranulation by targeting a cellular component downstream of FceRI receptor

activation but prior to the entry of extracellular calcium into the cytoplasm.

Fatty acids are important for metabolism and membrane structure (Kamp & Hamilton,
2006; Yazdi, Stein, Elinder, Andersson, & Lindahl, 2016) Fatty acids can themselves be
signaling molecules (Furuhashi & Hotamisligil, 2008), or important components of more
complex signaling molecules such as N-acyl ethanolamines (Divito & Cascio, 2013). N-acyl
ethanolamines are typically produced in cells through the action of phospholipase D (Ezzili,
Otrubova, & Boger, 2010; Leishman, Mackie, Luquet, & Bradshaw, 2016; Ogura, Parsons,
Kamat, & Cravatt, 2016) and has been shown previously to inhibit receptor signaling and
calcium channel activation (Divito & Cascio, 2013). Previous functional studies evaluated the
impact of the double bonds and length of the fatty acid in N-acyl ethanolamines and found that
increasing the number of double bonds and the length of the fatty acid resulted in greater
inhibition of the calcium response (Chemin, Nargeot, & Lory, 2007). N-acyl ethanolamines with

fatty acid lengths between 18-22 carbons and 2-6 double bonds inhibited calcium channels and
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these results were similar to the inhibitory activity of polyunsaturated fatty acids on these
calcium channels (Chemin et al., 2007; Chemin, Cazade, & Lory, 2014). Mast cell calcium
levels were inhibited by A15 and variants with a fatty acid that contained 6-15 carbons after
stimulation with A23187 or DNP-BSA, while YM8-87 displayed the least inhibitory activity.
We found that mast cell degranulation was inhibited by A15 and variants with a fatty acid that
contained 6-12 carbons after stimulation with A23187 or DNP-BSA, while YMS8-85 was the best
inhibitor of both stimulants. The alkylamides with the shortest (YM8-87) and longest (YM11-
55) fatty acid were the least effective inhibitors of mast cell degranulation, which suggests a
target site that allows medium length fatty acids to interact most effectively. Collectively, the
inhibitory activity of alkylamides were similar to that of N-acyl ethanolamines on the calcium
channel with slight differences. In both cases, shortening the fatty acid to 2-4 carbons or
lengthening it to 15-16 carbons minimized their inhibitory activity on the calcium channel.
However, adding 2 double bonds in the fatty acid did not improve the activity of the alkylamide
on the calcium channel, whereas increasing the number of double bonds in the N-acyl
ethanolamine improved calcium channel inhibition. Further modification by changing the
magnitude of unsaturation to greater than 2 double bonds and increasing the length of the fatty
acid to 18-22 carbons may improve the inhibitory activity on calcium channels similar to that

reported for N-acyl ethanolamines.

The late phase allergic response centers on de novo synthesis and secretion of
eicosanoids, chemokines, and cytokines by mast cells. These mediators have a number of effects

including the recruitment of neutrophils, further exacerbating the symptoms of allergic disease
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(Abraham & St John, 2010; Biedermann et al., 2000). The best inhibitors of TNF-a production
in RAW 264.7 cells after stimulation with LPS were A15 and YMS5-27, indicating that 12
carbons in the fatty acid was optimal for inhibition (Moazami et al., 2015). In the present study,
the best inhibitors of TNF-a secretion by mast cells after stimulation with A23187 were A15 and
YMS5-27. The similar findings, between RAW 264.7 cells stimulated by LPS and RBL-2H3 cells
stimulated by A23187 or DNP-BSA, suggest that a shared molecule, involved in the
transcription, translation, or secretion of TNF-q, is targeted in both cell types. Interestingly, this
finding differs from degranulation where the shorter fatty acid, YM8-85, was the best inhibitor
rather than A15 and YMS5-27. Perhaps differences between the inhibition of degranulation and
TNF-a secretion were because of the activity of calcium. It is possible that both activities result
from inhibition of calcium influx, since calcium can differentially control different pathways.
For example, in signaling pathways, calcium can regulate several isoforms of PKC (Cho et al.,
2004; Hosokawa et al., 2013; J. Shim et al., 2016; Swanson et al., 2016), calcineurin (Dutta et
al., 2017) and PI3K/AKT (Blank et al., 2014; Divolis, Mavroeidi, Mavrofrydi, & Papazafiri,
2016), which can regulate transcription factors during cytokine production and release. Whereas
degranulation requires calcium for GTPase activity and SNARE complex formation to facilitate
the granule-membrane fusion process (Blank & Rivera, 2004; Blank et al., 2014). Further
experiments will be necessary to discriminate between these possibilities. The examination of
the TNF-a mRNA to determine whether treatment with alkylamides leads to changes in its
expression levels. Additionally, upstream kinase phosphorylation events or transcription factor

expression levels need to be examined for changes by alkylamides. To analyze the impact of
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alkylamides on degranulation pathways, monitoring of granule trafficking and fusion events with
the plasma membrane, including examination of GTPase activity and SNARE complex

formation (Azouz et al., 2012; Parkinson et al., 2014).

The CRAC channel may be the specific structure that the fatty acid of the alkylamide
targets to prevent mast cell degranulation and suppress the calcium response. For CRAC
channel activation, STIM 1 binds to the N and C terminal regions of the ORAI 1 protein, which
in turn allows the formation and activation of the CRAC channel (Lewis, 2007; A. H. Shim et al.,
2015; A. J. Smith et al., 2003). Investigators discovered during CRAC channel activation that
STIM 1 and ORAI 1 bind via amino acid sequences located within the cytoplasmic region of
each protein. The cytoplasmic region of STIM-1 contains 3 coiled-coil regions, CC1, CC2, and
CC3. The STIM 1 ORALI 1-activating region (SOAR), consisting of CC2 and CC3, contains the
basic amino acid sequence located within CC2 that binds to the acidic amino acid sequence of
the cytoplasmic N and C terminal regions of ORAI 1. Subsequently, STIM 1 interaction with
ORALI 1 causes a conformational change within the hydrophobic amino acid interior of the
CRAC channel (ORAI 1 transmembrane 1) that allows the passage of calcium through the
channel (Gudlur et al., 2014; Korzeniowski, Manjarrés, Varnai, & Balla, 2010; Stathopulos et al.,
2013; Yamashita et al., 2017; Zhou et al., 2013). The fatty acid of the alkylamide may disrupt
the interaction between the cytoplasmic regions of the STIM 1 and ORAI 1 protein or disrupt
CRAC channel structure to inhibit the calcium response (Fig 16). This was previously reported
when linoleic acid and steric acid disrupted ORAI 1 and STIM 1 binding by inhibiting STIM-1

clustering near the ER (Holowka, Korzeniowski, Bryant, & Baird, 2014) and when ORAI 1 c-
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terminal amino acid mutations disrupted the transmembrane structures of the ORAI 1 protein,
affecting CRAC channel gating (Palty, Stanley, & Isacoff, 2015). We show that calcium is
important for mast cell degranulation, but the effect of alkylamides on the calcium response
should not be limited to mast cells. Neutrophils and eosinophils, two immune cells implicated in
allergic disease, also undergo degranulation and depend on calcium for this process. Studies
show that neutrophils and eosinophils also express CRAC channels which cause increased levels
of cytosolic calcium (Clemens & Lowell, 2015; A. K. Gupta, Giaglis, Hasler, & Hahn, 2014;
Nathan, 2006). In addition to mast cells, macrophages and T cells, alkylamides could be useful

for inhibiting the activity of these cells in pathological situations.

The activation of the immune system releases mediators that cause tissue damage and
sensory pain. In addition to immune cell damage, temperature, mechanical, or chemical stimuli
causes tissue damage and sensory pain, which activates additional ion channels that increase the
susceptibility to hyperalgesia. The ion channels that are involved in sensory pain and function as
nociceptors are the transient receptor potential (TRP) channel family. There are 6 TRP family
subtypes: TRP canonical (TRPC), TRP polycystin (TRPP), TRP mucolipin (TRPML), TRP
melastatin (TRPM), TRP vanilloid (TRPV) and TRP ankyrin (TRPA) (Ciardo & Ferrer-Montiel,
2017; Patapoutian, Tate, & Woolf, 2009). Activation of TRP channels in response to stimuli
results in the release of calcium, but has also been shown to cause the release of potassium and
sodium. The structure and function of TRP channels share some resemblance to CRAC
channels. TRP channels contain six transmembrane regions, consisting of an interior pore, that

are flanked by cytoplasmic N and C terminal regions with coiled-coiled domains of amino acid
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sequences (Ciardo & Ferrer-Montiel, 2017). Several studies report the interaction of the
cytosolic terminal regions with STIM 1 (Lee et al., 2014) or calmodulin (Lau, Procko, & Gaudet,
2012), and others report that amino acid sequences in this region are necessary for channel
function (Pertusa, Gonzalez, Hardy, Madrid, & Viana, 2014). The TRP channels have been
implicated as therapeutic targets for the treatment of hyperalgesia and inflammation (Patapoutian
et al., 2009). The mechanism of immune cell inactivation by alkylamides may involve the
disruption of CRAC channel activation by the fatty acid, as reported by Holowka et al., 2014
(Holowka et al., 2014). In a similar manner, alkylamides may disrupt the opening of the TRP
channels or, in the case of other signaling lipids and capsaicin, cause their desensitization
(Ciardo & Ferrer-Montiel, 2017). This exposes a potential role for alkylamides in the relief of
pain caused by the response to TRP channel activation associated with osteoarthritis, rheumatoid

arthritis, inflammatory bowel disease, and asthma (Ciardo & Ferrer-Montiel, 2017).

Development of therapeutics for the treatment of allergic and autoimmune diseases, such
as asthma, atopic dermatitis, and rheumatoid arthritis, is ongoing. Direct targeting of the
molecules responsible for the symptoms of disease is an area of recent drug discovery efforts, but
a number of adverse drug events have been reported. For example, antibody therapy against IgE
and TNF-a was predicted to have beneficial effects in allergy by lowering the levels of each
molecule thereby reducing the associated symptoms. Specifically, a number of studies have
established a relationship between the severity of asthma and increased levels of TNF-a in
humans (Brown et al., 2015; Holgate et al., 2011). Consequently, studies have evaluated the

efficacy of targeted treatment using anti-TNF-a antibodies to resolve symptoms of asthma



48

(Holgate et al., 2011; Kankaanranta et al., 2014). However, treatment with etanercept did not
resolve the symptoms of patients with moderate/severe asthma, illustrating the need for
additional development of TNF-a inhibitors and asthma therapeutics (Holgate et al., 2011).
Additionally, montelukast, a leukotriene receptor antagonist, is used as a prophylaxis for chronic
asthma and allergic rhinitis, but is ineffective during acute asthmatic attacks. Several adverse
reactions including diarrhea, dyspepsia, neuropsychiatric events, and systemic eosinophilia, have
also been reported after administration of montelukast and illustrate the need for safer treatment

of allergic disease (Calapai et al., 2014).

Alkylamides may be useful as a therapeutic agent for the treatment of allergic disease.
For instance, asthmatic patients inhaling aerosolized droplets of alkylamides could deliver the
alkylamide directly to the lungs thereby reducing asthma related symptoms. An ophthalmic
solution of alkylamides delivered to eyes may reduce pain, itch, watering, and redness associated
with pollen, ragweed, and pet allergy. Finally, topical administration of alkylamides may reduce
the pain and itch associated with atopic dermatitis or allergen induced urticaria. Clinical
application of alkylamides offers a therapeutic strategy to provide rapid relief of some of the
most prevalent allergic diseases. In conclusion, our study showed that alkylamides with fatty
acids of medium length produced optimum inhibition of mast cell activity, whereas alkylamides
with shorter and longer fatty acids were less inhibitory. It is possible, therefore, that alkylamides
could be useful clinically, and their activity enhanced by different routes of administration, drug

formulation, and further structural modification.
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The use of alkylamides to inhibit mast cell function by targeting CRAC channels
suggests a broad range of possible applications. CRAC channels are involved in the activation of
T cells, eosinophils, and neutrophils, all of which play a role in allergic disease. It is also
possible alkylamides could be useful for the treatment of pain, since TRP channels display
structural similarities with CRAC channels. Therefore, alkylamides may be useful to treat
inflammatory conditions associated with allergic and autoimmune diseases, but also help reduce

hyperalgesia and mast cell triggered neuronal excitement (Bischoff, 2016).
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Figure 16: The schematic of the proposed mechanism of alkylamide A15
calcium inhibition. Diagram of the CRAC channel formation consisting of ORAI 1
(A) and STIM 1 (B) interacting through positive (+) and negative (-) amino acid
sequences. The structure of STIM 1: CC1 (pink), CC2 (brown), CC3 (beige), EF
hand (blue). The structure of ORAI 1: TM1 (burgundy), TM2 (green), TM3 (light
blue), TM4 (purple). A15 (yellow) interacts by insertion into ORAI 1 (1),
interruption of STIM 1 and ORALI 1 binding (2), inhibition of channel opening (3), or
influence membrane fluidity (4).
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