Mapping intracellular cytokine pools in granulocytes: Dynamic storage and trafficking sites of
interleukin-9 and interleukin-13 in human eosinophils.

by

Nawell Fayad

A thesis submitted in partial fulfillment of the requirements for the degree of

Master of Science

Department of Medicine
University of Alberta

© Nawell Fayad, 2020



Abstract

Eosinophils are immune cells with constantly evolving roles in both innate and adaptive immunity
and have long been associated with the predominant pathology of the human airways, asthma.
Eosinophils are specialized in their granulocytic nature, possessing several membrane-bound
secretory organelles that store potent immunoregulatory mediators that can be rapidly and
differentially released in the presence of an inflammatory stimulus. Among this arsenal of
immunomodulatory factors are T helper 2 (Th2) cytokines that include interleukins (IL-) 4, 5, 9,
and 13 which are pivotal proteins involved in immune cell crosstalk and pro-inflammation
associated with asthma pathogenesis. While the pathobiological actions of eosinophils and their
derived Th2 cytokines in asthma are increasingly appreciated and have translated to becoming
approved therapeutic targets of asthma, the modes in which these cytokines, particularly IL-9 and
IL-13, are delivered to the extracellular environment is not well known. In this study, [ aimed to
identify whether the secretory organelles crystalloid granules or recycling endosomes (REs) found
in human blood eosinophils were associated with trafficking IL-9 and IL-13 in the presence of the
inflammatory stimulus platelet activating factor (PAF). I hypothesize that REs act as a novel
trafficking site for IL-9 and IL-13 upon stimulation in human eosinophils as REs have been
implicated in exocytic transport of newly synthesized cytokines in different immune cells.
Furthermore, crystalloid granules would mainly act as a storage site for these cytokines that could
later be subsequently released. Human eosinophils were double-stained for IL-9 or IL-13 and
transferrin receptor (TfnRc) as a marker of endosomal compartments or CD63 as a marker of
crystalloid granules. Cells were imaged using super-resolution microscopy and the degree of

colocalization between cytokines and secretory organelles of interest was measured with Pearson’s
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correlation coefficient and an object-based colocalization protocol. Intracellular cytokine levels
were measured as mean immunofluorescence intensity values. Increases or decreases in the degree
of colocalization between cytokines and secretory organelles of interest is suggestive of cytokine
trafficking into or out of these membrane-bound compartments, respectively. Meanwhile elevated
or reduced levels of intracellular cytokine following 60 min of PAF stimulation would be
suggestive of de novo protein synthesis or cytokine secretion, respectively. In this study, IL-9
immunofluorescence intensity significantly increased upon PAF stimulation. Similarly, IL-9
colocalization with TfnRc significantly increased upon PAF stimulation while colocalization
between IL-9 and CD63 transiently increased at 5 and 15 min of PAF stimulation prior to returning
to baseline levels. Furthermore, 3.5 times the amount of immunolabelled IL-9 was found in TfnRc*
compartments compared to CD63" granules in resting eosinophils. This data suggests for the first
time that TfnRc¢"™ endosomes are important trafficking sites of IL-9 in human eosinophils. It is also
suggested that PAF induces de novo IL-9 synthesis and this newly made IL-9 is shuttled into
TRc" endosomes for release at the cell surface. Some newly made IL-9 may also be shuttled into
CD63" granules for storage and release. In contrast, both IL-13 colocalization with CD63 and IL-
13 immunofluorescence intensity decreased upon PAF stimulation while IL-13 colocalization with
TfnRc transiently increased at 5 min of PAF stimulation. This data suggests IL-13 is being shuttled
out of CD63" crystalloid granules for cytokine secretion and is predominantly preformed in these
granules. Small amounts of IL-13 may also be shuttled into TfnRc¢" compartments upon PAF
stimulation as a static pool of intracellular IL-13 poised for release. Overall, we identified TfnRc"
endosomes in human eosinophils as a novel site for IL-9 and IL-13 trafficking. These novel
trafficking sites provide potential therapeutic targets for asthma that aim to dampen the pro-

inflammatory effects of eosinophils and Th2 cytokines in this disease.
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Chapter 1:

Introduction



1.1.1 Eosinophils in inflammation and immunity

Since being first described by Paul Ehrlich in 1879, the role eosinophils play in the immune
response has been a consistently evolving field of research. Eponymously, eosinophils are cells
stained by the acidophilic dye, eosin, and belong to a subset of granule-containing immune cells,
termed granulocytes, along with neutrophils and basophils. Early findings of elevated circulating
eosinophil levels in individuals with helminthic infections, allergic skin reactions, and asthma
implicated their role in antiparasitic defense and inflammation.! It is now appreciated, with their
high degree of intracellular compartmentalization, eosinophils synthesize and store a plethora of
mediators involved in antimicrobial defense (not limited to helminths) as well as
immunoregulation.? Specifically, released cationic proteins from granules have cytotoxic effects
on bacteria, viruses, and parasites, while released cytokines and chemokines allow for immune
cell crosstalk leading to cell survival, activation, and recruitment.* Aside from producing and
rapidly releasing these effector molecules, eosinophils express pattern recognition receptors
(PRRs) for the surveillance of pathogenic microbes and can phagocytose foreign agents.>
Furthermore, eosinophils present antigens to T lymphocytes on major histocompatibility complex
(MHC) class II, with the ability to polarize adaptive immune responses towards a T helper 2 (Th2)

I"CSpOIlSG.7’8

1.1.2 Eosinophil development, differentiation, and displacement

Through an interplay of transcription factors and cytokine signaling, pluripotent haematopoietic
stem cells in the bone marrow are instructed to follow the myeloid cell lineage and become a
differentiated eosinophil. Transcription factors PU.1, CCAT-enhancer binding protein (c/EBP)
members (¢/EBPa, B, €), and, most notably, GATA-1 have been cited as critical in the development
of mature eosinophils.”!! Meanwhile, cytokines including granulocyte-macrophage colony-
stimulating factor (GM-CSF), interleukin (IL)-3, and IL-5 are implicated in the differentiation and
maturation of eosinophils.'?> Once fully differentiated, eosinophils exit the bone marrow and
shortly enter circulation, making up less then 5% of circulating leukocytes. Under non-
inflammatory conditions, eosinophils reside in the thymus, gastrointestinal tract, uterus, and
mammary gland.'3'® Commonly, upon airway inflammation, eosinophils migrate to the lungs and
are highly responsive to chemoattractants such as eotaxin-1, -2, and -3 (also known as C-C motif
chemokine ligand (CCL)11, CCL24, and CCL26, respectively), macrophage inflammatory protein
(MIP)-1a, and regulated upon activation, normal T cell expressed and secreted (RANTES or

2



CCL5).!"” Here in inflamed tissues, the cytokine and chemokine environment prolong eosinophil
survival while promoting cell activation, where cells live for 2-5 day compared to its 18 hour half-

life in circulation.'®

1.1.3 Intracellular complexities of an eosinophil: crystalloid granules and their contents

Human eosinophils exhibit a unique cellular morphology. Possessing bilobed nuclei and multiple
secretory organelles, including primary granules, secretory vesicles, eosinophil sombrero vesicles
(EoSVs), and crystalloid granules (also termed secondary or specific granules), crystalloid
granules are arguably the noteworthiest intracellular trait of eosinophils (Figure 1.1).!° Given their
name from observations with transmission electron microscopy (TEM), these large granules
(greater than 0.5 micrometers in diameter) contain a crystalline core consisting of major basic
protein 1 (MBP-1) surrounded by a lesser stained matrix.!”! In addition to MBP-1, eosinophil
cationic protein (ECP), eosinophil-derived neurotoxin (EDN) and eosinophil peroxidase (EPX) are
housed in crystalloid granules, with these cytotoxic basic proteins attributing to the cell’s
acidophilic staining with eosin.?? Preformed pools of cytokines, including tumor necrosis factor
(TNF), interferon-y (IFN-y), IL-2, IL-4, IL-5, IL-6, IL-10, IL-12 and IL-13, are also found in
crystalloid granules for rapid release upon cell stimulation.>?° To note, IL-13 is the most abundant
preformed cytokine found within eosinophils.”® Preformed chemokines CCL5/RANTES and
CCL11/eotaxin are also housed within crystalloid granules.’>*! Moreover, crystalloid granule
membranes are decorated with transmembrane proteins including cytokine and chemokine
receptors and CD63, a tetraspanin associated with selective mediator release upon eosinophil
stimulation which moves from the granular membrane to the cell periphery and cell surface.®>3
To add an additional level of complexity, vesiculotubular membranous structures, which
eventually give rise to cytoplasmic EoSVs, exist within crystalloid granules of activated human

eosinophils to further compartmentalize cargo for eventual release.®>®

1.1.4 Eosinophil degranulation: modes of stored mediator release
Given the arsenal of secretory organelles they house, several modes for the rapid release of stored

mediators exist (Figure 1.2).

1.14.1 Classical and compound exocytosis
In classical exocytosis, the entirety of granular content is released by fusion of the granule

membrane with the cell membrane; scenarios in which granule-granule fusions occur



# o oc o

Crystalloid Primary Eosinophil Sombrero Secretory
Granule Granule Vesicles (EoSVs) Vesicles

Figure 1.1. Eosinophil secretory organelles. As a granule-containing immune cell, eosinophils
possess several membrane-bound compartments capable of storing and secreting preformed
immunoregulatory mediators. Under TEM, eosinophil crystalloid granules are most easily
identified based on their electron-dense crystalline core. Primary granules lack this electron-dense
labelling. Additionally, eosinophils possess highly mobilizable secretory vesicles and circular or
C-shaped eosinophil sombrero vesicles (EoSVs) that bud off eosinophil crystalloid granules for

selective mediator release.



prior to release of all granular cargo is termed compound exocytosis.'*?** While relatively
uncommon as a mode of mediator release in this cell type, eosinophils undergo classical and
compound exocytosis upon interactions with helminth parasites that have been coated with

immunoglobulin (Ig) A or IgG through Fc receptor activation in vitro.***!

1.1.4.2 Cytolysis

Human eosinophils can also release intact granules, that are then competent of selective secretion
of preformed mediators, through a process called cytolysis.*>** During cytolysis, nuclear DNA is
de-condensed, the permeability of nuclear and cell membranes are compromised, and both nuclear
DNA and intact granules are extruded from the cell.*** Released DNA and granule contents may
go onto form eosinophil extracellular traps (EETs) that assist in the entrapment and killing of
microbes.*® Meanwhile, the presence of membrane-bound free extracellular eosinophils granules
(FEGs) has been documented in vivo in many cases of respiratory diseases, such as asthma and
allergic rhinitis.***>47% By bearing chemokine receptors like C-C motif chemokine receptor 3
(CCR3) and cytokine receptors like IFN-y receptor a-chain (IFNGR1), these FEGs are responsive
to ligands CCL5 and CCL11 or IFN- v, respectively, and selectively release cargo based on the
stimulant.*> Specifically, in response to IFN-y, FEGs have been reported to release IL-4 and IL-6
as opposed to preformed IL-10, IL-12, and IL-13 found within them.*?

1.1.4.3 Piecemeal degranulation

Another frequent mode of degranulation in human eosinophils relies on the formation of secretory
vesicles and EoSVs within crystalloid granules and subsequent movement of these vesicles to the
cytoplasm and towards the cell membrane.>>*%3 This process in which secretory vesicles mobilize
portions of granular contents for release whilst preserving the integrity of crystalloid granules is
termed piecemeal degranulation.’*** Recruitment of cytokine and chemokine receptors to
crystalloid granule membranes has been a suggested mechanism for the sorting of soluble
mediators to be released.’®>” A well described example of piecemeal delivery and receptor-sorting

involves release of IL-4 in human eosinophils stimulated with CCL11.%’

Upon stimulation, 1L-4
receptor subunit o (IL-4Ra) is enriched within eosinophil granule membranes to bind IL-4 and
subsequently extrudes this cytokine from granules, emerging as IL-4Ra and IL-4 bearing
cytoplasmic secretory vesicles.®’ Intragranular MBP is also released by piecemeal degranulation

upon CCL11 stimulation.*® In addition to CCL11, within 1 h, piecemeal degranulation can be






Figure 1.2. Modes of eosinophil mediator release. Eosinophil secretory organelles store a
multitude of immunomodulatory mediators and release these mediators through several modes,
often based on the nature and recurrence of stimuli. The entirety of a granule’s contents or the
contents of multiple granules which fused together can be released by membrane fusion with the
plasma membrane in classical exocytosis and compound exocytosis, respectively (granules are
orange with contents in black, A). Cells with compromised nuclear and plasma membranes can
extrude chromatin (purple streaks) and intact granules, which are later competent in releasing
granular contents, during cytolysis (B). Lastly, select portions of granular content can be released

via eosinophil sombrero vesicles (green) during piecemeal degranulation (C).



observed in human eosinophils responding to CCL5 and the lipid mediator platelet activating

factor (PAF).?

1.1.5 Eosinophils in asthma

As mentioned prior, eosinophils are present at relatively low levels in circulation and typically
reside in the thymus, gut tissue, uterus, and mammary glands.!*"'® Exceptionally, eosinophil counts
in peripheral blood and lung tissue are elevated in asthmatics and are linked to disease severity.’®"
67 Differential white blood cell counts of greater than 3% eosinophils in sputum and peripheral
blood have been reported as cut-off values for eosinophilia in asthma.®® In the simplest sense,
asthma is defined as airway inflammation that clinically presents with decreased lung function (i.e.
limited expiratory airflow with reversible bronchoconstriction), airway remodeling and
hyperresponsiveness, and enhanced mucus production.®’® Recently, it is appreciated that asthma
is a heterogenous respiratory disease consisting of multiple phenotypes that are increasingly being
defined by a common thread of pathobiology accompanied with biomarkers and foreseeable
responses to therapeutics.”! Eosinophilic asthma is arguably the most clinically important asthma
phenotype, making up approximately half of severe asthma cases defined by symptoms being
uncontrolled by mainstay treatments for at least a year.*’%’> Eosinophil crystalloid granule
proteins MBP, ECP, and EPX are toxic to airway epithelium leading to overall remodeling of
damaged tissue in which increasing numbers of collagen-depositing fibroblasts, airway smooth
muscle (ASM) cells, and mucus-producing goblet cells effectively narrow the airways.”> 7
Eosinophil-derived transforming growth factor B (TGF-B) and lipid mediators such as cysteinyl
leukotrienes further promote proliferation of fibroblasts and ASM cells, respectively.”’ %> As will
be noted, eosinophil-derived PAF and a plethora of eosinophil-derived cytokines orchestrate

multiple aspects of asthma pathology.

1.1.5.1 PAF in eosinophilic asthma

PAF (1-O-alkyl-2-acetyl-sn-glycero-3-phosphocholine) is a pro-inflammatory lipid mediator

produced by several immune cells, including eosinophils, that advances asthma pathology.3**

PAF inhalation studies in humans have associated PAF with bronchoconstriction and pulmonary

gas exchange impairment.®®

Mechanistically, PAF is appreciated as a potent chemoattractant of
eosinophils in the airways.® Indeed, human eosinophils subject to PAF treatment morphologically

change from round to stretched, crawling cells.®¢ This shape change is due to cytoskeletal



remodeling in which globular (G-) actin reversibly transforms to filamentous (F-) actin which is
enriched at edges of the cell and forms contractile stress fibers for cell motility.®® As a link for the
regulatory role PAF has on eosinophils in asthma, PAF receptor expression is elevated in
peripheral blood eosinophils in atopic asthmatics compared to normal individuals.®” Additionally,
PAF acts as a secretagogue and induces the release of EPX, IL-9, IL-13, RANTES/CCLS5, and
eotaxin/CCL11 in human eosinophils.®® Notably, PAF-mediated EPX and CCL5 release from
human eosinophils occurs independent of interactions with PAF receptor and suggests novel

receptors and signaling pathways remain to be elucidated.®

1.1.5.2 Th2 cytokines in eosinophilic asthma
A type 2 inflammatory response in which Th2 cells produce cytokines IL-4, IL-5, IL-9, and IL-13
is implicated in eosinophilic asthma (Figure 1.3).%-7%%% Critically, eosinophils are additional

23,24,27,28,

producers of these Th2 cytokines. 3888 Despite the prevalence of Th2 cytokines and

eosinophilia in atopic or allergic asthma, pollutants and pathogens (i.e. non-allergens) can

stimulate a similar inflammatory response with group 2 innate lymphoid cells (ILC2s).”

1.1.5.2.1 Roles of IL-4 and IL-13 in eosinophilic asthma

Both IL-4 and IL-13 elicit pro-inflammatory roles in asthma and do so with a shared cytokine
receptor system. IL-4 can either signal through (i) a Type I receptor consisting of the ubiquitously-
expressed IL-4Ra which binds IL-4 with high-affinity and a common y chain (yc) subunit typically
expressed on lymphocytes and myeloid cells or (ii) a Type II receptor consisting of IL-4Ra and
IL-13 receptor al subunit (IL-13Ral) typically expressed in myeloid cells and non-haematopoietic
cells like airway epithelial cells and ASM cells.”'** Meanwhile, IL-13 can signal through the same
Type 11 receptor complex as IL-4 by binding to IL-13Ral.”'"%* To note, IL-13 can also bind IL-
13R0a2, however, this receptor mainly acts as a decoy with limited signaling capabilities and
generally sequesters IL-13 from signaling through its Type II receptor.”® IL-4 or IL-13 bound
receptor complexes initiate a JAK-STAT signaling pathway through IL-4Ra in which Janus family
of protein kinases (Jak) phosphorylate the Signal transducer and activator of transcription 6 (Stat6)
transcription factor which promotes expression of Th2-related genes.”>***%7 Jak proteins and
downstream transcription factors can vary between receptor complexes to convey different signals
to cells.”>?+%8-100 Additionally, as mentioned, the expression profiles of yc or IL-13Ral subunits

vary in that lymphocytes are less responsive to IL-13 compared to IL-4 as they express fewer of
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Figure 1.3. Th2 cytokines in eosinophilic asthma. Microbial insults, pollutants, and allergens
are all triggers of Th2 inflammation in eosinophilic asthma. Th2 and ILC2 cells share the GATA3
transcription factor which allows for expression of the pro-inflammatory cytokines IL-4, IL-5, IL-
9, and IL-13. Eosinophils and mast cells additionally produce these Th2 cytokines. Both IL-4 and
IL-13 enhance IgE synthesis by B cells and induce the expression of chemokines CCL11 and
CCL5 by airway epithelial cells. IL-4 is also important in supporting Th2 cell differentiation. IL-
13 promotes ASM proliferation, increased subepithelial collagen deposition by fibroblasts, and
mucus hypersecretion by goblet cells (GCs) in the airway epithelium. IL-5 is pivotal in eosinophil
differentiation, recruitment, and activation. Activated eosinophils release cytotoxic granule
proteins that lead to tissue damage at the airway epithelium. IL-9 potentiates the effects of IL-4 on
B cells, IL-5 effects on eosinophils, and IL-13 effects on GCs. Furthermore, IL-9 promotes mast

cell proliferation and degranulation and upregulates their expression of Th2 cytokines.
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IL-13Ral and more of yc; the opposite is true for non-haematopoietic cells. *'~** For these reasons,
IL-4 is often associated with orchestrating lymphocyte functions whereas IL-13 mainly affects

100197 For example, IL-4 signaling

airway epithelial cells, goblet cells, and ASM cells in asthma.
in CD4" helper T cells leads to Stat6-mediated upregulation of the transcription factor GATA-
binding protein 3 (GATA-3) which is specific to the Th2 lineage and allows for expression of IL-
4, IL-5, IL-9, and IL-13.1%%191 Interestingly, chronic IL-4 signaling in combination with TGF-B
induces a switch in Th2 cells in which GATA-3 expression is dampened and IL-9 expression is
promoted leading to differentiation into a Th9 subset.!® Meanwhile, Stat6-independent IL-13
signaling is implicated in airway hyperresponsiveness in asthma.”® IL-13 further acts in all aspects
of airway remodeling by promoting ASM cell proliferation, goblet cell proliferation and
transformation to an increased mucus-producing state, and conversion of fibroblasts to an
increased collagen-depositing state.! 12 Certainly, there are many instances in which IL-4 and
IL-13 mediate shared roles as in the promotion of IgE production by B cells which is a hallmark
of an allergic response.!'>!!7 Increased IgE synthesis enhances expression of FceRI receptors
which bind IgE with high affinity and are often found on the surface of mast cells, an immune cell
attributed to initial allergic asthma symptoms.!!®!!” Once IgE/FceRI complexes bind allergens and
become crosslinked for activation, mast cells release preformed mediators that induce
bronchoconstriction, vasodilation, and mucus production.'? Lastly, both IL-4 and IL-13 are
involved in recruitment of eosinophils to the lungs by upregulating the expression of chemokines
CCLI11 and CCLS5 in airway epithelial cells and airway fibroblasts and inducing expression of
vascular cell adhesion molecule-1 (VCAM-1) in endothelial cells to which integrin 041 on the
surface of eosinophils binds to for initiating the movement of these cells from circulation and into

tiSSUC.llz’]ZFBI

1.1.5.2.2 IL-S in eosinophilic asthma

IL-5 is exquisitely involved in promoting all effector functions of an eosinophil, consequently
connecting this cytokine to the pathological burden of eosinophils in asthma.!** Notably, IL-5
levels are elevated in both sputum and serum samples of individuals with severe asthma,
implicating elevated IL-5 in disease severity.!*>"13° These heightened concentrations of IL-5
increasingly instruct pluripotent haematopoietic stem cells in the bone marrow to differentiate into

133,136,137 1IL-5

eosinophils, effectively resulting in eosinophilia. additionally contributes to

eosinophil adhesion to the endothelium via activation of eosinophil cell surface integrins which
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allow binding to intracellular adhesion molecule 1 (ICAM-1) and eventually lead to the cells exit
from blood and into airways.'**"14 Once these cells have infiltrated the airways, IL-5 signaling
also induces transcriptional changes that promote eosinophil proliferation, prolong survival
through inhibition of programmed cell death, and induce activation with the onset of
degranulation.'#'"1** In order to convey these transcriptional changes to eosinophils, IL-5 binds to
its receptor complex through an IL-5Ra subunit highly expressed on the surface of eosinophils

that then joins with a Bc subunit to initiate JAK-STAT and alternative signaling pathways.'*

1.1.5.2.3 IL-9 in eosinophilic asthma

Despite being lesser studied, IL-9 has been linked to allergic inflammation that often accompanies
eosinophilic asthma.'*®!%7 In fact, asthmatic airways have elevated IL-9 expression as well as
heightened expression of its receptor, IL-9Ra, when compared to the lungs of healthy
individuals.!**13% In ASM cells, IL-9 signals through IL-9Ra to initiate a Jak signaling cascade
that activates STAT3 and leads to upregulation of CCL11."! This elevated CCL11 by ASM cells

enhances the recruitment of eosinophils to the lungs. !*!

IL-9 also promotes the expansion of mast
cells and upregulates their expression of mast cell proteases that mediate tissue injury in early
phases of allergic inflammation in atopic asthma.'*1>* [L-9 further upregulates expression of IL-
4, 1L-5, IL-13, and IL-9 itself in these mast cells.!*>!5* With regards to the airway epithelium, IL-
9 directly upregulates expression of mucin genes leading to overproduction of mucus that further
narrows the inflamed airways of asthmatic individuals.'>>1*® IL-9 also indirectly influences airway
remodeling by upregulating the production of IL-13 in hematopoietic cells.!*® Similarly, studies
have outlined IL-9 as an enhancer of IL-4 and IL-5 effects.'*"!6? In synergy, IL-9 potentiates IL-
4-mediated IgE synthesis from human B cells.!¢%!¢! Moreover, IL-9 enhances expression of IL-

S5Ra on early precursor cells of eosinophils such that they readily differentiate into mature

eosinophils in response to elevated IL-5 levels observed in asthma.!®?

1.1.5.3 Asthma therapeutics

The first line of treatment for asthma has long included inhaled corticosteroids (ICS) combined
with long-acting B>-agonists (LABA).!®*!1%* [CS have broad anti-inflammatory effects in asthmatic
airways through inhibition of inflammatory transcription factors such as NF-kB, c-Jun, and Fos.'6>~
167 These inflammation-related transcription factors are involved in upregulation of all Th2

cytokines and their receptors, chemokines such as CCL11 and CCLS5, and cell adhesion molecules
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like ICAM-1 and VCAM-1.16"17 L ABA are added onto ICS treatments when patients’ symptoms
are inadequately controlled with ICS doses alone, accompanied with proper adherence and inhaler
technique.”®!%*18 LABA primarily act as bronchodilators by countering ASM contraction through
activation of their B, adrenoreceptor (B2AR).!%® If the ICS and LABA mainstay treatments do not
control symptoms, coexisting conditions must be considered that can range from psychosocial
factors like depression to environmental factors like exposure to tobacco smoke.’*!®* Several add-
on therapies exist to further aid in resolving asthmatic symptoms and include the bronchodilator
tiotropium, a long-acting muscarinic antagonist (LAMA) that also antagonizes ASM contractions
though their muscarinic M3 receptors, and even antimicrobials such as macrolides.”®!163:169-171
Continued poor response to these nonbiologic add-on therapies, necessitates personalized
treatment of the asthma phenotype with biologics that target airway-infiltrating cell types and their
associated immunomodulatory mediators that contribute to disease.’®!%*!72 Biologics here refer to

treatments which are composed of products made from living organisms; the use of antibodies will

specifically be discussed.

1.1.5.3.1 Biologics for severe asthma: targeting Th2 inflammation

The first Food and Drug Administration (FDA) approved biologic for severe allergic asthma was
the humanized monoclonal antibody (mAb), omalizumab.”®!”> A mAb is generated from a single
clone of an antibody-producing plasma B cell and, because of this singular origin, detects a single

6-8 amino acid component of a protein termed an epitope.!”

If multiple clones of plasma B cells
were involved which produce antibodies to multiple epitopes of a protein, the antibodies would be
termed polyclonal antibodies (pAb). !> Humanized mouse mAbs contain a mostly human antibody
amino acid sequence but only differ in the complementarity determining regions (CDR) within the
variable region of an antibody, which originate from mice that were immunized with the target
protein of interest.!”* Therefore, these humanized mouse mAbs are identified as self in humans
while containing a part of the molecule from mice that allows it to specifically bind a drug target.!™
Omalizumab is a humanized mouse mAb that specifically targets released IgE in severe allergic
asthma patients with elevated total IgE serum levels and positive allergen testing. !”>"'”7 Binding
of soluble IgE blocks its interaction with FceRI on the surface of mast cells and basophils and

leads to downregulation of this receptor which effectively prevents the release of inflammatory

mediators from these cells in allergic disease.””!”> Omalizumab has been reported to reduce asthma
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exacerbation and hospitalization rates and reduce patient dependency on ICS and B> agonist

use.1757177

After 12 years of omalizumab being approved in asthma therapeutics, biologics developed to
specifically treat severe eosinophilic asthma were approved by the FDA and included
mepolizumab, reslizumab and benralizumab (approved 2015, 2016, and 2017, respectively).!”
Mepolizumab and reslizumab are mAbs that target and sequester IL-5, which reduces blood and
sputum eosinophil levels in asthmatic patients.!”~!%> Similarly, benralizumab acts to reduce blood
and sputum eosinophil levels by targeting IL-5Ra and in this way prevents released IL-5 from
delivering pro-survival/activation signaling through its receptor on eosinophils.'86-18
Benralizumab also promotes antibody-dependent cell-mediated cytotoxicity (ADCC) of
eosinophils. During this process, benralizumab bound to IL-5Ra on the surface of eosinophils has
an exposed Fc portion which can be recognized by Fcyllla on natural killer (NK) cells.!® This
recognition leads to the death of target eosinophils through the release of proapoptotic proteins by
NK cells.'®  Through treatment with mepolizumab, reslizumab, and benralizumab asthma
exacerbation rates are reduced and in the case of mepolizumab and benralizumab patient

dependency on oral steroid use is reduced.!7®-180:182-184.186.187.190.191

The latest biologic, approved in 2018, for eosinophilic asthma accompanied with atopy is the fully
human mAb dupilumab.'”> Dupilumab binds to IL-4Ra which is shared with the Th2 cytokines
IL-4 and IL-13 and blocks their respective intracellular signaling cascades that are critical to the
development of asthma.'®>!®* Contrary to anti-IL-5 and anti-IL5 Ra biologics, dupilumab
temporarily increases blood eosinophil levels.!”>!®® Despite this observation, dupilumab lowers
IgE levels in eosinophilic atopic asthma, reduces exacerbation rates, increases lung function as
measured with increased forced expiratory volume (FEV), and lowers patient dependency on oral

steroids.!%193

1.1.5.3.2 Furthering personalized therapeutics in severe asthma

To reiterate, eosinophilic asthma comprises approximately half of severe asthma cases and is
associated with Th2 inflammation which may or may not be accompanied with atopy.*®7%7 As
the importance of personalizing therapeutics was profoundly appreciated in the last decade, asthma
therapeutics became available to target this asthma phenotype.'** Despite these developments, all

FDA approved biologics have yet to be compared to one another in terms of clinical effectiveness
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in randomized clinical trials.!”> Directly switching biologic treatments has been shown to improve
asthma control and patient health without adverse effects in the case of a switch from omalizumab
to mepolizumab.'*® However, further complicating physicians’ decisions in personalizing asthma
therapeutics, a standardized time at which changing treatments should be considered in non-
responding patients has yet to be set.!”> Meanwhile, the steep prices of these biologics render them
not cost-effective, in which the Institute for Clinical and Economic Review (ICER) recommended
a 60-80% drop in the price of all biologics to allow for cost-effectiveness as all biologics exhibited

a comparable halving effect on asthma exacerbation rates.'®’

In juxtaposition, the other half of severe asthma cases are not responsive to mainstay treatments
and anti-Th2 biologics and are often associated with elevated sputum neutrophils (~40-60% of
white blood cells in sputum) and a Th17 response in what is termed neutrophilic asthma.!*%2(!
This phenotype will be discussed to appreciate an area of therapeutics left to be developed in the

context of asthma.

1.1.5.3.2.1 Neutrophilic inflammation in asthma

Yet another granulocyte implicated in asthma pathogenesis, neutrophils canonically work as first-
responding leukocytes that defend against microbial insults through the quick release of granular
antimicrobial proteins, cytokines and chemokines, and reactive oxygen species (ROS).2%
Neutrophils are highly migratory blood cells that follow chemokine gradients, specifically those
involving IL-8 (CXCL-8), to inflammatory sites in tissue.??> Within inflamed tissue, the cytokine
environment, precisely granulocyte colony-stimulating factor (G-CSF), GM-CSF, IL-8, and TNF,
largely extends the lifespan of neutrophils.'® As well as cytokines, bacterial endotoxins such as
lipopolysaccharides (LPS) prolong the survival and activation of neutrophils such that they may
continue their bacterial killing in the case of an infection.'® While important in innate immunity,
an extended homing and activation of neutrophils in the lungs leads to the development of asthma.
In fact, excessive release of bacteria-killing neutrophil extracellular traps (NETs) consisting of
chromatin and cytotoxic granular proteins potentiate tissue damage in asthma.?**?% Neutrophil-
derived proteases such as matrix metalloprotease-9 (MMP-9) further inflict damage to airway
tissue leading to remodeling.?*?°7 Akin to eosinophils, neutrophils also produce pro-fibrotic TGF-
B leading to elevated deposition of collagen beneath the airway epithelium.??® Smoking, obesity,

and microbial infections are all linked to neutrophil infiltration in asthmatic airways.?* 21> This
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neutrophilic asthma is associated with elevated levels of IL-8, GM-CSF, IL-17A, and TNF in
bronchial alveolar lavage (BAL) fluid and plasma, all of which can be produced by neutrophils
themselves as positive feedback for cell survival and recruitment.?!*2!7 Th17 inflammation also
greatly contributes to neutrophilia in asthma.?'® Th17 cells are a subset of CD4" helper T cells that
largely produce IL-17A.2!” IL-17A in turn induces expression of IL-8 by airway epithelial cells to
recruit neutrophils to the lungs and induces G-CSF expression to promote neutrophil production

in the bone marrow.??? 23

1.1.5.3.2.2 Targeting neutrophilic asthma

The use of a class of antimicrobials, macrolides which include azithromycin and clarithromycin,
have been studied for treating neutrophilic asthma, as they possess both antimicrobial and
immunomodulatory activity.?** Azithromycin reduced asthma exacerbation rates and improved
quality of life in severe asthma patients.?>> Meanwhile, clarithromycin significantly reduced IL-8,
MMP-9, and neutrophil elastase concentrations and neutrophil counts in the airways leading to
improved quality of life in severe asthmatics.?*® A clinical trial testing a mAb against GM-CSF
presented no evidence of significant improvements in asthma control or exacerbation rates.**’
Likewise, an antagonist of the CXCR?2 receptor, which is stimulated by IL-8/CXCL-8, has been
well-tolerated with patients but did not reduce exacerbation rates in individuals with uncontrolled
neutrophilic asthma.??3??° Notably, mAbs developed against IL-17A receptor and TNF, as well as
inhibitors of TNF such as etanercept, have not displayed treatment effects in severe asthma
patients; however, these studies have not yet assessed treatments based on subpopulations of
severe asthma patients (i.e. asthmatics with neutrophilia versus eosinophilia or Th2 inflammation

versus Th17 inflammation).?" 23

1.2 Cytokine trafficking pathways

Evident from discussions thus far, cytokines act as soluble messenger proteins synthesized from
one immune cell which have potent biological effects on other target cells.?>* Specifically, Th2
cytokines to a large degree orchestrate the development of severe eosinophilic asthma through
cell-cell crosstalk.®7*8 To execute these cell-cell communications, cytokines first must navigate
through trafficking pathways within cells for their eventual release. While the plethora of
biological effects induced by Th2 cytokines is well-studied, their trafficking pathways in

eosinophils remain to be elucidated.
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1.2.1 The classical secretory pathway

Most cytokines possess a signal sequence at their amino (N)- terminus which acts to direct
cytosolic ribosomes translating nascent proteins to the rough endoplasmic reticulum (ER).23#23¢
For instance, the Th2 cytokines IL-4, IL-5, IL-9, and IL-13 discussed prior all possess this signal
sequence (UniProtKB: P05112, PO5113, P15248, and P35225, respectively). This effectively
targets these cytokines to the classical secretory pathway (Figure 1.4).>+2% In this pathway,
newly made proteins in the ER lumen are sorted into transport vesicles that can fuse with other
transport vesicles to form the cis-Golgi reticulum.?*® Coat protein complex II (COPII) are a series
of cytosolic proteins that mediate both the budding of these transport vesicles and sorting of ER
lumen proteins to be included for transport to the cis-Golgi.>*” Once cargo is delivered to the cis-
Golgi stack, it will migrate further away from the ER to a trans position in which post-translational
modifications of luminal proteins occur throughout this progression.”*® From the trans-Golgi
reticulum, de novo proteins may be immediately released in secretory vesicles that fuse with the
plasma membrane in a process called constitutive or continuous secretion (Figure 1.4).2%
Constitutive secretion occurs in all cell types.?*®* Meanwhile, specialized cells can sort proteins
from the trans-Golgi network into secretory vesicles or granules for storage that will eventually
be released upon an appropriate stimulus which is termed regulated secretion (Figure 1.4).2° As
detailed in section 1.1.4, eosinophils are examples of these specialized cells that can house

preformed cytokines in crystalloid granules prior to their regulated release in classical or

compound exocytosis or piecemeal degranulation.

1.2.2 The non-classical secretory pathway

In contrast, a limited set of cytokines lack an ER signal sequence and are synthesized completely
in the cell cytoplasm and include IL-1P and macrophage migration inhibitory factor (MIF).2382%
These cytokines follow lesser-studied non-classical pathways for secretion which do not rely on
the ER and Golgi network.?**2* Involvement of protein transporters on the cell membrane,
multivesicular bodies fusing with the cell surface for subsequent cytokine-containing exosome

release, and cell lysis are all proposed models of non-classical secretion.?3%240

1.3 Cytokine trafficking machinery
Cytokine release via the classical secretory pathway relies on trafficking machinery, a variety of

proteins that are often found on cell membranes and mediate the sorting and loading of cargo into
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Figure 1.4. Classical secretory pathways. In the presence of a stimulus, nuclear DNA is
transcribed to messenger RNA and exported to the cytosol where it can interact with ribosomes
for protein translation. Protein being translated by ribosomes are then targeted to the ER based on
the presence of a signal sequence and enter the classical secretory pathway. Once in the ER lumen,
proteins are properly folded and can bud off into vesicles that will fuse with the Golgi. Once the
protein progress through the Golgi network, migrating further away from the ER, it can once again
bud off into secretory vesicles that will fuse with the plasma membrane in a process termed
constitutive secretion (A). This secretion occurs across all cell types. In granule-containing cells,
such as eosinophils, proteins from the Golgi can instead be sorted for storage in secretory granules.
In the presence of a later stimulus, stored proteins in secretory granules can be delivered to the

plasma membrane for regulated secretion (B).
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vesicles, movement of cargo-filled vesicles within the cell, and docking of secretory vesicles to a
target membrane for fusion and release of its contents. This trafficking machinery largely involves
soluble N-ethylmaleimide-sensitive factor (NSF) attachment protein receptors (SNAREs) and the
Rab family of guanosine triphosphatases (GTPases).

1.3.1 SNARESs: mediating membrane fusion events

The final step in classical secretion involves a membrane-bound organelle carrying cargo
molecules fusing with the plasma membrane such that its contents are released to the extracellular
environment.?*!' SNARE proteins drive this membrane fusion event.?**2% With 36 members in
humans, SNARE proteins are a family of proteins which share a SNARE motif that is commonly
followed by a transmembrane domain at the carboxyl (C)-terminus.?**>%*¢ These SNARE motifs
allow for the formation of a stable four-helix bundle between SNARE protein complexes
associated with opposing vesicle (v-SNARE) and target (t-SNARE) membranes.?****> A release
in free energy results from this conformational change and mediates the fusing of opposing
membranes.?**>* Each helix in the four-helix bundle is composed of three Q-SNARE motifs (Qa,
Qb, and Qc) and one R-SNARE motif, in which the Q and R denote glutamine and arginine
residues, respectively, that are found in the centre of this conformation.?**?* Interestingly, 3 out
of the 36 human SNARE proteins contain two Q-SNARE motifs (Qb and Qc) at their N- and C-
terminus as opposed to one SNARE motif and include synaptosome-associated protein of 25 kDa
(SNAP-25), SNAP-23, and SNAP-29.2* SNARE proteins with a SNARE motif homologous to
the N-terminal motif of SNAP25 make up a S25N Qb subfamily, whereas those with a motif
homologous to the C-terminal motif make up a S25C Qc subfamily.?** Furthermore, the syntaxin
subfamily consist of proteins with Qa-SNARE motifs and the vesicle-associated membrane protein
(VAMP) or synaptobrevin subfamily consist of proteins with R-SNARE motifs.?** NSF mediates
the dissociation of this four-helix bundle such that SNARE motifs are readily available for other

membrane fusion events, 2443247

1.3.1.2 SNARES associated with eosinophil secretory organelles

Most SNARE proteins are localized to a specific membrane-bound organelle.>**?* This SNARE
sorting poises the secretory organelle for a membrane fusion event by ensuring the correct
combination of SNARE proteins (i.e. presence of Qa-c SNAREs and a R-SNARE) exist at vesicle

and target membranes.>**?* A greater number of v-SNAREs found on a secretory organelle is
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associated with a greater propensity for vesicle secretion as more combinations of SNARE
complexes can be formed to fuse with the plasma membrane.>*® For instance, the highly
mobilizable secretory vesicles associated with piecemeal degranulation in human eosinophils bear
the v-SNAREs VAMP-2, VAMP-7, and VAMP-8.56249250 Qpecifically, VAMP-2" secretory
vesicles colocalize with the chemokine CCL5/RANTES, known to be stored in crystalloid granules
prior to release, and mobilize to the plasma membrane in as rapid as 5 min post-stimulation with
IFN-y (Figure 1.5).>* VAMP-2-bearing secretory vesicles are also implicated in the regulated
secretion of ECP in human eosinophils.?*! Meanwhile, only VAMP-7 and VAMP-8 are localized
to crystalloid granules of human eosinophils, in which VAMP-7 is predominantly implicated in
classical exocytosis events.?** Inhibition of VAMP-7 in vitro using an anti-VAMP-7 mAb hindered
release of crystalloid-granule-derived EPX and EDN in human eosinophils.>** Likewise, in mice
with eosinophil-specific deletions of VAMP-7, which was found on CD63" crystalloid granules,
EPX and MBP release with PAF stimulation was reduced compared to controls.?>? Interestingly,
VAMP-7 deletion in these mice selectively lowered levels of IL-9 release by eosinophils in
response to PAF and ionomycin stimulation and was associated with decreased airway
hyperresponsiveness in ovalbumin (OVA)-challenged mice, a well-established model of allergic
asthma.?>> VAMP-7 deletion in mice did not affect release of other Th2 cytokines IL-4, IL-5, and
IL-13 suggesting a selective role for VAMP-7 in cytokine and granule protein release.?*> Human
eosinophils also express the t-SNAREs syntaxin-4 (Qa-SNARE) and SNAP-23 (Qbc-SNARE)
which are predominantly found at the plasma membrane and likely form complexes with VAMP-
2" (R-SNARE) secretory vesicles during piecemeal degranulation (Figure 1.5) and VAMP-7"
crystalloid granules during exocytosis.”>*** The Qa-SNARE syntaxin-17 is also found on
crystalloid granules and granule-derived EoSVs of human eosinophils and could contribute to
piecemeal degranulation by EoSVs complexing with SNAP-23 at the plasma membrane along with

an unknown R-SNARE .2

1.3.2 Rab GTPases: recruiters and regulators of trafficking machinery

Rab GTPases act as global regulators of trafficking machinery.?>> With more than 60 members in
humans, Rab GTPases are carefully localized to specific membrane-bound compartments
throughout the cell in which they encounter critical trafficking machinery.?>>?°® Here these
proteins interact with coat protein complexes, motor proteins, and SNARE protein regulators to

coordinate vesicle formation and selection of luminal contents, vesicle movements that utilize cell
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Figure 1.5. SNAREs associated with regulated CCLS secretion in eosinophils. Newly made
CCLS5 classically traffics through the ER to cis-Golgi network (CGN) to trans-Golgi network
(TGN) where it buds off for granular storage. Preformed CCLS5 is found within eosinophil
crystalloid granules which bear the v-SNARE VAMP-7. Upon certain stimuli, CCLS is selectively
sorted out of crystalloid granules and into secretory vesicles with the v-SNARE VAMP-2. VAMP-
2 interacts with SNAP-23 and syntaxin-4 (Stx4) at the plasma membrane to mediate membrane

fusion and release of CCLS5.
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cytoskeletal components, and vesicle membrane fusion for content release, respectively.?>>237-2%8

Many of these protein-protein interactions are dependent on an active conformational state of Rab
GTPases.?> Classically, Rab GTPases are active when bound to GTP and inactive when bound to
GDP.?3 Several proteins are involved in converting Rab GTPases to active or inactive states.
Active GTP-bound Rab proteins hydrolyse GTP to GDP intrinsically and this hydrolysis is
accelerated by GTPase-activating proteins (GAPs).25>?* This process converts Rab proteins to an
inactive GDP-bound form. Subsequently, guanine nucleotide exchange factors (GEFs) trigger the
release of GDP from these Rab proteins and cytosolic GTP can readily bind to complete conversion
to its active state once again.?>>?®* Rab GDP dissociation inhibitors (GDIs), given its name, counter
this process by inhibiting the release of GDP.?! GDIs also chaperone cytosolic Rab GTPases
towards their associated intracellular membrane where membrane bound GDI displacement factors
(GDFs) trigger GDI dissociation and allow Rab proteins to associate with their cognate
membranes.’®! 2% In this way GDIs and GDFs effectively sort Rab proteins back to their
membrane of origin following vesicle trafficking events that carry Rabs away and towards a target

membrane.>>>2%

1.3.2.1 Rab27a in eosinophil degranulation

Rab27a is well-studied with regards to its role in regulated secretion of secretory vesicles in
immune cells and secretory cells, namely melanocytes.?> Specifically, deficiencies in this Rab
protein hinder regulated exocytosis in killer T cells, NK cells, basophils, neutrophils, and
melanocytes.?®’! Consequently, humans with mutations in the RAB274 gene develop a rare
disorder characterized by partial loss of pigment in skin, hair, and eyes and immunodeficiency
termed Griscelli syndrome type 2.2 Rab27a is also associated with eosinophils in asthma as
human eosinophils express this protein at elevated levels in asthmatics compared to a normal
control group and this Rab plays an important role in eosinophil exocytosis.?’!** In resting human
eosinophils Rab27a is partially localized to CD63" crystalloid granules within the cell cytoplasm
and these structures migrate towards the cell periphery following PAF stimulation, which is known
to induce EPX release.?’? Furthermore, Rab27a-deficient Ashen mice exhibit hindered release of
EPX following PAF stimulation.?’* While several effectors that bind to Rab27a to elicit regulated
secretion have been identified in secretory cells, the mechanisms underlying Rab27a-mediated
secretion in eosinophils remains unknown. For example, Rab27a found on membranes of

melanosomes, which store and release the pigment melanin in melanocytes, recruit the protein
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melanophilin.?’* Melanophilin then bridges melanosomes to the actin motor myosin Va that

transports these vesicles to the plasma membrane for release.?’*

1.4 Endocytosis and membrane recycling

Accompanying the stream of cytokines being secreted from eosinophils through diverse pathways
is the uptake of molecules from the cell’s extracellular environment through endocytosis. During
this endocytic process select lipids and protein receptors on the plasma membrane invaginate
within the cell cytosol to form a membrane-bound compartment that is often associated with a
clathrin coat.?’>?’® Endocytosed cargo is first delivered to early endosomes which have a mildly
acidic pH to trigger release of proteins coupled to transmembrane receptors.’’”> Here, early
endosomes play an important role in regulating cell signaling through cell surface receptors;
endocytosed receptors may be downregulated by sorting these proteins into the late
endosome/lysosome pathway for degradation or recycled back to the plasma membrane for
continued cell signaling directly from early endosomes (fast recycling) or by tubulovesicular
recycling endosomes (REs) (slow recycling).?”>?’"7 Well-studied receptors that are sorted for
recycling in these endosomes are transferrin receptors (TfnRc) responsible for iron uptake through
transferrin (Tfn), integrin proteins involved in cell adhesion, and tyrosine kinase and G protein-
coupled receptors (RTK and GPCRs) involved in cytokine and chemokine signaling,

respectively.?’8280

1.4.1 Recycling endosomes in cytokine secretion

Notably, REs possess a noncanonical role in cytokine secretion in immune cells that will be
discussed here.?**?*>?77 In particular, these endosomes and their associated trafficking machinery,
VAMP-3 and Rab-11, are critical in exocytosis of de novo synthesized TNF in macrophages
(Figure 1.6).%%! Interestingly, LPS and IFN-y, which are associated with bacterial and viral
infections, respectively, upregulate expression of both VAMP-3 and Rab-11 which then aids in
pro-inflammatory TNF release.?®! At the trans-Golgi network and Golgi-derived vesicles, the Q-
SNARES syntaxin-6/syntaxin-7/vesicle transport through interaction with t-SNAREs homolog 1B
(Vtilb) allow for the exchange of newly produced TNF to REs through the R-SNARE VAMP-3
(Figure 1.6).28!?%2 TNF-bearing REs can then fuse with the Q-SNARE complex syntaxin-
4/SNAP-23 at the plasma membrane for cytokine delivery (Figure 1.6).28":?®> TNF remains
associated to the plasma membrane until a TNF alpha converting enzyme (TACE) proteolytically
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Figure 1.6. Constitutive TNF release in macrophages via recycling endosome trafficking.
Newly synthesized TNF exists in a pro-form that is membrane-associated and migrates classically
from the ER to cis-Golgi network (CGN) to trans-Golgi network (TGN). At the TGN and vesicles
which bud from the TGN, pro-TNF is found on the membrane along with the SNARE complex
composed of Stx6, Vtilb, and Stx7. This pro-TNF is then transferred to recycling endosomes
bearing TfnRc, the v-SNARE VAMP-3, and Rabl1a. VAMP-3 can then interact with SNAP-23
and Stx4 at the plasma membrane to mediate membrane fusion. Proteolytic cleavage of pro-TNF

at the cell surface by TNF alpha converting enzyme allows for release of soluble TNF.
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cleaves it into a soluble form.?®* In addition to exporting newly made TNF, REs increase
macrophage surface area for phagocytosis, the process in which immune cells engulf large
particles such as pathogens for subsequent antigen processing and presentation or apoptotic
somatic cells in membrane-bound phagosomes.?®!:*%3 Indeed, TNF and VAMP-3 from REs are
enriched in membrane contributing to the initial forming of a phagosome, the phagocytic cup, in
macrophages.?®! Similar to TNF, newly synthesized IL-6 in macrophages is observed budding off
into trans-Golgi-derived vesicles and fusing with VAMP-3 and TfnRc positive REs.?%¢ The
importance of syntaxin-6 and Vtilb associated with the trans-Golgi and VAMP-3 on REs are
shared for IL-6 and TNF secretion in macrophages.?®® Within IL-6 containing REs, cargo such as
TNF and Ttn are also found and are differentially secreted. TNF and VAMP-3 are released into
phagocytic cups while IL-6 and TfnRc do not exhibit this polarized release.?®® This differential
release from cytokines sharing a common RE as their carrier illustrates a compartmentalizing of
cargo in these endosomal compartments.3® To note, de novo synthesized TNF and IFN- y in NK
cells also rely on TfnRc-bearing REs and associated Rab11 and VAMP-3 for cell surface delivery
and release.”®’ Interestingly, REs provide a means of re-routing these pro-inflammatory cytokines
for non-polarized release as opposed to the directional release of preformed cytolytic granules in

NK cells that directly aim to kill target cells in an immunological synapse.?®’

1.5 A need for eosinophil-like cell models

Eosinophils and other granulocytes characteristically have quick cell turnover rates in
circulation.'®?* Under noninflammatory conditions and infrequent encounters with pro-survival
cytokines, eosinophils survival is measured to be approximately 3 days.'®?%® This short lifespan
alone makes experimental manipulations of primary eosinophils extremely time-sensitive and
limited in terms of prolonged cell immunolabelling experiments. Compounding these limitations
to experimentation, primary immune cells have proven to be challenging to work with in gene
manipulation studies. Transfections are commonly used for these studies in which exogenous
nucleic acids are introduced to a cell to enhance or silence the expression of a certain gene.”® In
primary immune cells, transfection rates are often low due to induction of cell death during
protocols.?*’ To circumvent these issues, human leukemia cell lines have been explored as a proxy

for primary immune cells.?***!
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1.5.1 HL-60 and HL-60 Clone 15 cell lines

The HL-60 human leukemia cell line consists of multipotent promyelocytes which can be induced
to follow certain granulocyte lineages of differentiation. Treatment of these cells with chemical
inducers such as retinoic acid and dimethyl sulfoxide (DMSO) trigger neutrophilic
differentiation.?>*® While primary human neutrophils classically contain CD63" primary
granules, CD66b" secondary granules, and CD11b" tertiary granules, neutrophil-like HL-60 cells
only contain primary granules and lack certain granule components which result in impaired
abilities in producing extracellular traps or reactive oxygen species for studies assaying microbial
killing.?**2%> HL-60 cells that were previously cultured in slightly alkaline pH (7.6-7.8) for 2
months, known as HL-60 clone 15 cells, and then treated with 0.5 mM sodium butyrate or butyric
acid for 5-7 days have a high propensity for eosinophil-like differentiation.?>*%2°7 Cell growth
arrest, change in nuclear shape from round to lobular, change from blue (basophilic) to pink
(acidophilic) cytoplasmic staining with Giemsa-like stains, and increased expression of
eosinophil-associated genes (i.e. MBP, IL-5Ra, and CCR3) are associated with this eosinophil-
like differentiation.?!-**82% Butyrate inhibits histone deacetylation in these cells, leading to a
prevalence of acetylated, transcriptionally accessible regions of DNA.>*® Here ¢/EBPa, ¢/EBPp,
and c¢/EBPe transcription factors bind to inhibit cell proliferation and induce eosinophil-specific
gene expression.’”® The granulocyte-like cells are then commonly used for chemotaxis
assays.?”?3% Additionally, these cells are susceptible to electroporation-based introduction of
nucleic acid to cells, which can be used for gene knockdown studies or introducing the expression
of fluorescently tagged proteins for live cell imaging.*! % Recently the development and use of
lipid nanoparticles has advanced nucleic acid delivery in difficult-to-transfect cell lines, enhancing
both uptake of nucleic acid and cell viability when compared to traditional transfection methods.>®
Furthermore, lipid nanoparticles can be loaded with chemical mediators. For instance, cholesterol
butyrate nanoparticles (CBNs) passively diffuse through the plasma membrane of HL-60 cells,
surpassing the need for cell surface expression of butyrate transport proteins for classical butyrate
uptake, and induce cell cycle arrest and apoptotic death.>°® This induction of apoptosis in HL-60
cells with CBNs provides experimental results in favor of butyrate as a candidate anti-cancer

drug 3
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1.6 Rationale
Eosinophils are an undeniable facet of asthma pathogenesis. Affecting close to 2.6 million
Canadians over the age of 12 in 2018, severe asthma inflicts a large economic burden on our

healthcare system and overall lowers quality of life (Statistics Canada Table 13-10-0096-

08 Asthma, by age group ). As a highly compartmentalized granulocyte, eosinophils are uniquely

poised to rapidly release preformed cytotoxic granule proteins and Th2 cytokines for microbial
defence. In a tip of the balance that is required in homeostasis and immunity, continuous
recruitment of these cells to tissue enriched in pro-survival mediators leads to prolongment of their
typically short lifespan and chronic cell activation leading to pathology. Eosinophils and the Th2
cytokines they release have been widely studied for their roles in asthma pathology, evident in
them being widely targeted by current FDA-approved asthma therapeutics. Meanwhile, the
trafficking pathways in which these Th2 cytokines, namely IL-9 and IL-13, follow for cell surface
delivery and release by eosinophils are largely unknown and have not been fully localized to
intracellular membranes. Given eosinophils house over 30 cytokines and chemokines and only a
third have been localized to crystalloid granules, the RE known to traffic cytokines in other
immune cells is newly suggested here to act as an additional cytokine trafficking site in
eosinophils. Knowledge of these Th2 cytokine trafficking sites and secretion pathways contribute
novel therapeutic targets in severe asthma that aim to dampen their release and subsequent
systemic proinflammatory effects. In Chapter 3, I present results regarding the storage and
trafficking sites of IL-9 and IL-13 in peripheral blood eosinophils from atopic donors at baseline

and in the presence of the stimulant PAF.

1.7  Hypothesis

I hypothesize that REs act as a novel trafficking site for IL-9 and IL-13 upon PAF stimulation in
human eosinophils as REs have been implicated in exocytic transport of newly synthesized
cytokines in different immune cells. Furthermore, crystalloid granules would mainly act as a

storage site for these cytokines that could later be subsequently released.

1.8 Objectives
1. To assess the presence and distribution of recycling endosomes in both resting and PAF-

stimulated eosinophils through immunolabelling of TfnRc¢" vesicles followed by super
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resolution microscopy. Throughout this study, I assume TfnRc" vesicles represent
endosomal compartments.

To determine the subcellular localization of IL-9 and IL-13 at baseline and throughout a
PAF-stimulation time course in eosinophils; specifically, whether these cytokines localize
to TfRc" vesicles and/or CD63" crystalloid granules. Eosinophils are immunolabelled for
IL-9 or IL-13 and TfnRc or CD63 and imaged by super resolution microscopy.
Colocalization or association between a cytokine of interest and organelle of interest are
measured with Pearson’s Correlation Coefficient (PCC). Changes between associations of
the cytokine of interest and organelle of interest at resting state compared to a PAF-
stimulated state are indicative of cytokine trafficking within the cell (i.e. shuttling into or
out of membrane-bound compartments).

To determine differences in the detection of intracellular IL-9 or IL-13 protein at baseline
compared to following PAF stimulation. Mean fluorescence intensity values obtained from
immunolabelling IL-9 or IL-13 are used as a measure of protein levels within the cell.

To determine the proportion of total intracellular IL-9 found within TfnRc" vesicles or
CD63" crystalloid granules. Eosinophils are immunolabelled for IL-9 and TfnRc or CD63
and imaged by super resolution microscopy. An object-based colocalization method I
developed defines immunolabeled IL-9 and organelles as 3-D spots on a per cell basis.

These cytokine spots and organelle spots can then be colocalized and quantified.
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Chapter 2:
Materials & Methods



2.1 Donor recruitment.

Volunteers with self-reported allergies and/or asthma who were not taking any form of medication
for at least two weeks prior to their donation appointment were recruited for the study in Chapter
3. Donors with over 3% circulating eosinophils were selected for this study. Both non-allergic and
atopic individuals, meeting the same no medication criteria mentioned prior, were recruited for
human neutrophil data presented in Appendix A. All participants were 18 years or older and
provided informed consent prior to blood collection. These protocols received research ethics
approval from the University of Alberta Research Ethics Board, Project Name ‘“Molecular

Mechanisms Regulating Leukocyte Activation”, Pro00000942, 2020.

2.2 Phlebotomy.

Human peripheral venous blood was collected in 10 ml EDTA (K2) Vacutainer blood collection
tubes (cat. # 366643) and drawn with Safety-Lok butterfly needle sets (cat. #367281) from BD
Biosciences (Franklin Lakes, NJ, USA). A total of 30 ml of whole blood was collected from

eosinophil donors, while 10 ml of whole blood was collected from neutrophil donors.

23 White blood cell differential count.

Differential counts were performed to assess the percentage of circulating eosinophils or
neutrophils found in whole blood collected from donors prior to conducting isolations for these
cell types. Whole blood was first stained using freshly made Kimura stain, prepared as previously
described in reference 306 and filter-sterilized with a 0.22 pm Millex-GS syringe filter unit (cat. #
SLGS033SS; Millipore Sigma, Burlington, MA, USA).**” The cytoplasm of human eosinophils
uniquely stain green with Kimura and thus are easily identifiable among other white blood cells.
Human neutrophils do not stain green but have characteristic multilobed nuclei. Whole blood was
diluted 1:10 with Kimura stain prior to loading 10 pl of this solution into a 4-Chip disposable
hemocytometer (cat. # DHC-N404; Bulldog Bio, Portsmouth, NH, USA). White blood cell
differential counts were then performed under bright field microscopy using a Fisherbrand manual

differential counter (cat. # 13-684-140).

2.4  Human eosinophil isolation from whole blood.
Whole blood samples were transferred from blood collection tubes to 50 ml conical centrifuge
tubes (cat. # 430290) from Corning (Corning, NY, USA). Eosinophils were isolated from 30ml

whole blood samples by negative immunomagnetic selection following manufacturer’s protocols
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using the MACSxpress human eosinophil isolation kit (cat. # 130-104-446) and MACSxpress
separator (cat. # 130-098-308) from MACS Miltenyi Biotec (Bergisch Gladbach, Germany).
Eosinophils were carefully collected from the supernatant in the MACSxpress separator, as to
avoid collecting cells adhered to the walls of the tube, using 10 ml serological pipettes (cat. # 4488)
from Corning and placed into a new 50 ml centrifuge tube. From this point on, cells were kept on
ice. RPMI 1640 cell media (cat. # 11875093) from Gibco (Waltham, MA, USA) was then added
to the supernatant to reach a total volume of 45 ml. Eosinophils were then gently pelleted by
centrifugation at 300 x g for 7 min at 4°C. Following this first centrifugation step, the supernatant
was discarded, and the cell pellet was gently resuspended in RPMI 1640 using a transfer pipette
(cat. # 13-7119-AM; Fisher Scientific, Waltham, MA, USA). The volume of this cell suspension
was topped up with RPMI-1640 to 45 ml and centrifuged at 300 x g for 7 min at 4°C once again
as a second wash step. Isolated eosinophils were then gently resuspended in 1 ml of cell media as
prior and a small sample was taken for Kimura staining as outlined in section 2.3 for cell counts.
On average, eosinophil isolation kits resulted in > 97% cell purity. Isolated eosinophils were finally

diluted in RPMI 1640 to obtain a final concentration of 1x10° eosinophils/ml.

2.5  Human neutrophil isolation from whole blood.

Whole blood samples were transferred from blood collection tubes to 15 ml conical centrifuge
tubes (cat. # 430052) from Corning. Neutrophils were isolated in a close manner to eosinophils by
following manufacturer’s protocols MACSxpress human neutrophil isolation kit (cat. # 130-104-
434) and use of the same MACSxpress separator. A Sml serological pipette (cat. # 4487, Corning)
was used to collect neutrophils from the supernatant formed after incubation on the magnetic
MACSxpress separator and to transfer the solution to a new 15 ml conical tube. Neutrophils were
kept on ice and washed twice with 10 ml of RPMI 1640 as described in section 2.4. Similarly, a
small sample of isolated cells was counted with Kimura stain as outlined in section 2.3 and
revealed an average purity of > 98%. Isolated neutrophils were also diluted in cell media to a final

concentration of 1x10° neutrophils/ml.

2.6 Short-term culture of human eosinophils.
Isolated eosinophils were cultured over circular glass coverslips (cat. # 12-545-80) in 6-well plates
(cat. # 12-556-004) from Fisher Scientific. Coverslips were previously cleaned with 95% ethanol

and left to air dry prior to being placed at the bottom of wells with curved, fine point metal forceps.

35



Each well contained 5 coverslips and was seeded with 1x10° eosinophils in RPMI 1640. Cells
were then incubated at 37°C with 5% CO2 for 30 min to allow for adherence to glass coverslips.
Following this incubation, wells were looked at under an inverted light microscope to ensure
coverslips were homogeneously coated with adherent cells. To simulate cells, C18-PAF (cat. #
P6537; Millipore Sigma) was added to a final concentration of 5 uM per well and incubated for 0,
5, 15, or 60 min at 37°C with 5% CO2. Following stimulation, media was aspirated from the
corresponding well and coverslips were washed once with 1X PBS (diluted from 10X, cat. #
SH3025801) from HyClone (Logan, UT, USA). Cells were then fixed onto coverslips by
incubation with 4% paraformaldehyde (PFA) (diluted from 16%, cat. # 15710; Electron
Microscopy Sciences, Hatfield, PA, USA) for 30 min at room temperature. PFA was later aspirated
from wells and cells were washed thrice with 1X PBS. Coverslips were stored in wells in 1X PBS

at 4°C for up to one week until use for immunofluorescence staining.

2.7 Short-term culture of human neutrophils.

The same culture plates and coverslips, inclusive of coverslip cleaning and placement in wells,
described in section 2.6 were used for culturing of isolated neutrophils. Each well was also seeded
with 1x10°neutrophils and were left to adhere to glass coverslips for 30 min at 37°C with 5% CO2.
Neutrophils were then stimulated with 10 ng/ml of lipopolysaccharide (LPS from Escherichia coli
O111:B4, cat. # L3024; Millipore Sigma) for either 0, 30, and 60 min or 0, 2, 4, and 6 h at 37°C
with 5% CO2. Washing steps with 1X PBS and fixation with 4% PFA were followed as in section
2.6.

2.8  Immunofluorescence staining of human eosinophils.

Human eosinophils fixed onto coverslips were first permeabilized and blocked with 0.1% saponin
(cat. # S4521, Millipore Sigma), 2% bovine serum albumin (BSA, cat. # 126579, Millipore Sigma),
and 10% heat-inactivated human serum in 1X PBS for 30 minutes at room temperature in a
humidified chamber. This solution was used in subsequent washes and as a diluent for all staining

solutions to ensure saponin was kept on cells throughout the staining protocol.

Eosinophils were then immunolabeled with antibodies specific to IL-9 (Alexa Fluor 647 Mouse o-
Human IL-9, cat. # 560815; BD Biosciences) or IL-13 (Alexa Fluor 647 Mouse a-Human IL-13,
cat. # FAB2131R; R&D Systems, Minneapolis, MN, USA) at 7 ug/ml. At the same time, cells
were stained with Alexa Fluor 488 Rabbit a-Human TfnRc (cat. # bs-0988R-A488; Bioss,
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Woburn, MA, USA) to label endosomes or Alexa Fluor 488 Mouse a-human CD63 (cat. # MAS-
18149; Invitrogen, Waltham, MA, USA) to label crystalloid granules at 10 pg/ml. Another set of
coverslips were also set aside for staining with the following isotype control antibodies: Alexa
Fluor 647 Mouse IgG1 « (cat. # 557783, BD Biosciences) at 7 pug/ml and Alexa Fluor 488 Rabbit
IgG (cat. # bs-0295P-A488, Bioss) or Alexa Fluor 488 Mouse IgG1 (cat. # IC002G, R&D Systems)
at 10 pg/ml. In addition to these antibodies, eosinophils were stained with Rhodamine Phalloidin
to label F-actin (cat. # R415; Thermo Fisher Scientific, Waltham, MA, USA) diluted 1:200 and 4,
6-Diamidino-2-Phenylindole (DAPI, cat. # D1306; Thermo Fisher Scientific) diluted 1:15,000 for
nuclear staining. Cells were incubated with conjugated antibodies, phalloidin, and DAPI for 45

min at room temperature in a humidified chamber.

Subsequently, coverslips were washed once with 1X PBS quickly and then washed thrice with 1X
PBS after leaving the solution on for 4 min between washes. Lastly, three quick washes with Milli-
Q water were performed. Once fully washed, coverslips were mounted onto glass slides (cat. # 22-
037-246, Fisher Scientific) using ProLong Glass Antifade Mountant (cat. # P36980, Invitrogen)

with a curing time of overnight to 24 hours prior to imaging slides.

2.9 Immunofluorescence staining of human neutrophils.

In pilot experiments, fixed neutrophils were permeabilized and blocked with 0.1% saponin, 2%
BSA and 10% human serum as described in section 2.8. For troubleshooting experiments, 0.1%
or 0.2% Triton X-100 (cat. # T9284, Millipore Sigma) in 1 X PBS was used instead to permeabilize
neutrophils for 3 min at room temperature. After the Triton X-100 incubation, cells on coverslips
were washed thrice with 1X PBS and then blocked with 2% BSA and 10% human serum in 1X

PBS for 30 min at room temperature.

Once cells were permeabilized and blocked, the following primary antibodies were used for IF
staining of TNF in human neutrophils: Mouse a-human TNF (cat. # MAB610; Novus Biologicals,
Littleton, CO, USA), Rabbit a-human TNF (cat. # 654250, Millipore Sigma), Alexa Fluor 488
Mouse a-human TNF (cat. # 557722, BD Biosciences), Alexa Fluor 594 Rabbit a-human TNF
(cat. # bs-2081R-A549, Bioss), Goat a-human/mouse TNF (cat. # AF-410-NA, R&D Systems).
Two primary antibodies were also sampled for immunolabelling of IL-8 in neutrophils: Mouse a-
human IL-8 (cat. # AHC0982, Thermo Fisher Scientific) and Mouse oa-human IL-8 (cat. #
MAB208, R&D Systems). In addition to staining for cytokines, Rab GTPases, SNARE proteins,
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CD66b, and TfnRc were immunolabelled in IF experiments using the following antibodies: Rabbit
a-human Rab27a (cat. # sc-22756; Santa Cruz Biotechnology, Dallas, TX, USA), Rabbit a-human
Rab27a (cat. # R4655, Millipore Sigma), Rabbit a-human SNAP23 (cat. # 111202; Synaptic
Systems, Gottingen, Germany), FITC Mouse a-human CD66b (cat. # 60086F1.1; STEMCELL
Technologies, Vancouver, BC, Canada), Mouse o-human Syntaxin-4 (cat. # sc-101301, Santa
Cruz Biotechnology), Alexa 488 Rabbit a-human TfnRc (cat. # bs-0988R-A488, Bioss), Rabbit a-
human Rabl1a (cat. # 715300, Invitrogen), Mouse a-human VAMP-3 (cat. # sc-136162, Santa
Cruz Biotechnology), Rabbit a-human VAMP-3 (cat. # NB300-510, Novus Biologicals), and
Rabbit a-human VAMP-3 (cat. # OSS00046G, Thermo Fisher Scientific). All primary antibodies

were used at a concentration of 10 pg/ml and incubated for 45 min at room temperature.

For unconjugated primary antibodies, the following secondary antibodies were then used: Alexa
Fluor 647 AffiniPure Donkey a-mouse IgG (cat. # 715-605-151; Jackson ImmunoResearch
Laboratories, West Grove, PA, USA), Cy3 AffiniPure Donkey a-rabbit IgG (cat. # 711-165-152,
Jackson ImmunoResearch Laboratories), Cy3 AffiniPure a-mouse IgG (cat. # 715-165-150,
Jackson ImmunoResearch Laboratories), Alexa Fluor 488 AffiniPure Donkey a-mouse IgG (cat.
# 715-545-151, Jackson ImmunoResearch Laboratories), and Alexa 488 Donkey a-goat IgG (cat.
# A11055, Invitrogen). Prior to adding secondary antibodies, coverslips were quickly washed
twice with 1X PBS and washed thrice where 1X PBS was left on for 4 min between washes. All

secondary antibodies were diluted 1:200 and incubated for 30 min in the dark at room temperature.

Alongside all IF staining, isotype control antibodies were included at the same concentrations
mentioned on a separate set of coverslips. These antibodies included: ChromePure Rabbit IgG (cat.
# 011-000-003, Jackson ImmunoResearch Laboratories), Mouse IgG1 isotype control (cat. #
MAS5-14453, Life Technologies), Mouse IgG1 isotype control (cat. # M5284, Millipore Sigma),
Purified Mouse IgGG2b « isotype control (cat. # 401201; BioLegend, San Diego, CA, USA), Alexa
Fluor 488 Rabbit IgG isotype control (cat. # bs-0295P-A488, Bioss), FITC Mouse IgM isotype
control (cat. # 401607, BioLegend), Alexa Fluor 488 Mouse IgG1 isotype control (cat. # 557702,
BD Biosciences), Alexa Fluor 594 Rabbit IgG isotype control (cat. # bs-0295P-A594, Bioss), and
Normal Goat IgG isotype control (cat. # AB-108-C, R&D Systems).

DAPI was used alongside the last antibody incubation as described in section 2.8. Two phalloidin

stains were also used, such as Alexa Fluor 647 Phalloidin (cat. # A22287, Invitrogen) and Alexa
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Fluor 405 (cat. # A30104, Thermo Fisher Scientific) at 1:40 or 1:100 dilution. Coverslips were

finally washed and mounted as described in section 2.8.

2.10 Image collection and processing with Softworx and Volocity software.

Microscope slides were imaged on a DeltaVision OMX super-resolution microscope system
(Applied Precision Inc, Issaquah, WA, USA) at the Faculty of Medicine and Dentistry’s Cell
Imaging Centre (KATZ, University of Alberta). A 60X/1.42 oil immersion objective lens was used
to collect all images. Z-stacks were captured for 50 cells per cell stimulation time point. For z-
stacks, the bottom and top of the cells were defined and 0.25 um sections were imaged throughout
the cell volume. Softworx Suite 2.0 software (Applied Precision Inc) was used to align and

deconvolve z-stacks.

Next, colocalization between immunolabelled cytokines and organelles of interest was measured
using Pearson’s correlation coefficient (PCC), as practiced in the field of cell biology.****% An
automated protocol was developed to obtain PCC values on a per cell basis from the images
collected using Volocity Analysis software (Version 6.5.1; Quorum Technologies Inc, Puslinch,
ON, Canada) (Figure 2.1). This protocol was developed to expedite measurements and remove

potential selection bias. Mean fluorescence intensity (MFI) values for immunolabelled cytokines

were also measured on a single cell basis using this protocol.

2.11 Object-based colocalization protocol in Imaris software.

Colocalization between immunolabelled IL-9 and granules marked by CD63 or endosomes marked
by TfnRc in human eosinophils was additionally measured using a novel object-based
colocalization protocol in Imaris software (Version 9.5; Bitplane, Ziirich, Switzerland) (Figure
2.2). This software was made available by the Cell Imaging Facility in the Department of Oncology
(Cross Cancer Institute, University of Alberta). A 3-D masking feature of Imaris software was
used to design “spots” that best represented immunolabelled intracellular IL-9, CD63" granules,
and TfnRc" endosomes in imaged cell volumes (Figure 2.2). All “spots” were defined based on IF
staining of cells imaged at baseline (0 min of PAF stimulation), with these same settings applied
to the remaining cells imaged post-PAF-stimulation. Two criteria were considered during “spots”
creation, (i) the average diameter of immunolabelled cytokine pools or organelles and (ii) being
above a threshold of MFI values which represented background signal. The diameters of a

minimum of 10 immunolabelled IL-9 pools or CD63" granules or TfnRc¢" endosomes were
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Figure 2.1. Automated measurements of colocalization using Pearson’s correlation
coefficient (PCC) on a single-cell basis using Volocity software (version 6.3). Cells were
selected based on having a mean fluorescence intensity (MFI) for actin cytoskeleton staining by
phalloidin above a set threshold for background signals (yellow boxes). Selected cells determined
by phalloidin staining were defined as regions of interest (ROIs). ROIs were refined
through exclusion of less than 100 pm? and by separation of touching objects producing single cell
ROIs (magenta boxes). Lastly, ROIs were filled such that the entire cell volume was selected, to
overcome potential heterogeneity in phalloidin staining. Within these single cell ROIs, PCC was
then measured between immunolabeled cytokines of interest and intracellular compartments of
interest for each ROI (green boxes). Cell images shown in black boxes (center) were collected by

S Almas, the remainder of the figure is my original work.
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Co-located

Figure 2.2. Object-based colocalization of IL-9 and CD63" granules in human eosinophils
with Imaris software. Within cell volumes, intracellular IL-9 (A) and CD63+ granules (B) were
defined as “spots”, a 3D masking feature of Imaris software (Version 9.5). Both IL-9" spots (D)
and CD63" spots (E) were defined based on average diameter and a mean immunofluorescence
intensity threshold set on baseline conditions. IL-9" spots found within CD63+ granules were
identified by the software as co-located spots (red and green spots seen in C) through the input of
a specified nearest distance. Non-co-located IL-9 and CD63 spots of three distinct cells are shown
(cyan, purple, and ivory spots to discriminate between cells in a single view) as well as co-located

IL-9 and CD63 spots (red and green spots) (F).
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measured in the software to compute their corresponding average “spot” diameter (in this case, the

diameters were as follows: 0.45 um, 0.90 um, and 0.80 um, respectively).

Once “spots” were defined for immunolabelled probes of interest, a function in Imaris software
termed “Co-locate spots” was used. This plug-in also relies on MATLAB software (Version 9.7;
Natick, MA, USA). A distance within which two defined “spots” must be found relative to one
another was inputted to quantify colocalized or “co-located spots”. In this protocol, this distance
was calculated as follows: average diameter of organelle of interest minus the average diameter of
IL-9 pools. As such, IL-9" “spots” co-located with CD63" or TfnRc" “spots” were identified
(Figure 2.2C). Given multiple cells were present in a single image, the function “Split spots” was
used to ensure all defined “spots” were assigned to an individual cell (Figure 2.2F). Finally, these
preparations allowed for enumeration of total IL-9%, CD63", and TfnRc" “spots”, as well as

quantification of IL-9" spots which co-located with CD63" or TfnRc¢" “spots™, on a per cell basis.

2.12 HL-60 clone 15 cell culture and eosinophil-like differentiation.

HL-60 clone 15 cells (ATCC, CRL-1964) were kindly provided by Dr. M Kulka. HL-60 clone 15
cells were cultured in Iscove’s Modified Dulbecco’s Medium (IMDM, cat. # 12440061, Thermo
Fisher Scientific) supplemented with 50,000 U of Penicillin/Streptomycin (cat. # SV30010,
Thermo Fisher Scientific) and 10% Fetal Bovine Serum (FBS Canadian origin, cat. # F1051,
Millipore Sigma). Supplemented IMDM was filter-sterilized using Stericup vacuum filtration units
(cat. # S2GPUOSRE, Millipore Sigma) and 50 ml aliquots were prepared in 50 ml conical tubes
and stored at 4°C. Media was refreshed every 2-3 days and cultures were maintained at 37°C with
5% CO2. When changing media, cells were spun down at 500 x g for 5 min at room temperature
and old media was then aspirated and replaced with fresh complete media. Total cell counts and
cell viability were measured with a Countess Automated Cell Counter (cat. # AMQAX1000,
Thermo Fisher Scientific) in a 1:1 ratio of cells with 0.4% Trypan Blue stain (cat. # 15250-061,
Gibco). Stained cells were loaded into Countess cell counting chamber slides (cat. # C10228,

Thermo Fisher Scientific).

To differentiate HL-60 clone 15 cells into an eosinophil-like lineage, cells at 5 x 10° cells/ml were
added to Falcon T25 tissue culture treated flasks (cat. # 08-772-1F, Fisher Scientific). Cells were
grown in the presence of sodium butyrate (NaBu, cat. # B5887, Millipore Sigma) at 0.1, 0.5 or 1
mM for 5 days. Additionally, cholesterol butyrate nanoparticles (CBNs) provided and produced
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by Dr. M Kulka were used at the same concentrations as sodium butyrate to treat cells for 5 days.

Untreated cells were included as a control throughout the time course.

2.13  Flow cytometry analysis of HL-60 clone 15 cells.

Following 5-day treatment with NaBu, HL-60 clone 15 cells were analyzed for expression of
eosinophil-associated proteins CCR3 and Siglec-8 by flow cytometry analysis on the BD Fortessa
X-20 in the Flow Cytometry Facility of the Faculty of Medicine and Dentistry (KATZ, University
of Alberta). Untreated cells were also analyzed as a negative control. Per sample, 0.5-1.0 x 10°
cells were collected into 1.5 ml microfuge tubes (cat. # 05-408-129, Fisher Scientific), pelleted at
500 x g for 5 min at 4°C, and washed with cold 1X PBS. After cells were centrifuged at the same
settings and supernatant was aspirated, cells were fixed in 2% PFA for 10 min at room temperature

or overnight at 4°C.

Subsequently, cells were washed with 5% BSA in 1X PBS, pelleted, supernatant was aspirated
off, and then permeabilized with 0.2% Triton X-100 for 3 minutes at room temperature. This
permeabilization was omitted for analysis of surface protein expression as opposed to intracellular
proteins. After a wash with cold 1X PBS, cells were transferred to Sml polypropylene tubes (cat.
# 14-959-1A) and blocked in 5% BSA for 30 min. Cells were then incubated with the following
antibodies at the recommended test volumes for flow analysis: FITC Mouse a-human
CDI193/CCR3 (cat. # 310719, BioLegend) and PE/Dazzle Mouse 594 a-human Siglec-8 (cat. #
C10228, BioLegend). The following isotype control antibodies from BioLegend were included to
establish gates for fluorescence readings that were considered background: FITC Mouse IgG2b k
isotype control (cat. # 310719) and PE/Dazzle 594 Mouse IgG1 « isotype control (cat. # 400175).
Anti-Mouse Ig, k/Negative Control Compensation Particles Set (cat. # 552843, BD Biosciences)
were kindly provided by N Shrestha and Dr. H Vliagoftis. These compensation beads together
with one of the two antibodies used were used as fluorescence minus one (FMO) controls for
compensation done by accompanying BD FACSDiva software. All antibodies were incubated for
30 min. Cells were washed with cold 1XPBS and then resuspended in 5% BSA prior to reading

cells at the flow cytometer.
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Chapter 3:
Results



3.1 Endosomal compartments bearing TfnRc are found in human peripheral blood
eosinophils and increasingly colocalize with intracellular IL-9 upon PAF stimulation.

While human eosinophils are known to express and release IL-9 in response to PAF, intracellular
sites of storage and mechanisms of secretion are unknown.®® 1 hypothesize that recycling
endosomes are involved in storing and trafficking IL-9 to the cell surface in the presence of the
stimulus PAF. To test my hypothesis, resting and PAF-stimulated human blood eosinophils were
double-stained for intracellular IL-9 and TfnRc, a marker of recycling endosomes as well as early
and late endosomal compartments, by immunofluorescence microscopy. Colocalization of
immunolabeled IL-9 and TfnRc¢" endosomes would suggest these endosomes are a novel site of
storage of intracellular IL-9. Furthermore, changes in the association and subcellular distribution

of cytokine and endosomes would shed light on pathways of IL-9 secretion.

Immunolabeling of TfnRc¢" endosomes appear as densely granular shapes often localized near cell
nuclei and near cell peripheries at resting conditions (0 min) and throughout PAF stimulation
(Figure 3.1, TfnRc panels). Intracellular IL-9 appears as faint, punctate, and diffuse staining at
baseline (Figure 3.1, 0 min). Meanwhile, upon PAF stimulation, bright and enriched granular
staining of IL-9 at perinuclear areas of the cell and near the cell surface arise (Figure 3.1, 5 and
15 and 60 min). In terms of cell morphology, resting eosinophils appear as compact round cells,
approximately 17 micrometers in diameter, based on staining of actin filaments in the cell
cytoskeleton with phalloidin (Figure 3.1, 0 min). At 15 and 60 min of PAF stimulation,
eosinophils exhibit a stretched morphology with filopodia seen at the poles of the cell (Figure 3.1,
Phalloidin panels). The compact bilobed nuclei of eosinophils stained with DAPI of resting cells
similarly become elongated with PAF stimulation (Figure 3.1, Merged). When channels are
merged, magnified inserts show IL-9 and TfnRc colocalize in perinuclear regions of the cell at
baseline, with cytokine pools found within endosomal compartments (Figure 3.1, 0 min). At 5
min, 15min, and 60 min of PAF stimulation, IL-9 and TfnRc colocalization appears to be present
at a larger extent in perinuclear regions and at the cell periphery (Figure 3.1, Merged).
Intracellular IL-9 is found almost completely overlapping with endosomal compartments at these

timepoints when compared to baseline (Figure 3.1, 5 and 15 and 60 min Merged).
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Figure 3.1. Increased IL-9 colocalization with TfnRc" endosomes in PAF-stimulated
eosinophils. Human eosinophils adhered to glass coverslips were stimulated with PAF for 0, 5,
15, and 60 min. Following fixation and permeabilization, cells were labeled with anti-IL-9 (red)
and anti-TfnRc (green) as a marker for recycling endosomes. Cells were then imaged with a
DeltaVision OMX super-resolution microscope. Actin cytoskeleton was stained with rhodamine-
phalloidin (grey). Nuclei were stained with DAPI (blue). Merged images with high magnification
insets are shown at right; white arrowheads indicate yellow regions in which colocalization
between intracellular cytokine and endosomes exist. Cells shown were prepared and imaged by S
Almas. Image processing in Imaris software involving creation of yellow masks in merged panels
to note colocalization between cytokine and organelles and creation of high magnification inserts
were my original work. Maximum intensity projections (MIPs) from Imaris software are shown

here. Scale bar represents 5 um.
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3.2 Intracellular IL-9 colocalizes with CD63-positive crystalloid granules in human
eosinophils at baseline and upon PAF stimulation.

As eosinophil crystalloid granules house a plethora of cytokines, I hypothesized IL-9 could also
be stored here. IF staining was employed once again to double-label for intracellular IL-9 and
CD63, a marker of crystalloid granule membranes, in resting and PAF-stimulated human
peripheral blood eosinophils. By immunostaining at all these conditions, I tested (a) whether IL-9
was stored in crystalloid granules at resting or stimulated conditions and (b) if IL-9 is stored in
crystalloid granules, whether IL-9 storage in this compartment changes upon stimulation, which

would be suggestive of cytokine trafficking.

CD63 labeled granules largely appear as ring-shaped structures and densely populate the cell
cytosol at baseline and after 5 min of PAF stimulation (Figure 3.2, CD63 panels). At 15 and 60
min of PAF stimulation, CD63 more crisply decorates the crystalloid granule membrane with less
staining observed within the centre of granules (Figure 3.2, CD63 panels). Once again,
intracellular IL-9 staining was enriched in perinuclear regions at resting state and increasingly
distributed towards the cell edges by later time points of PAF stimulation (Figure 3.2, IL-9
panels). IL-9 and CD63" granules mostly colocalize in perinuclear regions in resting condition
(Figure 3.2, 0 min Merged). At 5 min of PAF stimulation, a greater degree of colocalization
between IL-9 and granules is seen near the cell periphery before returning to colocalization at
perinuclear and cytosolic regions at 15 and 60 min of PAF stimulation (Figure 3.2, Merged).
Notably, magnified inserts display the pattern of colocalization at resting conditions and 5 min of
PAF stimulation to be that of CD63 completely encapsulating IL-9 within the granules, whereas
at 15 and 60 min of PAF stimulation only portions of CD63 colocalize with granular IL-9 (Figure
3.2, Merged).

33 Intracellular IL-13 stably colocalizes with endosomal compartments bearing TfnRc
in eosinophils at baseline and during PAF stimulation.

While delineating storage and trafficking sites of IL-9, I also hypothesized that IL-13 could
similarly be found stored in recycling endosomes in eosinophils. Immunolabeling for intracellular
IL-13 pools in both resting and PAF-stimulated eosinophils consistently appeared as evenly
distributed granular shapes within the cell cytoplasm (Figure 3.3., IL-13 panels). To note, IL-13

puncta appeared brightest in resting cells and most faint at 60 min of PAF stimulation (Figure 3.3,
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Figure 3.2. IL-9 colocalizes with CD63* crystalloid granules in resting and PAF-stimulated
eosinophils. Human eosinophils were prepared as described in Figure 3.1. Here, cells were labeled
with anti-IL-9 (red) and anti-CD63 (green) as a marker for crystalloid granules. White arrowheads
in magnified inserts at right indicate yellow regions in which colocalization between intracellular
cytokine and crystalloid granules exist. Cells shown were prepared and imaged by S Almas. Image
processing in Imaris software involving creation of yellow masks in merged panels to note
colocalization between cytokine and organelles and creation of high magnification inserts were
my original work. Maximum intensity projections (MIPs) from Imaris software are shown here.

Scale bar represents 5 um.
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Figure 3.3. IL-13 colocalizes with TfnRc* endosomes in resting and PAF-stimulated
eosinophils. Human eosinophils were prepared as described in Figure 3.1. Here, cells were labeled
with anti-IL-13 (red) and anti-TfnRc (green) as a marker for recycling endosomes. White
arrowheads in magnified inserts at right indicate yellow regions in which colocalization between
intracellular cytokine and endosomes exist. Cells shown were prepared and imaged by S Almas.
Image processing in Imaris software involving creation of yellow masks in merged panels to note
colocalization between cytokine and organelles and creation of high magnification inserts were
my original work. Maximum intensity projections (MIPs) from Imaris software are shown here.

Scale bar represents 5 um.
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IL-13 panels). Merging of IL-13 and TfnRc* endosomes immunolabelling revealed colocalization
throughout the cytosol and at the cell surface of resting human blood eosinophils (Figure 3.3, 0
min Merged). Colocalization between IL-13 and TfnRc upon PAF stimulation was similarly
dispersed throughout the cell cytosol and at the cell periphery; however, there were many
observations of IL-13 completely filling TfnRc" endosomes at 5 min of PAF stimulation (Figure

3.3.,5 and 15 and 60 min Merged).

34 Intracellular IL-13 decreasingly colocalizes with CD63-positive crystalloid granules
upon PAF stimulation in human eosinophils.

Immunolabeling for IL-13 and CD63" crystalloid granules revealed degrees of colocalization
throughout the cell cytosol in resting eosinophils (Figure 3.4, 0 min Merged). At 5, 15, and 60
min of PAF stimulation, there is a gradual decrease in IL-13 and CD63 colocalization in the cell
cytosol (Figure 3.4, Merged). While IL-13 appears to occupy the majority of the CD63" granule
compartment in resting cells, cytosolic IL-13 is increasingly observed outside of granules at 15

and 60 min of PAF stimulation (Figure 3.4, white arrowheads in Merged).

3.5 Dynamic changes of IL-9 and IL-13 colocalization with crystalloid granules and
endosomal compartments upon PAF stimulation through measurements with PCC.

While colocalization was visually represented in merged channels of immunolabelled cytokines
and organelles of interest, PCC was also used as a measure for colocalization between labelled
probes on a per cell basis as described in Section 2.10 of Materials and Methods. MFI values of
cytokine staining were additionally collected on a per cell basis as a measure of intracellular
protein levels. PCC and MFI measurements were extracted from 50 eosinophils at baseline (Omin)
and at 5, 15, and 60 min of PAF stimulation for every donor (Figure 3.5). These measurements

from each donor were also averaged and analyzed together as a grouped dataset (Figure 3.6).

In an individual donor, IL-9 MFI values significantly increased upon PAF stimulation in
eosinophils (Figure 3.5A). This donor is representative of the trend seen when IL-9 MFI
measurements of five donors were grouped, in which IL-9 MFI significantly increases at 5, 15,
and 60 min of PAF stimulation (p <0.01) (Figure 3.6A, D1). Contrastingly, in an individual donor,
IL-13 MFI values significantly decreased at 5 and 60 min of PAF stimulation (Figure 3.5D). This
donor, along with two others, is representative of the significant decrease in IL-13 MFI at 60 min

of PAF stimulation observed in the grouped dataset (p < 0.01) (Figure 3.6D, D1-3).
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Figure 3.4. IL-13 decreasingly colocalizes with CD63" crystalloid granules upon PAF
stimulation in human eosinophils. Human eosinophils were prepared as described in Figure 3.1.
Here, cells were labeled with anti-IL-13 (red) and anti-CD63 (green) as a marker for crystalloid
granules. White arrowheads in magnified inserts at right indicate yellow regions in which
colocalization between intracellular cytokine and crystalloid granules exist. Cells shown were
prepared and imaged by S Almas. Image processing in Imaris software involving creation of
yellow masks in merged panels to note colocalization between cytokine and organelles and
creation of high magnification inserts were my original work. Maximum intensity projections

(MIPs) from Imaris software are shown here. Scale bar represents 5 um.
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Figure 3.5. IL-9 and IL-13 intensity and colocalization with CD63" crystalloid granules and
TfnRc" vesicles change dynamically in response to PAF stimulation. Immunofluorescence
intensity values were measured for intracellular IL-9 (A) and IL-13 (D) in a time course analysis
of PAF stimulation using Volocity analysis software. Pearson's correlation coefficients were
measured for intracellular IL-9 and CD63 (B) or TfnRc (C), as well as IL-13 and CD63 (E) or
TfnRc (F). In all plots a minimum of 50 eosinophils were analyzed within an individual donor.
Donor data presented here was collected by S Almas. Means are shown by red lines. Error bars
indicate SD. Kruskal-Wallis test followed by Dunn’s multiple comparisons test were performed in

GraphPad Prism. * p <0.05 and ** p <0.01.

57



o
N

A B IL-9 and CD63 colocalization C IL-9 and TfnRc colocalization
* %k * %k

> * * L 1 T *k 1

G 5000 1 < 08 — £ o8 |

§ ) 1 L] g ® g L ] °

£ g £ .

s 4000 lLI . e D1 § 0.6 2 § 0.6

H e D2 < c °

& 3000 ° ° K] o K]

4 ® D3 54 S 04 o

3 2000 e D4 £ £ .

o o o

§1000 ° e D5 .'é 0.2 .‘é 0.2

£ . ° . .

2 T T T T & 0.0 T T T T & 0.0 T T T T

= [ 5 15 60 0 5 15 60 [ 5 15 60

D E IL-13 and CD63 colocalization F IL-13 and TfnRc colocalization

* %k

*k

2 sk *k

@ 5000 ok § 0.8 — € 08 —

2 1) 1 ] L] g

£ & &

3 4000 . g 0s E

& 3000 ® s 5

g S 04 S 04

& 2000 § §

Sl ?ﬂﬂﬂﬂ

Figure 3.6. Intensity and colocalization of IL-9 and IL-13 with CD63"* granules and TfnRc*

il

PAF stimulation (min)

o

=]

°
B_‘

4

<

vesicles changes with PAF stimulation in eosinophils grouped from all donors recruited.
Mean immunofluorescence intensity (A, D) and Pearson’s correlation coefficient (B, C, E and F)
were measured in a time course analysis of PAF stimulation using Volocity analysis software.
Each plot displays a minimum of 3 donors, from which 50 eosinophils were analyzed with their
measurements averaged for each PAF stimulation timepoint and shown as a coloured dot. Donor
numbers represent replicates for each data set and are not assigned to an individual. S Almas
collected data for 8 donors presented here. I collected data for 6 donors presented and performed
data analysis for the whole grouped donor dataset. Mean values of 150-250 measurements from
all donors at each time point are shown by a bar. Error bars indicate SEM. A two-way ANOVA
followed by Dunnett’s multiple comparisons test were performed in GraphPad Prism. *p < 0.05,

and **p <0.01.
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In terms of IL-9 and CD63 colocalization, eosinophils from all three donors recruited for this
dataset displayed a significant increase in colocalization at 5 min of PAF stimulation (0.67 + 0.04)
compared to resting conditions (0.52 + 0.02) (p < 0.01) (Figure 3.5B and Figure 3.6B). IL-9 and
CD63 colocalization also significantly increased at 15 min of PAF stimulation compared to
baseline for one donor (Figure 3.6B, D3). IL-9 and TfnRc colocalization significantly increased
at 5, 15, and 60 min of PAF stimulation relative to resting conditions in one donor (Figure 3.5C).
When data from four donors was grouped, IL-9 and TfnRc colocalization also significantly
increased at 15 min of PAF stimulation (0.58 + 0.07) and 60 min of PAF stimulation (0.60 + 0.02)
compared to baseline (0.54 + 0.04) (» < 0.01) (Figure 3.6C).

Next, [L-13 and CD63 colocalization significantly decreased at 5 (0.50 £ 0.07), 15 (0.51 = 0.08),
and 60 min (0.43 = 0.21) of PAF stimulation compared to resting control (0.55 = 0.09) (p <0.01)
in a grouped data set of three donors (Figure 3.5E and Figure 3.6E). Meanwhile, IL-13 and TfnRc
colocalization increased at 5 min of PAF stimulation (0.66 + 0.01) prior to returning to
measurements close to baseline at 15 (0.64 + 0.02) and 60 min (0.64 + 0.04) of PAF stimulation
(Figure 3.5F and Figure 3.6F).

3.6 Intracellular IL-9 is predominantly found in TfnRc-positive endosomal
compartments relative to CD63-positive granules in resting human eosinophils based on a
novel object-based colocalization method.

Prior data measuring IL-9 colocalization with CD63" granules or TfnRc" endosomes with PCC
values revealed significant changes in granule- and endosome-associated cytokine pools upon PAF
stimulation. To explore other methods of measuring colocalization between IL-9 and organelles
of interest, I developed an object-based colocalization protocol in Imaris as described in section
2.11. This method also tests for the proportion of intracellular IL-9 found within organelles of
interest in resting and PAF-stimulated eosinophils on a per cell basis. Inversely, the proportion of

organelles of interest containing IL-9 was also calculated per cell under the same conditions.

At baseline, 6.4% of intracellular IL-9 was found within CD63" granules and significantly
decreased after 15 (0.9% + 0.72) and 60 min (3.3% + 1.81) of PAF stimulation (Figure 3.7A).
Meanwhile, 21% of IL-9 was found within TfnRc" endosomes at baseline and significantly

increased following 5 min (29% + 11.00) of PAF stimulation (Figure 3.7C).
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Figure 3.7. Greater proportions of intracellular IL-9 are found in TfnRc" endosomes when
compared to proportions of IL-9 within CD63" crystalloid granules. Human eosinophils were
prepared and imaged as described in Figure 3.1 by S Almas. Intracellular IL-9, CD63" granules,
and TfnRc" endosomes were then defined on a per cell basis in Imaris software as described in the
protocol I developed in Section 2.11. Total counts of these ‘spots’ were also extracted per cell. IL-
9 defined ‘spots’ co-located within CD63" granules or TfnRc" endosomes were then quantified on
a per cell basis. Percentages of total IL-9 found within CD63" granules (A) or TfnRc¢" endosomes
(C) could then be measured per cell, as well as percentages of total CD63" granules or TfnRc"
endosomes containing IL-9 (B and D). At each timepoint, 50 eosinophils were analyzed from an
individual donor. Object-based colocalization data collection and analysis shown here is my
original work. Means are represented as red lines and error bars indicate SD. Kruskal-Wallis test
followed by Dunn’s multiple comparisons test were performed in GraphPad Prism (version 8). *p

<0.05, ** p<0.01.
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In resting eosinophils, 24% of CD63" granules contained IL-9 and this proportion significantly
increased after 5 min (28% = 6.45) of PAF stimulation (Figure 3.7B). In addition, the proportion
of TfnRc" endosomes containing IL-9 significantly increased at 15 (29% + 7.35) and 60 min (36%
+ 22) of PAF stimulation compared to resting cells (22% + 8.84) (Figure 3.7D).

Prior to stimulation, 257 IL-9" spots were defined in eosinophils and significantly increased at 5
(383 £ 152), 15 (802 £ 228), and 60 min (337 £+ 102) of PAF stimulation (Figure 3.8A).
Eosinophils at baseline contained 69 CD63" spots with the number of spots decreasing at 15 and
60 min of PAF stimulation (31 + 25 and 47 + 23 CD63" spots, respectively) (Figure 3.8B). On
average, resting eosinophils contained 89 TfRc" spots which significantly decreased to 74 + 35

and 62 + 37 at 5 and 60 min of PAF stimulation, respectively (Figure 3.8C).
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Figure 3.8. PAF stimulation drastically alters the proportion of intracellular IL-9, CD63*
granules, and TfnRc¢* endosomes found in eosinophils. Human eosinophils were prepared and
imaged as described in Figure 3.1 by S Almas. Then, eosinophils were analyzed in the protocol I
developed as described in Section 2.11 and Figure 3.7. Briefly, intracellular IL-9 (A), CD63"
granule (B), and TfRc" endosome (C) ‘spots’ were quantified on a per cell basis. At each
timepoint, 50 eosinophils were analyzed from an individual donor. Object-based colocalization
data collection and analysis shown here is my original work. Means are represented as red lines
and error bars indicate SD. Kruskal-Wallis test followed by Dunn’s multiple comparisons test were

performed in GraphPad Prism (version 8). *p < 0.05, ** p <0.01.
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Chapter 4:
Discussion



As will be discussed in this chapter, this study reveals for the first time an association between
TRc" endosomes and cytokine trafficking in eosinophils. Furthermore, by investigating
associations of intracellular IL-9 and IL-13 with both TfnRc" endosomes and CD63" granules in a
PAF stimulation time course, these two cytokines are found to have differing models of cytokine

trafficking in eosinophils.

4.1 Upon PAF stimulation in human eosinophils, detection of intracellular IL-9 increases
and TfnRc" endosomes become novel traffickers of intracellular IL-9 while smaller pools of
IL-9 are localized to CD63" granules.

In this study, PAF was used as a stimulant of human eosinophils to investigate intracellular IL-9
and IL-13 trafficking. PAF has been reported to induce the release of both cytokines from human
eosinophils within 60 min.%® PAF also acts as an eosinophil chemoattractant and characteristically
induces a change in cell shape, indicative of actin cytoskeletal remodeling.®® Poles of the cells
become enriched with filamentous actin that then mediate cell motility. Morphologically, within
15 min of PAF stimulation, eosinophil shape changes from round compact cells to stretched cells
seen with phalloidin staining (Figures 3.1, 3.2, 3.3, and 3.4). Stretching of the bilobed nucleus
stained with DAPI is also observed in PAF-stimulated eosinophils (Figures 3.1, 3.2, 3.3, and 3.4).
These morphological changes provide cues that PAF is indeed stimulating these cells and should

be accompanied with trafficking and secretion of IL-9 and IL-13.

Through immunofluorescence microscopy images, we observed that IL-9 immunostaining is
increasingly detected in perinuclear regions and throughout the cell cytosol after 60 min of PAF
stimulation (Figures 3.1 and 3.2). This staining distribution could suggest IL-9 is increasingly
being translated in the presence of PAF; perinuclear IL-9 staining may represent nascent protein
found in the ER or Golgi apparatus and cytoplasmic granular staining suggests IL-9 is trafficked
to membrane-bound compartments in the cell for secretion or storage. While IL-9 mRNA and
protein have previously been detected in human blood eosinophils, IL-9 storage and trafficking
sites have not been fully elucidated.’!® As recycling endosomes bearing markers such as TfnRc,
VAMP-3, and Rab11 have been described in constitutive release of newly synthesized TNF and
IL-6 in macrophages (Figure 1.6), I hypothesized endosomal compartments bearing TfnRc could
also be involved in trafficking newly made IL-9.2%¢ Interestingly, perinuclear IL-9 at 5 and 15

min of PAF stimulation increasingly colocalize with TfnRc" endosomes (Figure 3.1, white
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arrowheads). This suggests preformed IL-9, synthesized prior to PAF stimulation given the brief
timeframe, is leaving the trans-Golgi network and is being transported into TfnRc" endosomes
akin to de novo IL-6 and TNF in macrophages.?®® At 60 min of PAF stimulation, IL-9 again
colocalizes with TfnRc" endosomes in perinuclear regions and near the cell periphery (Figure 3.1,
white arrowheads). IL-9 and TfnRc colocalization at perinuclear regions after 60 min of PAF
stimulation further suggests PAF induces IL-9 de novo synthesis. IL-9 and TfnRc colocalization
at the cell periphery suggests these endosomes are involved in trafficking newly made IL-9 to the

plasma membrane for release.

Eosinophil crystalloid granules are also well-recognized sites of storage for cytokines and I
hypothesize IL-9 can be stored within these compartments. By immunolabelling IL-9 and CD63"
crystalloid granules, IL-9 is found to colocalize with CD63" granules in the absence of PAF
(Figure 3.2, 0 min white arrowheads). This suggests IL-9 can be found stored in eosinophil
crystalloid granules at rest in human eosinophils. At 5 min of PAF stimulation increasing amounts
of IL-9 colocalized with CD63" granules near the cell surface (Figure 3.2, white arrowheads). In
comparison, at 15 and 60 min of PAF stimulation, more IL-9 is seen outside of granules in the cell
cytosol and near the nucleus (Figure 3.2, merged). These observations implicate that while
crystalloid granules may store IL-9 at low basal levels, the increasing amounts of IL-9 that may be
due to de novo synthesis are not observed to shuttle into CD63" granules throughout PAF

stimulation.

To substantiate the previous observations in immunofluorescence microscopy images, measures
of PCC and MFI were collected on a per cell basis to discern changes in colocalization between
cytokines and organelles and to measure intracellular protein levels, respectively. Additionally, an
object-based colocalization method was employed to quantify the levels of intracellular IL-9 found
within organelles of interest and proportions of organelles containing IL-9 throughout the PAF
stimulation time course. Upon PAF stimulation, IL-9 immunofluorescence intensity significantly
increased compared to resting cells which is suggestive of increased intracellular IL-9 protein
levels (Figures 3.5A, 3.6A). In the object-based colocalization method, IL-9" spots also
significantly increased relative to cells at baseline (Figure 3.8A). This increased detection of IL-

9 further suggests that de novo synthesis of IL-9 is induced by PAF.
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Given these eosinophils were briefly cultured during PAF stimulation time courses, it is also
possible that IL-9 is being endocytosed from the extracellular environment leading to elevated
intracellular IL-9 levels and the increased immunofluorescence intensity or IL-9" spots observed
by IF. Recently, it has been suggested that the uptake of extracellular cytokines by immune cells
functions as negative feedback regulation on the biosynthesis of cytokines.’!! Both newly
synthesized and endocytosed cytokines can be found within recycling endosomes and signal
through their respective receptors found within the endosomal membrane to downregulate
cytokine expression.’!! Notably, in our studies, increased IL-9 staining was paired with an
increased colocalization with TfnRc" endosomes upon PAF stimulation measured with two distinct
colocalization methods (Figures 3.5C, 3.6C). Furthermore at 15 and 60 min of PAF stimulation,
there are significant increases in TfnRc* endosomes containing IL-9 compared to resting cells
(Figure 3.7D). As previously discussed, newly synthesized IL-9 from the trans-Golgi network
may be shuttling into these TfnRc" endosomes and account for these increases in endosomal-
associated-IL-9. Now, I also pose that IL-9 found within TfnRc" endosomes may be taken up from
the extracellular milieu and potentially regulate subsequent transcription or translation of IL-9

through IL-9Ra.

While intracellular IL-9 was increasingly associated with TfnRc" endosomes throughout PAF-
stimulation, IL-9 was also increasingly associated with CD63" granules at 5 and 15 min of PAF
stimulation (3.5B, 3.6B, and 3.7B). These results suggest that IL-9 is additionally being trafficked
into CD63" crystalloid granules as well as TfRc" endosomes. Notably, object-based
colocalization revealed that 3.5 times the amount of intracellular IL-9 is found in TfnRc"
endosomes as opposed to CD63" crystalloid granules in resting cells (Figure 3.7A and C). This
result emphasizes that TfnRc" endosomes are major traffickers of IL-9 in human eosinophils at
rest and to a greater extent upon PAF stimulation which is paired with elevated IL-9 levels. These
findings are consistent with the interpretation that IL-9 is newly synthesized upon PAF stimulation,
follows the classical secretory pathway and shuttles into TfhRc™ endosomes for release, as reported
for de novo synthesized TNF in macrophages.?®! Results from IL-9 and CD63 colocalization
suggest lesser amounts of newly made IL-9, relative to TfnRc" endosomes, are shuttled into
crystalloid granules for cytokine storage upon PAF stimulation. Crystalloid granules bearing CD63

and VAMP-7 have previously been implicated in IL-9 release in mouse eosinophils.?*? In this

study, IL-9 release from PAF-stimulated eosinophils was not measured but a similar association

66



between CD63™ crystalloid granules and 1L-9 was found in human eosinophils. While not a direct
measure of cytokine release, the number of CD63" spots did significantly decrease at 15 and 60
min of PAF stimulation suggesting these granules are undergoing membrane fusions and could be
involved in releasing stored IL-9 (Figure 3.8B). TfnRc¢" spots also decreased at 5 and 60 min of
PAF stimulation suggesting endosomes were engaging in membrane fusion events (Figure 3.8C).
This suggests for the first time that intracellular IL-9 is increasingly trafficked into TfnRc"
recycling endosomes, as well as other compartments of the endosomal network, potentially routed

to the cell surface for membrane fusion and release.

4.2 Upon PAF stimulation in human eosinophils, detection of intracellular 1L-13
decreases, and IL-13 is decreasingly associated with CD63"* granules while TfnRc*
endosome-associated IL-13 remains relatively static.

IL-13 has previously been identified as the most abundant preformed cytokine in human
eosinophils and has been localized to CD63" crystalloid granules in subcellular fractionation
experiments.”® Indeed, in this study, immunofluorescence labeling revealed colocalization
between 1L-13 and CD63" granules throughout the cytoplasm of resting human eosinophils
(Figure 3.4, 0 min white arrowheads). Upon PAF stimulation, there appears to be a decrease in
IL-13 and CD63 colocalization, in which more IL-13 immunolabelling is observed outside of
CD63" granules at 15 and 60 min of PAF stimulation (Figure 3.4, merged). Given these results,
it 1s suggested that IL-13 is being shuttled out of storage in eosinophil crystalloid granules upon
PAF stimulation and routed for extracellular release. Notably, the granular, diffuse staining of IL-
13 throughout the cell cytosol also appeared faintest in immunofluorescence images of eosinophils
stimulated with PAF for 60 min compared to resting cells (Figure 3.3 and 3.4). This lowered
detection of IL-13 suggests this cytokine was indeed secreted from PAF-stimulated eosinophils.
Using flow cytometry-based multiplex cytokine detection assays or ELISAs on cell supernatants,
PAF has been reported to induce IL-13 release in human eosinophils at a concentration of about 7

pg/ml in 60 min.*®

As a novel finding, IL-13 was also observed to colocalize with TfnRc® endosomes in
immunofluorescence imaging of resting and PAF-stimulated eosinophils (Figure 3.3, merged).
At 5 min of PAF stimulation, a greater degree of IL-13 almost completely colocalized with TfnRc*

endosomes, often seen in perinuclear regions and at the cell surface (Figure 3.3, white
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arrowheads). At 5 min PAF stimulation timepoint, a small burst of de novo IL-13 leaving the
Golgi may have shuttled into TfnRc™ endosomes for constitutive release at the cell surface. As
eosinophil crystalloid granules should be an abundant source of preformed IL-13 and IL-13 was
observed shuttling out of CD63" granules upon PAF stimulation, it is possible that small amounts
of this cytokine trafficked into endosomal compartments as well. IL-13 often colocalized with
TfRc" endosomes at the cell peripheries at 15 and 60 min of PAF stimulation potentially poising

the cells for IL-13 release at the plasma membrane (Figure 3.4, merged).

Upon PAF stimulation and in contrast to IL-9, IL-13 immunofluorescence intensity decreases
which suggests intracellular IL-13 protein levels are decreased (Figure 3.5D and 3.6D). This
supports the notion that IL-13 is being secreted by PAF-stimulated eosinophils. Along with results
of a decrease in IL-13 detection in eosinophils stimulated with PAF, IL-13 colocalization with
CD63" granules measured with PCC significantly decreased at each time point of PAF stimulation
(Figure 3.5E and 3.6E). This decreased colocalization between IL-13 and CD63 once again

suggests IL-13 is shuttling out of CD63" granules potentially routed for release at the cell surface.

Interestingly, IL-13 was also found to increasingly colocalize with TfnRc" endosomes at 5 min of
PAF stimulation in PCC measurements before returning to baseline (Figure 3.5F and 3.6F). As
opposed to IL-9 that was increasingly associated with TfnRc" endosomes throughout PAF
stimulation, endosome-associated IL-13 was relatively static in that there was not a constant influx
or efflux of cytokine to this compartment that would be reflected in changes in PCC in the PAF
time course. This static pool of IL-13 in TfnRc" endosomes despite IL-13 detection within cells
decreasing suggests that these endosomes are not delivering IL-13 to the cell surface for release.
Given recycling endosomes are associated with exocytic transport of de novo synthesized
cytokines, it appears that relatively little IL-13 is being newly made upon PAF stimulation and
being shuttled into TfnRc" endosomes. Instead, IL-13 appears to predominantly exist as a
preformed cytokine in CD63" crystalloid granules. This preformed IL-13 may be differentially
released from crystalloid granules in secretory vesicles bearing VAMP-2 as has been described for
CCL5.%* 1t is also possible that TfnRc* endosomes labelled here can act as an intermediate vesicle

for IL-13 release from crystalloid granules.
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4.3 Concluding remarks

This project aimed to elucidate trafficking sites of IL-9 and IL13 in human eosinophils with hopes
to identify therapeutic targets for asthma that would dampen this cytokine release and alleviate
airway pathology. Findings with super resolution microscopy and colocalization analyses suggest
varying trafficking pathways for these two cytokines upon PAF stimulation in human eosinophils,

described in models as follows (Figure 4.1 and 4.2):

= PAF stimulation may induce de novo IL-9 synthesis since low basal levels of the cytokine
are found in resting cells. Resting eosinophils have been found to contain functional IL-4
and IL13 transcripts that are readily translated when stimulated.®'> Thus, resting
eosinophils may also contain functional IL-9 mRNA that can be rapidly translated upon
PAF stimulation and mature within the ER and Golgi. TfnRc" endosomes then act as novel
traffickers of newly made IL-9 that leave the trans-Golgi, delivering this cytokine to the
plasma membrane. If these TfnRc" endosomes also bear VAMP-3, a SNARE complex
involving VAMP-3/Syntaxin-4/SNAP-23 at the cell membrane will mediate IL-9 release.
Meanwhile at PAF stimulation time points, TfnRc" endosomes may also house
endocytosed IL-9 where, in the presence of IL-9Ra, cytokine signaling can regulate cellular
IL-9 production rates. Lesser amount of newly made IL-9 are shuttled into CD63"
crystalloid granules for storage. Overall, this model suggests that IL-9 is mainly
constitutively secreted from human eosinophils in the presence of PAF.

= PAF stimulation may induce regulated secretion of abundant, preformed IL-13 found in
CD63" crystalloid granules. Secretory vesicles bearing VAMP-2 may be differentially
releasing IL-13 to the cell membrane bearing Syntaxin-4 and SNAP-23. [L-13 can also be
found in TfnRc" endosomes, however, trafficking into and out of this compartment is
relatively static. Endosomal-associated IL-13 may be newly made or preformed IL-13
originating from granules. Overall, this model suggests that IL-13 mainly exists as a
preformed cytokine that is most likely released via piecemeal degranulation from granules

upon PAF stimulation.

Attempts to address further personalizing therapeutics for neutrophilic asthma by investigating

TNF and IL-8 trafficking sites, with similar methods and aims to this study, can be found in
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Figure 4.1. Proposed IL-9 trafficking pathway in human eosinophils stimulated with PAF
involves constitutive secretion via TfnRc* endosomes. PAF induces translation of IL-9 from
newly made or previously abundant IL-9 mRNA. Newly made IL-9 follows the classical secretory
pathway, targeted to the ER and Golgi for protein maturation. At the trans-Golgi, newly made IL-
9 is shuttled into TfnRc¢" endosomes for delivery to the plasma membrane for release. A lesser
amount of this newly made IL-9 is shuttled into CD63" granules for storage and can be released
upon further stimulation. Extracellular IL-9 that has been endocytosed can also be found in TfnR¢"
endosomes and has the potential to downregulate IL-9 biosynthesis through IL-9Ra on endosomal

membranes.
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Figure 4.2. Proposed IL-13 trafficking pathway in human eosinophils stimulated with PAF
involves regulated secretion of preformed IL-13 in CD63" crystalloid granules. PAF induces
secretion of preformed IL-13 stored in CD63" crystalloid granules. Secretory vesicles budding
from crystalloid granules are likely involved in piecemeal degranulation of stored IL-13. PAF may
induce a small burst of IL-13 translation that follows the classical secretory pathway. At the trans-
Golgi, newly made IL-13 is shuttled into TfnRc¢" endosomes as a static pool that may be delivered
to the cell membrane at later stimulation timepoints. Preformed IL-13 from crystalloid granules

can also be transferred to TfnRc* endosomes.
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Appendix A. Furthermore, preliminary data for optimization of priming the HL-60 clone 15 cell

line for eosinophil-like differentiation can be found in Appendix B.

4.3

Future directions

In this study, cytokines that were detected could not be differentiated as newly made or
preformed. To delineate whether PAF induces de novo synthesis of IL-9 in human
eosinophils, isolated cells could be treated with the protein translation inhibitor
cycloheximide or transcription inhibitor actinomycin D prior to PAF stimulation and
immunofluorescence staining. If a significant increase in IL-9 immunofluorescence
intensity is observed after stimulation and use of actinomycin D, this suggests functional
IL-9 transcripts are already present in resting eosinophils and are readily translated. If a
significant increase in IL-9 immunofluorescence intensity is not observed after stimulation
and the use of cycloheximide, the hypothesis that PAF induces de novo IL-9 synthesis is
supported. If IL-9 continues to be detected at elevated levels in stimulated cells treated with
cycloheximide, PAF stimulation may be increasingly unmasking the epitope of IL-9 that
is recognized by IF antibodies. Previous attempts at treating human eosinophils with
cycloheximide in our laboratory resulted in decreased cell attachment to glass coverslips,
preventing efficient imaging of cells by immunofluorescence microscopy. Other assays
listed in the next point to measure IL-9 levels can be used instead if cycloheximide proves
incompatible for use in immunofluorescence microscopy assays.

More sensitive assays such as Meso Scale Discovery assays, western blots, and flow
cytometry-based cytokine measuring assays could also be used to measure changes in
intracellular and secreted IL-9 or IL-13 levels upon PAF stimulation. In our laboratory,
enzyme-linked immunosorbent assays (ELISAs) aimed to measure IL-9 and IL-13 release
throughout the PAF stimulation time course were unable to detect secreted cytokines, thus
the aforementioned assays should be opted for in future studies. Reverse transcription
quantitative polymerase chain reactions (RT-qPCRs) could also be used to measure
changes in cytokine mRNA expression in PAF-stimulated eosinophils relative to cells at
baseline.

To specifically label recycling endosomes in these experiments, additional markers should
be utilized in future IF experiments and include VAMP-3 and Rabl11a. Previous attempts

at labelling VAMP-3 and Rablla in human eosinophils by immunofluorescence
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microscopy resulted in no detection of these markers. If this assay continues to produce
negative results, VAMP-3 and Rablla can be labelled instead in subcellular fractions
containing recycling endosomes as described in the next point.

Subcellular fractionation experiments may be developed to isolate recycling endosomes
and protein levels of IL-9 and IL-13 could be measured in these fractions to supplement
colocalization done by immunofluorescence microscopy here.

Since constitutively secreted cytokines such as IL-6 have been reported to mainly signal
through receptors in recycling endosomes and this signaling reduces IL-6 de novo
synthesis, it would also be interesting to immunolabel for IL-9Ra and measure its
colocalization with recycling endosomes to test whether IL-9 signaling can indeed take
place within recycling endosomes and affect IL-9 biosynthesis.*!!

Given VAMP-7 has been implicated in IL-9 exocytosis in mice, immunolabelling for
VAMP-7 and measuring colocalization with CD63 and IL-9 in human eosinophils would
draw parallels to these reports.?>? As immunolabelling for VAMP-7 in human eosinophils
has yet to be detected by immunofluorescence microscopy in our laboratory, subcellular
fractions containing crystalloid granules may be needed to label for VAMP-7, CD63, and
IL-9.

. Rab27a has been reported to localize to crystalloid granules in eosinophils and cited
important trafficking machinery in eosinophil degranulation.’’? Immunolabelling for
Rab27a and CD63 and cytokines would implicate this GTPase in regulating their release.
Rab27a has also proven undetectable in human eosinophils by immunofluorescence
microscopy done previously in our laboratory. As in the previous point, crystalloid
granules could be isolated in subcellular fractionation experiments to allow for labeling of
Rab27a and CD63. To note, mouse eosinophils allow for immunolabeling of both VAMP-
7 and Rab27a and may be used as a model for investigating cytokine trafficking pathways
in eosinophils by immunofluorescence microscopy.

. VAMP-2 has been reported to localize to secretory vesicles shuttling CCL5S from
crystalloid granules to the cell surface.?** Colocalization between VAMP-2 and TfnRc
would be interesting to outline whether these markers delineate distinct compartments.

. Knockdown studies of trafficking machinery associated with recycling endosomes

(VAMP-3, Rablla), crystalloid granules (VAMP-7, Rab27a), and secretory vesicles
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(VAMP-2) and later measuring IL.-9 and IL-13 release in human eosinophils would provide
greater detail on the mechanisms of their secretion. However, given human eosinophils
limited lifespan, in vitro gene manipulation studies such as this are extremely challenging
to perform. Optimization of eosinophil-like differentiation in the HL-60 clone 15 cell line

may allow for performance of these knockdown studies in this model.
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Appendix A



Table Al. Troubleshooting of immunofluorescence experiments involving LPS-stimulated
primary human neutrophils. Primary human neutrophils were isolated, stimulated and
immunolabelled as described in Sections 2.5, 2.7, and 2.9 of Materials and Methods. # A successful
or unsuccessful stain is denoted by a ‘Y’ for yes and ‘N’ for no. Stains were defined as successful
if the fluorescent signal appeared to be above background and isotype antibody staining intensities.

* LPS stimulation of neutrophils was conducted for 2 h, 4 h, and 6 h. **LPS stimulation of

neutrophils was conducted for 2h and 4h.

Experiment Permeabilization Targets  Antibody Successful

number agent Stain (Y/N)*
Mouse a-human TNF

1 Saponin (0.1%) TNF [cat. # MABG610, N

Novus Biologicals]
Rabbit a-human Rab27a

Rab27a [cat. # sc-22756, N
Santa Cruz Biotechnology]
Rabbit a-human SNAP23

SNAP23 [cat. # 111202 N
Synaptic Systems]
FITC Mouse a-human

CcD66b  CDO66b N
[cat. # 60086FI.1,
STEMCELL Technologies]
Mouse o-human TNF

2 Saponin (0.1%) TNF [cat. # MABG610, N

Novus Biologicals]
Mouse a-human Syntaxin-4

Syntaxin- [cat. # sc-101301, N

4 Santa Cruz Biotechnology]
Alexa 488 Rabbit a-human

TfaRc TfRc Y
[cat. # bs-0988R-A488,
Bioss]
Rabbit a-human Rabl1a

Rablla  [cat. # 715300, Y
Invitrogen]|

TNF Mouse a-human TNF

3 Saponin (0.1%) [cat. # MABG610, N

Novus Biologicals]
Alexa 488 Rabbit o-human

TfaRc TfRc N
[cat. # bs-0988R-A488,

Bioss]
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10

Triton X-100 (0.2%)

Triton X-100 (0.1%)

Triton X-100 (0.1%)

Triton X-100 (0.1%)

Triton X-100 (0.2%)

Triton X-100 (0.2%)

Triton X-100 (0.1%)

TNF

VAMP-3

TfnRc

Rab27a

CD66b

TNF

CD66b

TNF

CD66b

TNF

VAMP-3

TNF

IL-8

VAMP-3

Mouse a-human TNF
[cat. # MABG610,

Novus Biologicals]
Rabbit a-human VAMP-3
[cat. # NB300-510,

Novus Biologicals]

Alexa 488 Rabbit a-human
TfRc

[cat. # bs-0988R-A488,
Bioss]

Rabbit a-human Rab27a
[cat. # R4655,

Millipore Sigma]

FITC Mouse a-human
CD66b

[cat. # 60086FI.1,
STEMCELL Technologies]
Rabbit a-human TNF

[cat. # 654250,

Millipore Sigma]

FITC Mouse o-human
CD66b

[cat. # 60086FI.1,
STEMCELL Technologies]
Rabbit a-human TNF

[cat. # 654250,

Millipore Sigma]

FITC Mouse a-human
CD66b

[cat. # 60086FI.1,
STEMCELL Technologies]
Mouse a-human TNF

[cat. # MABG610,

Novus Biologicals]
Rabbit a-human VAMP-3
[cat. # OSS00046G,
Thermo Fisher Scientific]
Alexa Fluor 488 Mouse o-
human TNF

[cat. # 557722,

BD Biosciences]

Mouse o-human IL-8

[cat. # AHC0982,

Thermo Fisher Scientific]
Rabbit a-human VAMP-3
[cat. # OSS00046G,
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Thermo Fisher Scientific]
Rabbit a-human TNF
11%* Triton X-100 (0.1%) TNF [cat. # 654250, N
Millipore Sigma]
FITC Mouse a-human
CD66b  CDO66b Y
[cat. # 60086FI.1,
STEMCELL Technologies]
Mouse o-human IL-8
12% Triton X-100 (0.1%)  IL-8 [cat. # AHC0982, N
Thermo Fisher Scientific]
Rabbit a-human VAMP-3
VAMP-3 [cat. # OSS00046G, Y
Thermo Fisher Scientific]
Alexa Fluor 594 Rabbit o-
13* Triton X-100 (0.1%) TNF human TNF N
[cat. # bs-2081R-A549,
Bioss]
FITC Mouse a-human
cD66b  CDO66b N
[cat. # 60086FI.1,
STEMCELL Technologies]
Goat o-human/mouse TNF
14 Triton X-100 (0.1%) TNF [cat. # AF-410-NA, N
R&D Systems]
Rabbit a-human VAMP-3
VAMP-3 [cat. # OSS00046G, N
Thermo Fisher Scientific]

A total of five primary antibodies raised against TNF could not successfully detect the cytokine in
immunolabelling experiments of human neutrophils (Table A1). I considered that use of saponin
as a permeabilization agent may be too mild for primary neutrophils and began to use the harsher
detergent Triton X-100 in hopes of granting antibodies greater access to bind intracellular proteins
(Table Al, experiment numbers 4-14). While implementation of Triton X-100 allowed for
positive staining of TfnRc, CD66b, and VAMP-3 in human neutrophils, TNF remained undetected
(Table A1, experiment numbers 4-8). Similarly, IL-8 could not be detected in human neutrophils
through immunolabelling with two primary antibodies raised against IL-8 (Table Al). Longer
incubations of LPS with human neutrophils were implemented with hopes of enhancing
intracellular TNF of IL-8 levels and allowing for detection of these cytokines by

immunofluorescence experiments (Table A1, experiment numbers 11-14). This elongation of
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LPS stimulation resulted in the same negative staining for TNF and IL-8. Overall, the lack of
detection of IL-8 and TNF in resting and LPS stimulated human neutrophils suggests cytokine
protein levels are below the detection limit of the immunofluorescence assay. Subcellular
fractionation of human neutrophils followed by western blotting or mass spectrometry of fractions

containing granules and endosomal compartments for detection of TNF and IL-8 should be

employed next.
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Figure B1. HL-60 clone 15 cell growth and viability is unaltered by cholesterol butyrate
nanoparticle (CBN) treatment and induces CCR3 expression at high doses, as opposed to
sodium butyrate (NaBu) treatment. HL-60 clone 15 cells were treated with 0.1 mM, 0.5 mM,
and 1 mM of NaBu or CBN for five days. At days 0, 1, 3, and 5, cells were collected and loaded
into the Invitrogen Countess ™ Automated Cell Counter to meausre cell concentration and viability
(A-D). Cell viability was assessed by trypan blue exclusion. Untreated cells were also included as
a normal control. Expression of eosinophil-associated proteins, Siglec-8 and CCR3, assessed by
flow cytometry is shown for NaBu-treated HL-60 clone 15 cells at day 5 (E). Expression of CCR3
assessed by flow cytometry is shown for CBN-treated HL-60 clone 15 cells at day 5 (F).
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A proxy for primary eosinophils which can withstand prolonged immunolabelling in time-lapse
microscopy or gene manipulation experiments would be a valuable tool to further investigate IL-
9 andIL-13 trafficking sites. While the use of NaBu as an inducer of eosinophil-like differentiation
in HL-60 clone 15 cells has been described as a substitute for use of primary eosinophils, the
protocol remains to be optimized. Here NaBu at 0.5 mM and 1mM is seen to hinder HL-60 clone
15 cell growth and lower cell viability during a 5-day treatment relative to untreated cells (Figure
B1 A, B). Meanwhile, use of CBN was hypothesized to be more easily taken up by HL-60 clone
15 cells compared to NaBu and with this increased uptake enhance the expression of eosinophil
associated genes to a greater level then NaBu. When CBN was used to treat cells for 5 days, cell
growth and viability appeared similar to that of untreated cells (Figure B1 C, D). When expression
of eosinophil-associated proteins such as CCR3 and Siglec-8 were assessed by flow cytometry,
pilot studies revealed slightly elevated CCR3 expression in HL-60 clone 15 cells treated with 1
mM CBN (Figure B1 F). Flow cytometry results for NaBu-treated cells were inconclusive (Figure
B1 E). Studies comparing NaBu and CBN treatment effects on cell growth, viability, and
eosinophil-like differentiation in HL-60 clone 15 cells need to be repeated. HL-60 clone 15 cells
treated with nanoparticles alone (i.e. not containing butyrate) should also be included as a vector
control group in these studies. Furthermore, a positive control is needed for future flow cytometry
experiments and should include primary human eosinophils which will express CCR3 and Siglec-
8. More protein markers associated with eosinophils such as EPX and IL-5Ra should also be
assessed by flow cytometry. Lastly, nanoparticles containing GFP-expressing plasmids could be
used to assess the degree of nanoparticle uptake by HL-60 clone 15 cells by measuring GFP-
positive cells by flow cytometry.
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