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Abstract

Atherosclerosis is a chronic inflammatory and lipid disorder caused by the
buildup of cholesterol-loaded cells of monocyte and muscle cell origin in the arterial
intima. While the relationship between excess cholesterol and macrophage behavior
is well observed, the molecular mechanisms linking the two remain unclear.
Therefore, characterizing the pathways from changes in intracellular cholesterol to
the resulting inflammatory output is key to understanding the behavioral changes
observed in human macrophages in vitro. We identified that THP-1 macrophages
acutely depleted of cholesterol increase the expression of JMJD3, an H3K27me3
demethylase. By using IL-10 as a marker for immune-modulating genes and TNF-a
as a marker for pro-inflammatory genes, cholesterol-depleted THP-1 macrophages
responded inconsistently to LPS and echinomycin, an inhibitor of HIF-1a, as
determined by RT-gPCR and ELISA. Further studies investigating other regulators
and outputs of macrophage behavior linked to cellular cholesterol modification are

required.
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CHAPTER ONE: Introduction

1.1 Literary Background of Atherosclerosis

Cardiovascular diseases cost the Canadian government 21 billion dollars per
year and the lives of a third of the Canadian population®. Atherosclerosis is a disease
of multifactorial origins: a disease of exposure to genetic, lipid and immunological
risk factors over decades, and is one of the primary causes of mortality worldwide?-
*. Atherosclerosis is defined as the potentially life-threatening condition of the buildup
of cholesterol-laden plaques in medium to large-sized arteries®® and is a significant
risk factor to the development of many cardiovascular diseases, such as myocardial
infarction and unstable angina“®.

The complicated biological nature, high cost and worldwide prevalence of
atherosclerosis require an intricate understanding of its development and molecular
mechanisms. Ultimately, the development of targeted and personalized therapies for
the reduction and idealistic elimination of atherosclerotic plaque size and severity is
required for the minimization of its outcomes. Current treatments for atherosclerosis
primarily consist of statins’®, the gold standard medication for lowering blood
cholesterol by inhibiting de novo lipogenesis’. In addition, aspirin can also be utilized
in the secondary prevention of atherosclerosis®.

This project is dedicated to understanding the complex interplay between
human macrophage cellular cholesterol contents and their inflammatory responses,

which is hypothesized to be mediated through epigenetic signaling.



1.1.1 The role of macrophages in the pathogenesis of atherosclerosis

The arterial tunica intima is situated beneath the arterial endothelium and the
tunica media, which contains VSMC™. Circulating LDL in the bloodstream may leak
into the subendothelial space of the intima, and the risk factor of LDL leakage into
the subendothelial space increases with high blood LDL concentration, especially
since hypercholesterolemia is a significant risk factor for the development of
atherosclerosis''. Additionally, dysfunction of the arterial endothelial layer due to
factors such as turbulent flow, smoking or hypertension allows for increased
permeability of the endothelium and the subsequent increase in LDL uptake'. In the
subendothelial space, LDL can be retained by proteoglycans and modified by
methods including lipoprotein aggregation and oxidation™, which induces the
secretion of chemokines and adhesion molecules by irritated arterial endothelial cells
for leukocyte recruitment®®.

Upon receiving the endothelial stress signals/adhesion molecules and
molecular patterns like oxLDL (classified as DAMPs)™', circulating monocytes
infiltrate from the blood lumen into the subendothelial space, which can use the
endothelial adhesion molecules MCP-1, ICAM-1 and VCAM-1 for attachment ¢10'6"7,
Triggered by factors such as M-CSF®, the monocytes can then differentiate into
macrophages for the required inflammatory response (Figure 1). The monocyte to
macrophage differentiation process is mainly facilitated by the lineage determining
transcription factors such as AP-1'®. Tissue-resident macrophages develop in a
separate lineage than circulating blood monocyte-derived macrophages, with the

resident macrophages developing in the embryonic yolk sac instead of the bone



marrow and are therefore not derived from hematopoietic stem cells'?.

Nevertheless, the response to two different macrophage types is similar for
clearance of the irritant, LDL presence in the intima, in a process of “sterile
inflammation™8192124 " This inflammatory response to sterile triggers includes
releasing ROS, which inadvertently results in the oxidation of LDL in the subintimal
space'®?2¢, Furthermore, proteoglycans binding Apo-B secreted by monocyte-
derived macrophages contribute to lipoprotein retention in an already established
atherosclerotic lesion®, promoting the advancement of atherosclerosis. The modified
lipoprotein and cholesterol overloaded macrophages, and smooth muscle cells??, are
triggered to favor the pro-inflammatory state of inflammation8.

Native LDL is internalized in macrophages by the LDLR, which feeds into a
negative feedback loop to downregulate LDLR on the plasma membrane. In short,
downregulation is stimulated by excess cholesterol and native LDL in the
environment'#. Facilitated by cytosolic PCSK9-LDLR interactions, the PCSK9-
LDLR complex is then directed to lysosomes for degradation®, which prevents the
recycling of LDLR to the plasma membrane, ultimately preventing further cellular
ingestion of native LDL"".

Modified LDL particles, such as oxLDL, cannot be ingested through LDLR-
mediated endocytosis because LDLR is downregulated by excess cholesterol™. In
the presence of hyperlipidemic environments rich with oxLDL, macrophages instead
ingest oxLDL and other modified LDL through scavenger receptors, primarily CD36*
and receptors from the scavenger receptor family, such as SR-A and SR-I*"%, and

LRP family members such as LRP5 and LRP1". While LDLR is downregulated by



excess LDL, scavenger receptors are not downregulated by oxLDL in the
environment®*. The constant presence on the plasma membrane allows for the
unrestricted oxLDL intake into macrophages, and the subsequent increase in
macrophage cellular cholesterol content triggers a shift in macrophage behavior to
become more pro-inflammatory, which includes responses such as the release of
ROS and the signaling the recruitment of more leukocytes to the atherosclerotic
lesion site?®?°. The primary scavenger receptor for oxLDL uptake®, CD36 expression
can be upregulated by the nuclear receptor transcription factor PPARy, a master
regulator of immune and lipid metabolism, adipogenesis and their homeostatic
states®®?'. PPARYy is also responsible for mediating cholesterol efflux through the
regulation of ABCA1 (which is also influenced by CD36%) and LXR, and suppressing
pro-inflammatory responses by inhibiting NF-kB-induced binding to inflammatory
cytokine promoters, such as TNF-a®'.

As the atherosclerotic lesion continues to develop due to unresolved
inflammation, macrophages and VSMCs continue to ingest more cholesterol than
the capacity of cholesterol transported out of peripheral cells to HDL (reverse
cholesterol transport), intracellular cholesterol metabolism, or deposits into lipid
droplets. If the sterile inflammation does not resolve LDL presence in the intima and
continues uncontrolled cholesterol uptake in macrophages and VSMCs, the
atherosclerotic lesion grows and has a greater potential of becoming more unstable.
Foam cells, termed for their foamy appearance when overloaded with membrane-
bound lipid droplets®3, contribute towards a significant portion of the atherosclerotic

plaque, which can remain growing undetected for decades. While monocyte-derived



macrophages significantly contribute to the foam cell population, VSMC-derived
foam cells can make up at least over half of the foam cell population®. However, it
is unclear where in the atherosclerotic plaque the distribution of these SMC or
macrophage-originating foam cells are?'.

While atherosclerosis is mostly benign®, which can even be in the form of
intimal thickening in adults™, lesions become hazardous due to factors such as
increased lesion size, which can obstruct blood flow, or reduced plaque cap
thickness, which can lead to thrombosis. ROS secretion also induces the release of
matrix metalloproteinases, which physically weaken the fibrous cap and walls of the
atherosclerotic plaque*. As the atherosclerotic plaque grows and protrudes into the
lumen, blood flow can be restricted due to the arterial radius decreasing in size. The
thickness of the connective tissue layer that covers the advanced atherosclerotic
plaque is one of the determinants of plaque stability, and thin layer plaques with
higher lipid pools have a higher risk of rupture*. In the case of rupture, they can lead
to arterial thrombosis to cause ischemia, which can result in unstable angina,

myocardial infarctions, strokes and/or peripheral vascular disease®.
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Figure 1. Infiltration of LDL and formation of macrophage foam cells in the
arterial wall.

In individuals with hypercholesterolaemia, elevated levels of LDL-C are prone to
infiltration and retention in the arterial wall. Monocytes recruited into the arterial wall
differentiate into macrophages on stimulation by M-CSF. Modified LDL particles are
then taken up by macrophages via scavenger receptors. Accumulation of lipids in
the macrophage results in the formation of lipid-laden foam cells leading to the
release of pro-inflammatory cytokines.

Figure and caption are taken from Nguyen MT, et al. 2019*° under the terms and
conditions of the Creative Commons Attribution (CC BY) license*®, Copyright © 2019
by the authors. Licensee MDPI, Basel, Switzerland®’. Abbreviations and paragraph
spacing were modified in this thesis for clarity.



1.2 Macrophages in Atherosclerosis

Described in the 19th century for their ability to phagocytose microbes*, blood
monocyte-derived macrophages are myeloid cells produced in the bone marrow?®
and are often the first responders to homeostatic disruptions and are involved in an
array of bodily functions ranging from immune responses to tissue repair and
development to the recruitment of adaptive immune cells lesion sites. Macrophages
heavily contribute to the components of an atherosclerotic lesion, and therefore their
behavior in atherosclerosis must be well understood for the development of
treatment strategies and the establishment of novel molecular targets for

cardiovascular disease therapy.

1.2.1. Macrophage phenotypic plasticity is a diverse spectrum

Depending on the inflammatory stimulus, macrophages can adopt extremely
versatile phenotypes between the pro-inflammatory, “classically activated” (M1) and
immune-modulating, “alternatively activated” (M2) macrophages'®*® (Figure 2). The
atherosclerotic plaque harbors macrophages that display extreme versatility and is
heterozygous for the M1 and M2 phenotypes. Moreover, M2 macrophages are
further subdivided into three categories: M2a, M2b, and M2c**“°. However, the M1
and M2 phenotypes describe extremes of the macrophage phenotypic plasticity
spectrum and is not reflective of an absolute, categorical phenotype. In support of
this statement, many macrophages display both M1 and M2 markers at the same
time*', and macrophages that exhibit behaviors that cannot be described by either

the aforementioned M1 or M2 phenotypes have also been described*’. Macrophage



phenotypic plasticity is even more complex in vivo: the atherosclerotic plaque is
heterozygous for many types of macrophage polarizations, with each phenotype
dependent on the stimulant and its subsequent inflammatory response. Despite this
heterozygosity, most M1-like macrophages are hypothesized to be located towards

the edges of the plaque, increasing the risk of plaque rupture™.

1.2.2. The role of cholesterol in macrophagic trained immunity

Chromatin consists of DNA wrapped around a core of 8 histone proteins: pairs
of the histones H2A, H2B, H3 and H4?°**%3, The protruding N terminal of these
histones can be modified by methods such as methylation and acetylation to induce
changes in the chromatin accessibility?®, controlling the transcription of genes in
nearby regions of the modified histones. The exposure of innate immune cells to
conditions such as oxLDL, even for a brief period, can cause a shift in their behavior,
resulting in a conditioned response in the future, long after the initial stimulus is
removed. This is termed “trained immunity™* and is significantly controlled by
epigenetic factors.

In particular, H3K27me3, a region associated with transcriptional
repression®#**" and H3K4me3, a region associated with transcriptional
accessibility*®#’, are two potential targets of cholesterol-mediated inflammatory
response. Numerous regulators of these regions exist, where JMJD3 and JARID1,
two histone demethylases that are members of the KDM family, remove H3K27me3
and H3K4me3 markers, respectively?*4>4¢, Both JMJD3 and JARID1 are dependent

on the transcription factor HIF-1a for their expression, as HIF-1a binds to their HRE



to induce transcription*®“®. oxLDL induces TLR4-dependent NF-kB activation, which
can promote the transcription of target genes, such as the components of the NLRP3
inflammasome complex, which results in the production of proinflammatory
cytokines like IL-1B%.

JMJD3 is a regulator of inflammatory genes that relate to both the M2 and M1
phenotypes, and is more essential in the development of the M2 phenotype than M1
activation®®#°4%_ |t is also known that MCD activates the M2-like macrophage
phenotype, facilitated by ABCA1-mediated PKA activation®*. Oversaturation of
cholesterol suppresses PKA to promote the M1-like macrophage phenotype in vitro.
When stimulated with LPS, cholesterol-depleted macrophages secreted more IL-10
and cholesterol-overloaded macrophages were shown to secrete more TNF-a*.
Both IL-10 and TNF-a require LPS and therefore the LPS receptor, TLR4, for the
facilitation of their expression and secretion*'.

In addition to the role of PKA stated above, PKA acting downstream of ABCA1
can phosphorylate NF-kB. NF-kB can then activate macrophagic trained immunity
through HIF-1a°"%2, which can, in turn, increase JMJD3 expression*® to induce the
transcription of target genes such as IL-10 but inhibit the expression of other NF-kB
target genes such as TNF-a. Additionally, PKA can directly interact with HIF-1a to

induce its target gene expression®.



1.2.3 THP-1 cells as a model to study human macrophage behavior

While primary human macrophages are an ideal model to study human
macrophage behavior in vitro, this project presents the results generated from THP-
1 cells, the first immortalized monocytic leukemia cell line, exclusively®.

Originally taken from a one-year-old male infant with acute monocytic
leukemia from Japan and first described in Tsuchiya et al.’s 1980 paper®, THP-1
cells have become a reliable model for assessing macrophages in vitro whose
behavior and characteristics closely resemble primary human macrophages, albeit
not perfectly®®. For example, bone marrow-derived macrophages have increased
gene expression of TLR4, TLR2, IL-1B3, HIF-1a and IL-6 than THP-1 macrophages,
whereas THP-1 macrophages have increased gene expression of TNF-a than bone
marrow-derived macrophages®. THP-1 cells are also less responsive to LPS than
primary monocytes and macrophages, which may be attributed to lower CD14
presence on both the THP-1 monocyte and macrophage membrane, which can be
used to heighten sensitivity to LPS through complexing with TLR4%,

Furthermore, the M2 markers CD206 and CD163 were either present in only
a few THP-1 macrophages or not found on the THP-1 macrophages, respectively,
resulting in the lower M2-like inflammatory response in THP-1 macrophages in
comparison to bone marrow-derived macrophages*®. However, the expression of the
above M2 markers may not be altered in THP-1 macrophages, depending on the
exposure to macrophage polarizing agents*. These discrepancies not only
emphasize the flaws in characterizing macrophages using M1/M2 classifications®,

as macrophage phenotypic plasticity is better described as a range or spectrum of

10



activations, but they also indicate the range of the THP-1 macrophage phenotypic
plasticity and its wide use in understanding human macrophages in vitro.

Despite the differences between THP-1 macrophages and bone marrow-
derived macrophages, THP-1 cells remain a reliable source to understand human
macrophage behavior in vitro. Moreover, their easy culturing conditions and ease of
access during the COVID-19 pandemic make THP-1 cells an additionally beneficial

model organism for a graduate student.
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Figure 2. Macrophage polarization is heavily dependent on environmental
signals.

Macrophages can display a very diverse plethora of responses to numerous
stimulants. In vitro, macrophages are categorized to adopt behaviors ranging from
the M1-like (pro-inflammatory) to the M2-like (immune-modulating) subtype. The M1
subtype is induced by molecules such as LPS and oxLDL and is involved in the
recruitment of other inflammatory mediators and the release of ROS. The M2
subtype is associated with tissue and wound repair. It is important to note that
macrophage phenotypes can diverge from this spectrum of macrophage activation
and display either, both or neither phenotypic marker of inflammation. In this project,
IL-10 is used as a marker for immune-modulating behavior and TNF-a is used as a
marker for pro-inflammatory behavior.

Image created with BioRender.com.
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1.3 Cholesterol and LDL: Metabolism and contribution to
atherosclerosis

Cholesterol is a four-ring lipid molecule that can either be absorbed from the
diet or made de novo. This section reviews cholesterol in human macrophages and

summarizes the role of cholesterol in atherosclerosis.

1.3.1 Cholesterol metabolism

Cholesterol biosynthesis is largely attributed to the following regulators:
SREBP; the sensors for cellular cholesterol, and HMGCR,; the rate-limiting enzyme
of the mevalonate pathway whose expression is regulated by SREBP2, and the
target for all statins”*>%¢. Many cell types are capable of synthesizing cholesterol, yet
the liver supplies half of total de novo cholesterol alone to the body®. A decrease in
cholesterol or extracellular lipids, which can be induced by statins, increases the
expression of SREBPs to activate downstream pathways to regulate the expression
of genes such as the LDLR®®.

Cholesterol obtained from the diet is first absorbed to the small intestines by
the NPC1L1 on enterocytes, where it is packaged into chylomicrons and released
into the bloodstream®. The chylomicrons are then reorganized in the liver into VLDL,
along with cholesterol generated de novo, and deposits cholesterol into tissues
throughout the body, ultimately decreasing in density, forming LDL. LDL, absorbed
by the LDLR, can leak across membranes into spaces such as the arterial intimal
subendothelial space to generate fatty streaks at risk of developing into more

complex atherosclerotic lesions.
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Besides transferring cholesterol to ApoAl or ApoAll to generate nascent HDL
during reverse cholesterol transport®”, a process where nascent HDL generated in
the liver transports intracellular cholesterol from peripheral tissues to the liver for
processing and excretion®®, ABCA1 significantly contributes to the cellular immune
responses, where ABCA1 knockout models have shown increased pro-inflammatory
responses to stimuli, and accumulate cholesterol at greater levels®*°. Maturing HDL
can then continue to collect cholesterol from cells through ABCA1 or ABCG1. The
expression of ABCA1 and ABCG1 is regulated by miR-33%, a type of noncoding
microRNA that is co-transcribed with SREBP-1a to control cholesterol homeostasis
in an SREBP-dependent manner®!. Two forms of miR-33 exist: miR-33b, which is
cotranscribed with SREBP-1, and miR-33a, which is cotranscribed with SREBP-262,
miR-33 also influences the expression of AMPK, a protein heavily involved in
immune-modulating responses®’. A decrease in miR-33 was found to increase
markers of the M2 state®3. ABCA1/ABCG1 expression is also regulated by LXR,
another nuclear receptor responsible for the regulation of reverse cholesterol
transport. In turn, ABCA1 can regulate other compounds, such as PKA, for the
activation and transcription of target genes, primarily genes that emphasize the M2

response®.

1.3.2. Cholesterol in human macrophages
As mentioned above, LDL can be internalized in human macrophages
through LDLR. Cholesterol can also be ingested by the SR or LRP families when

ingesting modified cholesterol such as oxLDL, as native LDL is not ingested by
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SRs'™. Cholesterol can be used intracellularly to generate cell and organelle
membranes, synthesize hormones, regulate gene expression, and can be modified
for storage. Excess cholesterol originating from external sources, such as ingestion,
promotes lipid droplet formation in macrophages, with de novo synthesized lipid
sources having little to no incorporation in lipid droplets?. These lipid droplets can
function to be a storage for phospholipids to be used during phagocytosis, and
provide substrates for the synthesis of ATP, nuclear receptors, cell membrane
components and eicosanoids?.

LDLR presence is low on the macrophage plasma membrane when the cell
is in environments with, or intracellularly has, excess cholesterol®. This is due to the
downregulation of the LDLR by directing it to the lysosomes for degradation when
coupled with PCSK9, as mentioned above, whose expression is regulated by
SREBP-2%. Macrophages stimulated with oxLDL in vitro have lower phagocytic
capacity, ingesting oxLDL through CD36', where oxLDL can also interact with
TLR4%. Since scavenger receptors are not downregulated by its ligands such as
oxLDL or high intracellular cholesterol®, the macrophage can continue the
uncontrolled uptake of modified cholesterol faster than it may be able to metabolize.
This gives rise to the progression of atherosclerosis in an uncontrolled manner to
stop LDL presence in the arterial intima.

ER stress is also a hallmark characteristic of macrophages overloaded with
cholesterol. Extensive ER stress activates the unfolded protein response®®, which
can trigger apoptosis in macrophages that are unable to recover from unrestricted

cholesterol intake. Moreover, the increase in the production of 25-
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hydroxycholesterol, a precursor of cholesterol that has an affinity for LXR?', is linked
to decreased macrophage efferocytosis. Therefore, cholesterol overload not only
contributes to the development of atherosclerotic plaques by simply increasing the
bulk of the plaque with lipids and recruiting leukocytes, but also worsens
atherosclerosis by hindering normal cellular functions such as efferocytosis in
macrophages and triggering apoptosis.

Atherosclerosis is a low-grade inflammatory disease'*, and using microbial
stimulants such as LPS induces a strong, pro-inflammatory polarization in
macrophages in vitro. LPS stimulation in macrophages also induces an increase in
the production of fatty acids because of the increased supply of Acetyl-CoA,
produced from citrate, and NADPH, which is produced from the pentose phosphate
pathway that is also upregulated by LPS*. Furthermore, LPS-dependent NF-kB
activation can increase the transcription of NLRP3 inflammasome complex
components in an SREBP-dependent manner®. The activation of the NLRP3
complex shifts the cell to favor a pro-inflammatory state; LPS-stimulated
macrophages display M1-like behavior that includes the secretion of pro-
inflammatory cytokines such as IL-1B and IL-18%, whose production capacity is
increased by augmented de novo lipogenesis, and increased phagocytosis®.

Genes involved in the regulation of cholesterol metabolism were also linked
to macrophage inflammatory signaling®”. CGI-58 is a coactivator of ATGL, and both
molecules have significant roles in lipolysis. However, CGI-58 was found to suppress
LPS-induced inflammation and mitochondrial dysfunction, measured by oxygen

consumption rate, ATP levels and ROS production, through the regulation of PPARy
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in mouse macrophages, a process that was independent of ATGL. The mechanism
of CGI-58 modulating PPARYy signaling was determined to be through CGI-58-
mediated removal of HDAC2 from the PPARy promoter, and thus maintaining
histone acetylation markers for the induction of PPARy expression. This provides
evidence that regulators of cholesterol metabolism induce inflammation through

epigenetic mechanisms in macrophages.

1.4 Research Problem and Solution Strategies

1.4.1 Research Problem: Rationale for project

The outstanding problem that stimulated this project was that the intracellular
mechanisms by which changes in cellular cholesterol concentrations change
macrophage outputs are not well characterized in the literature. It is known that the
link between cholesterol and macrophage output may be epigenetic due to the
significant role of JMJD3 in M2 activation*®, and that oxLDL induces a shift in
macrophage cytokine expression and secretion to favor the secretion of pro-
inflammatory molecules such as TNF-a.

As stated briefly in previous sections, our laboratories’ previous studies®
show the increased secretion of IL-10 mouse BMDMs, which was shown to be
regulated by ABCA1 in a PKA-dependent manner. Consistently, ABCA+/+ BMDM
secreted less TNF-a than ABCA1-/- BMDM. Moreover, acute cholesterol depletion
through MCD administration was shown to activate PKA in RAW macrophages,
which then increased IL-10 and decreased TNF-a secretion upon LPS stimulation.

RAW macrophages overloaded with acetylated LDL showed lower PKA activity, and
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it also secreted more TNF-a and less IL-10. Therefore, our laboratory previously
showed that cholesterol modulates mouse macrophage inflammatory output,
favoring the proinflammatory macrophage response upon cholesterol loading, which
is consistent with the behavior of macrophages during atherosclerosis development
in vivo.

The goal of this project was to replicate the above experiments performed by
our laboratory that characterize the inflammatory outputs of human macrophages in
the presence of MCD + LPS and introduce inhibitors of the proposed signature
cholesterol-induced epigenetic priming pathway, such as echinomycin to inhibit HIF-
1a. The results of this project would have helped to understand how cholesterol

induces inflammation in atherosclerosis.

1.4.2 Research Solution Strategies: Hypothesis and Proposed Model

Acute cholesterol depletion with MCD was hypothesized to increase the
expression of HIF-1a, which would lead to the subsequent increase in JMJD3 and
JARID1 gene expression, relative to cells not exposed to MCD (Figure 3). The
increase in the histone demethylases were hypothesized to remove H3K27me3 for
immune modulating genes (represented by IL-10) and H3K4me3 for proinflammatory
genes (represented by TNF-a). This is the expected “poised state” of a macrophage
treated with MCD prior to the stimulation of LPS. Upon LPS stimulation after MCD
pretreatment, the increase in IL-10 relative to TNF-a gene expression and secretion
were hypothesized to be reflective of immune-modulating phenotypes; MCD-treated

THP-1 macrophages were expected to increase IL-10 gene outputs and decrease
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TNF-a gene outputs upon inflammatory stimulus. Thus, the IL-10/TNF-a ratio was
hypothesized to increase in macrophages treated with MCD + LPS relative to
macrophages treated with LPS alone. The IL-10/TNF-a ratio was used to stabilize

the variation of TLR4 presence between cells, samples, and treatments.

1.4.3 Objectives of Study

The first objective was to analyze the changes in IL-10 expression and
secretion relative to TNF-a expression and secretion in THP-1 macrophages treated
with MCD + LPS, which were quantified using RT-qPCR and ELISA.

Upon the successful completion of the first objective, the second objective
was to target each molecular marker in the proposed model with inhibitors and
stimulate the cholesterol-deprived macrophages with LPS. HIF-1a, JMJD3 and
JARID1 were to be inhibited with specific and general inhibitors. However, the first
objective, the THP-1 response to LPS and MCD, was not consistently observed
across experiments and did not produce consistent results. Therefore, the second
objective of this study was not analyzed to its intended extent, with relatively few
proof-of-concept experiments performed using echinomycin, a well-characterized

and established inhibitor of the HIF-1a protein®®.
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Figure 3. Proposed model: Acute cholesterol depletion is hypothesized to
increase IL-10 output relative to TNF-a output in LPS-challenged THP-1
macrophages through epigenetic mechanisms.

Acute cholesterol chelation using MCD is hypothesized to influence the increase in
JMJD3 and JARID1 through regulating HIF-1a expression. This is expected to
reduce H3K27me3 and H3K4me3, respectively, priming the epigenome before
inflammatory challenge. Upon LPS stimulation, an increase in the expression of
immune-modulating genes (represented by IL-10) and a decrease in the expression
of pro-inflammatory genes (represented by TNF-a) is hypothesized.

Image created with BioRender.com.
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1.5 Lay Summary

Atherosclerosis is a chronic disease originating from the buildup of cholesterol
in inflammatory and muscle-derived cells within the artery walls and can be the cause
of fatal occurrences such as heart attacks or strokes. Macrophages, among other
cell types, ingest excess cholesterol to resolve inflammation initiated by leaked LDL
beneath the arterial intima. However, unabated lipid consumption results in the
formation of a significant portion of the atherosclerotic plaque.

The presence of cholesterol significantly influences macrophage behavior.
Therefore, this project sought to describe the effect of cholesterol exerted on human
macrophages.

We analyzed the expression and secretion of cytokines in human
macrophages acutely depleted of cholesterol and presented with an inflammatory.
We also analyzed an enzyme that governs the production of these cytokines,
JMJD3. While cholesterol depletion did increase JMJD3 gene expression, no
consistency between the cytokine responses of cells depleted of cholesterol and
stimulated with LPS was observed. Future studies should include the
characterization of other enzymes that work alongside JMJD3 and other cytokines

and characterize these in different human macrophagic cell lines.
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CHAPTER TWO: Materials and Methods

2.1 THP-1 Cell Culture

2.1.1 THP-1 cell origin

All THP-1 cells were derived from preexisting cell vials existing in the Drs.
Xiaohui Zha and Alexander Sorisky laboratory liquid nitrogen tanks. The cells were
not tested for endotoxin or mycoplasma contamination. No new cells were ordered
from the ATCC at any point during this study. THP-1 cells were used as a reliable
alternative to primary human macrophages. Primary human macrophages were
unable to be sourced to the laboratory due to service disruptions during the COVID-

19 pandemic.

2.1.2 THP-1 monocyte culture and subculture techniques

THP-1 monocytes were maintained in complete DMEM containing 10% heat-
inactivated FBS and 1% PS. The cell concentration was maintained between
3x1015-1.5x1076 cells/mL in tissue culture-treated suspension flasks and stored in
the tissue culture incubator at 37 C with 5% CO>. THP-1 monocytes were used to
set up experiments between passages 2 and 10 (P2 and P10) and were rarely

cultured past P10.

2.1.3 THP-1 differentiation protocol

THP-1 monocytes were adjusted to a concentration of 3x1015-4x1075

cells/well for 12-well plates and 1x10%6-1.2x10%6 cells/well for 6-well plates in
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complete DMEM. 75 nM PMA was diluted from the stock solution of 1-20 mM PMA
in DMSO in fresh complete DMEM, then added to the THP-1 monocytes to be
differentiated. The cells were plated immediately after PMA addition and incubated
at 37 C with 5% CO- for 48 hours. Differentiation from monocyte to macrophage was
determined by visual changes under a microscope: THP-1 monocytes are smaller,
smoother, rounder and detached; THP-1 macrophages are larger, rougher, flatter
and adhered to the plate surface.

THP-1 macrophages were kept in DMEM until fully differentiated. The cells
were then washed and covered in 0.25% BSA/RPMI for experimentation. While the
ATCC advises THP-1 cells to be cultured in complete RPMI, complete DMEM was
used for the culturing of the THP-1 monocytes due to the higher glucose
concentration of DMEM for increased cell survival. RPMI was limited for use in

experimentation alone.

2.1.4 MCD + echinomycin protocol

THP-1 macrophages were washed with 1X PBS after PMA-induced cell
differentiation. 3 or 5 mM MCD and/or 5 nM echinomycin were prepared separately
in a tube and added to the cells for 1 hour. MCD was diluted from the 150 mg/mL
stock in dH20, and echinomycin was diluted from a stock concentration of 1 mM in
DMSO. The DMSO negative controls were adjusted to the largest concentration of
echinomycin per experiment and the concentration is defined in every figure. DMSO

was added as a negative control to all experiments using echinomycin.
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2.1.5 LPS + MCD protocol

THP-1 macrophages were washed with 1X PBS once and serum-starved with
0.25% BSA/RPMI for 30 minutes prior to 3 or 5 mM MCD administration for 1 hour
in BSA/RPMI. Samples were prepared in a tube separately and administered to the
wells unless explicitly indicated otherwise. Preparing the reagents separately
prevents the cells from being heavily concentrated with MCD stock (113 mM in
dH20) in one area and minimizes pipetting errors when administering the MCD
volume to the media.

Before LPS stimulation, the cells were washed once with 1X PBS and LPS
was administered in 0.25% BSA/RPMI. The cells were incubated with LPS +/- for 3
hours before sample collection. The cells were always washed with PBS after MCD

incubation and LPS administration to avoid the complexing of LPS with MCD.

2.1.6 Sample collection protocol

Samples were analyzed under the microscope and cell culture and
experiment pictures were taken from a personal mobile phone where applicable.

If using LPS in an experiment, the cell media was collected to determine
cytokine secretion. Media was removed from the wells and centrifuged at least
10,000 RCF for 10 minutes. Without disturbing the resulting pellet, the media was
then allotted into microfuge tube aliquots and stored in the -80C freezer for future
use.

The cells were collected with TRIzol in all samples regardless of treatment.

After the removal of cell culture media either with a sterile vacuum tip (for
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experiments with no LPS) or careful removal with a pipette into a microfuge tube for
downstream ELISA (experiments utilizing LPS), TRIzol was added to the cells and
equal coverage was given by hand rotation. Wells were scraped, transferred to a
microfuge tube kept on ice and stored in a -80C freezer until future use. The
experiment plate was analyzed under a microscope to confirm the lack of cells after

TRIzol administration.

2.2 RNA extraction from THP-1 macrophages

The TRIzol lysate was first mixed with a fifth volume of 24:1 chloroform:
isoamyl alcohol and incubated on ice for 3 minutes. Once a layer had formed, the
samples were centrifuged to separate the layers. The samples were centrifuged at
21,000 rcf for 7 minutes at room temperature by the end of my MSc studies, however,
the phase separation and tight packing of the interphase changed from sample to
sample.

After centrifugation, the aqueous layer was collected in a separate RNAse-
free microfuge tube and mixed with an equal volume of 70% ethanol and mixed
thoroughly. This solution was then transferred to the EZ-10 spin column from the
BioBasic mammalian RNA extraction kit and centrifuged at 12,000 rcf for 30
seconds. Discarding the flow-through, the columns were washed twice as per
manufacturer instructions with wash buffers with added ethanol before their cDNAs
empty centrifugation to minimize ethanol contamination.

The RNA was eluted from the columns with 30 uL RNAse free dH>O after

incubating for 2 minutes on ice and taken for nanodrop and downstream processing.
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2.3 RNA Nanodrop and Reverse Transcription

2.4.1 Nanodrop machine information

Two nanodrop machines were used throughout this project: the nanodrop in
the William Stanford lab, and the ThermoFisher nanodrop in the shared equipment
room of the fifth floor Critical Care Wing of the Ottawa Health Research Institute. All
results presented in this thesis are derived from samples that were tested with the
shared ThermoFisher nanodrop. 1 uL sample was loaded onto the machine after
blanking with the diluent (RNAse free dH20) and the resulting nucleic acid
concentration, A260/280 and A260/230 absorbance ratios, as well as any
corrections made automatically by the machine to account for contamination, was
retained and these values were used for further processing for reverse transcription
for RT-qgPCR preparation.

Ensuring the generation of 1 ug cDNA was done with the nanodrop
calculations only as cDNA nanodrop is misleading due to the presence of remaining

dNTPs in the sample solution.

2.4.2 Reverse transcription of samples

RNA was diluted with RNAse free dH20 to adjust to 1 ug/sample. 7X gDNA
wipeout solution was added and ran in the thermal cycler for 2 minutes at 42 C.
Then, 6 uL of the master mix containing the reverse transcription buffer, reverse
transcriptase and dNTPs were added per sample. The samples were then reverse
transcribed into cDNA for 42 C for 30 minutes and 95 C for 3 minutes. The resulting

cDNA was used for RT-qPCR or stored in the -20C freezer for future use.

26



2.4 RT-qPCR Protocol

cDNA dilutions were determined empirically for IL-10 and TNF-a; cDNA was
diluted manually determined by prior observation and experiences. 1 uL diluted
cDNA was loaded onto the gPCR plates for a total of 20 uL sample volume, formed
by cDNA and the master mix containing SensiFAST l0-ROX SYBR, RNAse free
dH20 and necessary primers. The RT-gPCR was run on the Agilent Aria MX Real-
Time PCR Machine (G8830A) and the C; values were obtained from the same
software. Samples of treatments and negative controls were prepared as technical
triplicates on one RT-qPCR plate within the same run. Technical triplicates were

repeated for both genes of interest and housekeeping controls.

2.5.1 Thermal profile

The thermal profile for RT-gPCR was as follows: 1 cycle of polymerase
activation: 2 minutes at 95 C. Followed by 40 cycles of: Denaturation at 5 seconds
at 95 C, annealing at 10 or 30 seconds at 55 C, and extension: 20 seconds at 72 C.
If a melt curve was performed, the thermal cycle was: 95 C for 30 seconds, 65 C for

30 seconds and 95 C for 30 seconds.

2.5.2 Primer sequences
Primer oligonucleotides were ordered from ThermoFisher (Table 1) and were
suspended in RNAse free distilled H20 to adjust to 100 mmol of primer stock. The

aliquots used for RT-gPCR were diluted 1:10 to 10 mmol in RNAse free dH2O.
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Primers were stored at -20C, oligonucleotides were stored at room temperature

away from sunlight until suspended in water.
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Gene Name Primer Type Primer Sequence

Human HPRT1 Forward CAT TAT GCT GAG GAT TTG GAA AGG
Reverse CTT GAG CAC ACAGAG GCCTACA

Human TNF-a Forward GCC CCC AGA GGG AAGAGTTCCC
Reverse CAG CTC CAC GCC ATT GGC CA

Human IL-10 Forward CGA GAT GCC TTC AGC AGA GT
Reverse GGC AAC CCA GGT AACCCTTA

Human JMJD3 Forward ACC CTC GAAATCCCATCAC
Reverse GTG TTC GCC ACT CGC TTC

Table 1. Primer sequences of genes used throughout the project. All primers
were ordered from ThermoFisher/Invitrogen. Oligonucleotides were resuspended in
RNAse free distilled water to 100 mmol and diluted in RNAse free distilled water to
10 mmol before use in RT-gPCR. Primers were stored at -20C when suspended in
water, otherwise stored at room temperature away from sunlight as oligonucleotides.
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2.5 ELISA Protocol

The ELISA protocol was followed as directed by the manufacturer without
modification. CoStar 96 9018 plate wells were coated with 100 uL of the detection
antibody overnight at 4C. The coated plates were blocked with 1X ELISA buffer and
standard solutions, samples and their dilutions were added to the wells. The plates
were incubated overnight for maximum absorbance sensitivity. The secondary
antibody was then introduced to the wells, followed by the HRP enzyme. TMB
solution was added and the stop solution of 2N H2SO4 was added once the TMB
solution color developed to a mid-tone blue. Wash steps were present between each
step, except for the final step between adding TMB solution and stop solution, and
the wells were washed with 0.05% PBST (0.05% Tween/1X PBS). The finished
ELISA assay components could be assessed by the spectrophotometer for up to two
hours after adding the stop solution, however, the assay was always read
immediately after adding the stop solution.

The Invitrogen TNF-a kit standard detects 4-500 pg/mL cytokine in media.
Media for TNF-a detection was diluted 50 or 100X to retain sample absorbances
within the standard curve.

The Invitrogen IL-10 kit standard detects 2-300 pg/mL cytokine in media.
Media for IL-10 detection was never diluted to retain sample absorbance values

within the standard curve.

30



2.6 Parameters of Experimental Validity

Only data obtained from valid experiments are presented in Chapter Three:
Results. The parameters of experimental validity were standardized by the end of
this project and consist of the following rules:

1. RT-gPCR raw C; values must remain within 20-30 cycles of the amplification
curve; all C; values must be between 20 and 30 (number inclusive).

2. ELISA absorbance values must remain within the ELISA standard sensitivity
ranges of TNF-a: 4-500 pg/mL and IL-10: 2-300 pg/mL. Any outstanding value
would have been extrapolated, rendering the final concentration unreliable as
the amplification of noise would not have been accounted for.

3. RNA A260/230 and A260/280 nanodrop absorbance values must be above

1.8 each. Pure RNA has absorbance readings above 2.0.

Any experiment not adjacent to the above standards was omitted from

presentation and interpretation in Chapter 3: Results.
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CHAPTER THREE: Results

3.1 MCD induces an increase in JMJD3 expression in THP-1
macrophages. 10 nM Echinomycin has inconclusive effects regarding the
influence of MCD on JMJD3 expression.

3.1.1 PMA induces the differentiation of THP-1 monocytes to macrophages.

The primary step in every experimental setup throughout this project was the
induction of the differentiation from THP-1 monocytes to macrophages using 75 nM
PMA.

THP-1 monocytes are a robust cell line originating from a 1-year-old
Japanese male infant with acute monocytic leukemia, as described by Tsuchiya et
al. in 1980%, and can be differentiated into macrophages and used as an attractive
model for this study due to their close resemblance to primary human monocyte-
derived macrophages.

Figure 4A shows freshly subcultured P3 THP-1 monocytes in suspension at
40X magnification on a light microscope and Figure 4B shows PMA-induced, fully
differentiated P2 THP-1 macrophages in 6-well plates at 20X magnification on a light
microscope. The change from monocytes to macrophages was determined by visual
examination before removal before experimentation. THP-1 monocytes are smaller,
smoother, rounder and are suspended in cell media, whereas fully differentiated
THP-1 macrophages, prior to any other treatment, are larger, rougher, flatter and are

attached to the plate surface.
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Figure 4. P3 THP-1 monocytes in culture (A) and differentiated P2 THP-1
macrophages (B).

THP-1 monocytes (A) were used in cell culture and macrophages (B) were used for
experimentation. Monocyte to macrophage differentiation was achieved by
administering 75 nM PMA to the desired concentration of cells (300,000-400,000
cells/well for 12-well plates, 1,000,000-1,200,000 cells/well for 6-well plates) for 48
hours in complete DMEM (10% heat-inactivated FBS, 1% PS). Differentiation was
determined by visual cues such as cell adhesion, increase in cell size and presence
of grooves and protrusions along the macrophage cell membrane. Pictures were
taken with a smartphone of THP-1 monocytes and macrophages at 40X and 20X
magnification on a light microscope, respectively.
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3.1.2 Both 3 mM and 5§ mM MCD increase the expression of JMJD3 in THP-
1 macrophages. 10 nM echinomycin has inconclusive effects on JMJD3 gene
expression.

Testing the effect of MCD on macrophage epigenetic mediators is the
foundation of this project and was first tested by analyzing the changes in JMJD3
expression under the influence of MCD. Then, inhibiting the MCD-induced changes
with the HIF-1a inhibitor, echinomycin, was attempted. The treatment was not
confirmed using total cellular quantification as only RT-qPCR results were used in
determining the effect of MCD on THP-1 macrophages.

THP-1 macrophages were treated with 3 mM MCD for one hour. Figure 5A
shows that THP-1 macrophages treated with 3 mM MCD displayed an increased
JMJD3 gene expression of a 5.7-fold increase relative to BSA/RPMI negative
controls.

Having demonstrated that MCD increases JMJD3 expression in THP-1
macrophages, the proposed model pathway (Figure 3) was tested using inhibitors of
the upstream regulators of JMJD3, such as HIF-1a. The inhibition of the HIF-1a
protein using 10 nM echinomycin was expected to decrease JMJD3 expression in
THP-1 macrophages, and ideally restoring basal-level gene expression. Because no
other HIF-1a target was quantified alongside JMJD3, the effectiveness and validity
of echinomycin could not be determined.

THP-1 monocytes were treated with 5 mM MCD for 1 hour, which increased

JMJD3 gene expression of 3.6-fold (Figure 5B). Cells that were treated with 5 mM
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MCD and 10 nM echinomycin for 1 hour displayed a 3.3-fold increase in JMJD3 gene
expression.

The concentrations of echinomycin used throughout this chapter were
determined through a preliminary titration of 1 nM-100nM echinomycin, where 10 nM
echinomycin reduced the fold change in JMJD3 gene expression to basal levels.
However, the titration was retroactively omitted from inclusion in this chapter later in
this project due to its classification as invalid determined by the parameters outlined
in Chapter 2.6.

This section demonstrates that acute cholesterol depletion by the addition of
MCD to the cell media is associated with the increase in the gene expression of
histone demethylase JMJD3. However, the effects of echinomycin on JMJD3 gene

expression remain inconclusive.
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Figure 5. Both 3 and 5 mM MCD increase JMJD3 gene expression in THP-1
macrophages. The effect of echinomycin on JMJD3 gene expression is
inconclusive.

THP-1 macrophages were treated with 3 mM (A) or 5 mM (B) MCD in 0.25%
BSA/RPMI for one hour. Panel B also shows macrophages co-treated with 10 nM
echinomycin (DMSO v/v 10 nM echinomycin).

JMJD3 gene expression increased by 5.7-fold in THP-1 macrophages incubated with
3 mM MCD for one hour (A), however, it only increased to 3.6-fold in another
experiment using 5 mM MCD (B).

Moreover, 10 nM echinomycin was not sufficient to decrease this amount despite
using the higher concentration of MCD (B).

RT-qPCR results were normalized to the housekeeping gene, HPRT1, and to the
BSA/RPMI or DMSO negative controls to calculate the fold change in gene
expression.

n=1 for each panel; Panel A and B are separate experiments.
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3.2 MCD pretreatment in THP-1 macrophages results in an inconsistent
inflammatory response upon LPS stimulation.

The next step in this project was to stimulate the primed THP-1 macrophages
with LPS to produce an inflammatory response and subsequently characterize the
changes in IL-10 and TNF-a outputs.

Only a select few experiments performed throughout the entirety of this
project fit all the criteria of a valid experiment and yet produced different results. For
example, given pure RNA, in-range C; and ELISA absorbance values as described
in Chapter 2.6, Figure 7 shows the increase in IL-10 and decrease in TNF-a gene
expression in cells treated with LPS and MCD. Contrarily, Figure 9 shows that both
IL-10 and TNF-a secretions decrease in cells stimulated with LPS following
incubation with MCD.

This consistent discrepancy between the experiments described in this
subsection provides evidence that the inflammatory response to MCD + LPS
treatment in the THP-1 macrophages used throughout this study is inconsistent.
Therefore, the hypothesis that inflammatory stimulation following acute cholesterol
depletion in THP-1 macrophages increasing IL-10 and decreasing TNF-a gene
expression and secretion relative to macrophages that were stimulated with LPS but
not depleted of cholesterol cannot be confirmed nor denied, despite the IL-10/TNF-
a ratio increasing in all but one of the experiments comparing LPS and MCD+LPS
responses.

Drugs administered to the cells, such as MCD or echinomycin, are prepared

in a microfuge tube and mixed with 0.25% BSA/RPMI before its administration to the
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samples, as described in Chapter 2. However, the results for Figure 6 were
generated using cells that had been administered MCD directly to the wells. While
this method is not recommended for any drug addition to experimental wells, it was
done in this case to avoid any potential interaction of MCD with the microfuge tube,
if any, that might have been causing the inconsistencies in IL-10 and TNF-a outputs
in the presence of LPS and MCD as described above. The risks of this method
outweigh its benefits and are not recommended for laboratory use. MCD is a water-
soluble, acute chelator of cholesterol, and therefore the site of drug administration in
the well can become overwhelmed with the drug at concentrations greater than its
intended delivery (113 mM stock concentration in dH20). This can have cytotoxic
effects, and the risk of manual error is amplified as thorough pipetting is required to
evenly distribute MCD throughout the media in the plate wells. All other figures
present experiments whose results were obtained by pretreating THP-1
macrophages with MCD diluted in a microfuge tube before administration.

RT-gPCR results of Figure 6 show a 157.6-fold increase in TNF-a gene
expression (Figure 6A), and a 13.9 fold increase in IL-10 gene expression (Figure
6B) in THP-1 macrophages treated with LPS alone. Cells that were treated with 5
mM MCD before LPS stimulation showed a 66.4-fold increase in TNF-a and a 35.7-
fold increase in IL-10 gene expression. The resulting IL-10/TNF-a ratios for the RT-
gPCR values (Figure 6C) show a value of 0.09 to in LPS-treated macrophages, and
a value of 0.54 in macrophages treated with MCD + LPS.

ELISA data produced from the same experiment show the increase in both

TNF-a (Figure 6D) and IL-10 (Figure 6E) cytokine secretion in the MCD + LPS group
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relative to the LPS group. Cells treated with LPS alone secreted 7687 pg/mL TNF-a
and 11.4 pg/mL IL-10, whereas cells pretreated with MCD secreted 10132 pg/mL
TNF-a and 31.6 pg/mL IL-10 upon 3 hours of LPS stimulation. The IL-10/TNF-a
ratios for this assay (Figure 6F) also increase, with LPS-treated macrophages
displaying a ratio value of 0.0015. The ratio increases in macrophages with MCD +
LPS to a value of 0.0031.

A second experiment utilizing both 3 mM and 5 mM MCD prior to stimulation
with LPS +/- shows the increase in IL-10 cytokine secretion (Figure 7B) in THP-1
macrophages from 17.5 pg/mL in the LPS control (without MCD) to 28.6 pg/mL when
pretreated with 3 mM MCD and 30.9 pg/mL when pretreated with 5 mM MCD prior
to LPS stimulation. Furthermore, TNF-a secretion (Figure 7A) was observed to
decrease in the same samples, with 12571 pg TNF-a/mL secreted in LPS controls
(without MCD), and 5262 pg/mL with 3 mM MCD + LPS and 5630 pg/mL with 5 mM
MCD + LPS. The minimal difference between using 3 mM and 5 mM MCD is also
reflected in the IL-10/TNF-a ratios (Figure 7C): the ratio for the “3 mM MCD + LPS”
group is 0.00544, and for the “5 mM MCD + LPS” group, the ratio is 0.00549. The
ratio for the LPS+ control group is 0.00139.

In a third independent experiment, LPS stimulation of THP-1 macrophages
induced a 79.3 fold and 17.7 fold increase in TNF-a (Figure 8A) and IL-10 (Figure
8B) gene expression, respectively. Administration of 5 mM MCD decreased TNF-a
gene expression to increase by only 20.9 fold and IL-10 gene expression to increase
6.6 fold relative to BSA/RPMI controls. Nevertheless, the IL-10/TNF a ratio

increased, as evident in Figure 8C. The ratio was 0.22 in cells treated with LPS alone

39



and increased to 0.32 in cells treated with MCD + LPS. In this experiment, MCD was
prepared in a tube and added to the cells for 1 hour in 0.25% BSA/RPMI.

The above results provide evidence for the lack of a difference between
administering 3 mM or 5 mM MCD, as evident by the extremely similar IL-10/TNF-a
ratios in Figure 7C. Initially, 3 mM MCD was used to provide the cells with the lowest
concentration to provide a specific response but was later changed to 5 mM MCD
for increased presence of MCD inside the wells, as described in Chapter 3.4.

All the experiments described above show an increase in the IL-10/TNF-a
ratio in MCD + LPS groups relative to wells treated with LPS alone. Mathematically,
a ratio can increase if the value of the numerator is greater than the value of the
denominator. However, the ratio can also increase if there is an increase in the
numerator while there is no change in the value of the denominator between
comparison groups. Ratios can also increase if the decrease in the denominator is
lesser than the value of the increase in the numerator.

Likewise, a ratio can decrease if the decrease in the numerator is greater than
the denominator, or if the denominator increases relative to the numerator, or if the
denominator increases while the numerator remains constant. While the IL-10/TNF-
a ratio accounts for TLR4 variations between samples, thus controlling for the
discrepancies between each treatment group cytokine output, this ratio must be
considered alongside the individual cytokine values because of the various causes
that result in similar ratio outcomes, as described above.

In Figure 9, THP-1 macrophages were treated with 3 mM MCD and/or 5 nM

echinomycin before LPS stimulation. DMSO + LPS stimulation increased TNF-a
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secretion (Figure 9A) in THP-1 macrophages to 2551 pg/mL, whereas macrophages
pretreated with DMSO + 3 mM MCD + LPS secreted 730 pg/mL TNF-a. DMSO +
LPS stimulated macrophages also secreted 18.7 pg/mL IL-10 (Figure 9B), whereas
macrophages treated with DMSO + LPS + MCD secreted 4.5 pg/mL IL-10. Both IL-
10 and TNF-a decreased with DMSO + LPS + MCD treatment, and the resulting IL-
10/TNF-a ratio (Figure 9C) for macrophages treated with DMSO + LPS only was
0.007, and macrophages treated with DMSO + MCD + LPS had a IL-10/TNF-a ratio
of 0.006.

Because IL-10 did not increase while TNF- a decreased between LPS+
control and MCD+ LPS treatment groups, samples containing echinomycin are not

reported for this experiment.
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Figure 6. THP-1 macrophages pretreated with 5 mM MCD prior to LPS
treatment show an increase in the IL-10/TNF-a ratio.

THP-1 macrophages were treated with 5 mM MCD for one hour prior to inflammatory
stimulation with 100 ng/mL LPS for three hours.

MCD + LPS treatment in THP-1 macrophages induces an increased expression in
IL-10 (B) and decreased expression in TNF-a relative to the LPS group (A), whereas
both cytokines are shown to have increased secretion after MCD + LPS stimulation
(D, E). Both RT-gPCR (C) and ELISA assays (F) show the increase in IL-10/TNF-a
ratios.

Media was diluted 1:50 for the TNF-a ELISA assay, and not diluted for the IL-10
ELISA assay.

RT-gPCR values were assessed relative to the BSA/RPMI negative control to
determine fold change and normalized to the housekeeping gene HPRT1. n=1.

42



14000 1

12000 -

N
o

10000 -

£ 20 A

g g

] o
Y 6000 = 15 A

£ 5
= 4000 10
2000 5
0 - 0 -

BSA/RPMI LPS 3mMMCD+  5mMMCD + BSA/RPMI LPS 3mM MCD +LPS 5mM MCD +LPS
LPS LPS
0.006 - c

0.005 A

0.004 A

IL-10/TNF-a
o
o
8

0.002 A

0.001 A

LPS 3mMMCD+ 5mMMCD +
LPS LPS

Figure 7. Cholesterol-depleted THP-1 macrophages secrete more IL-10 and
less TNF-a upon LPS stimulation relative to the LPS control group.

THP-1 macrophages were treated with 3 or 5 mM MCD for one hour prior to
inflammatory stimulation with 100 ng/mL LPS for three hours.

Priming the THP-1 epigenome by pretreating the cells with 3 mM or 5 mM MCD for
1 hour prior to LPS stimulation induces ~1.5-fold increase in IL-10 secretion (B) and
a near twofold decrease in TNF-a secretion relative to LPS+ controls (A). Using 3 or
5 mM MCD did not vary the outcome of neither IL-10 nor TNF-a secretion by large
quantities. This is also reflected in the very similar cytokine secretion ratios (C).
Media was diluted at 1:100 for the TNF-a ELISA assay and was not diluted for the
IL-10 ELISA assay. n=1.
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Figure 8. THP-1 macrophages stimulated with LPS decrease IL-10 and TNF-a
expression. The increase in the IL-10/TNF-a cytokine ratio is maintained
between LPS+ and MCD + LPS treated groups.

Macrophages treated with MCD + LPS express lower cytokine concentrations for
both IL-10 and TNF-a. LPS treatment caused 79.3-fold increase, and MCD + LPS
treatment resulted in 20.9-fold increase in TNF-a gene expression (A).

Despite the same protocol as previous figures, IL-10 expression does not increase
in MCD + LPS groups (B). MCD + LPS treatment caused a 6.6-fold increase in IL-
10 gene expression and a 17.7-fold increase in cells stimulated with LPS alone.
The IL-10/TNF-a ratio increased to 0.32 in cells treated with MCD + LPS from 0.22
in cells treated with LPS alone (C).

RT-gPCR was performed to measure the fold change differences between
treatments relative to BSA/RPMI negative controls. All samples were normalized to
the HPRT1 housekeeping gene. n=1.
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Figure 9. MCD pretreatment in THP-1 macrophages decreases both IL-10 and
TNF-a secretion.

Fully differentiated THP-1 macrophages were treated with 3 mM MCD and/or 5 nM
echinomycin for 1 hour. The macrophages were then stimulated with 100 ng/mL LPS
for 3 hours.

3 mM MCD + LPS decreased both IL-10 and TNF-a secretion relative to LPS
treatment alone: IL-10 secretion decreased from 18.7 pg/mL in LPS+ controls to 4.5
pg/mL in cells treated with MCD + LPS (B), whereas TNF-a secretion (A) decreased
from 2551 pg/mL to 730 pg/mL in the same groups, respectively. This resulted in a
decrease in the IL-10/TNF-a ratios between the LPS+ and the MCD + LPS groups
(C).

Because objective 1 of the proposed model was not met, there was no scientific
basis for evaluating objective 2, the response of cells to LPS in the presence of MCD
+ Echinomycin.

The IL-10 and TNF-a secretion analysis was performed using ELISA. Cell
experimental media was diluted at 1:50 for the TNF-a assay, whereas the media was
not diluted for the IL-10 assay. DMSO negative control v/v equal to 5 nM
echinomycin. n=1.
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3.3 Echinomycin induces inconclusive effects on THP-1 macrophages
treated with MCD and LPS.

Echinomycin was administered numerous times at various concentrations to
the THP-1 macrophages throughout this project, however, this thesis presents only
figure, utilizing 5 nM echinomycin to counteract the effects of MCD, for this section.
Echinomycin treatments were analyzed only on the conditions that IL-10 gene
expression/secretion increases and TNF-a gene expression/secretion decreases in
macrophages treated with MCD and LPS relative to the LPS negative control group,
in addition to meeting the experimental validity criteria as defined in Chapter 2.6.

THP-1 macrophages were treated with 3 mM MCD and/or 5 nM echinomycin
and stimulated with LPS. Figure 10B shows the increase in IL-10 secretion to 16.7
pg/mL in THP-1 macrophages challenged with LPS + DMSO. This secretion of IL-
10 was further enhanced to 25.3 pg/mL in cells that were pretreated with DMSO and
3 mM MCD before LPS stimulation. Conversely, 1911.4 pg/mL TNF-a was secreted
in THP-1 macrophages stimulated with LPS + DMSO (Figure 10A). TNF-a secretion
was then reduced to 805.1 pg/mL in macrophages pretreated with DMSO and MCD
before LPS administration. All control groups lacking echinomycin were treated with
DMSO (v/v equal to 5 nM echinomycin diluted from a stock solution of 1 mM in
DMSO).

Coincubation of 5 nM echinomycin with 3 mM MCD minimally affected TNF-
a secretion upon LPS treatment. Figure 10A shows the secretion of TNF-a in this

condition, 580.7 pg/mL. This provides evidence for 5 nM echinomycin being a
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concentration too low to induce a change in TNF-a expression when preincubated
with 3 mM MCD.

Conversely, IL-10 secretion was significantly decreased to 10.5 pg/mL in the
MCD + echinomycin + LPS group compared to a concentration of 25.3 pg/mL in the
MCD + LPS + DMSO control group. This result shows support for 5 nM echinomycin
reducing the effect of MCD on IL-10 expression, though the concentration of
echinomycin may be too high due to IL-10 secretion values being lower than the
basal level of 16.7 pg/mL in the DMSO + LPS group.

Figure 10C shows the increase in the IL-10/TNF-a ratio upon MCD
pretreatment: The IL-10/TNF-a ratio was calculated as 0.009 in cells treated with
LPS and DMSO, and 0.0314 in cells treated with DMSO, MCD and LPS. As
illustrated in Figure 10C, 5 nM echinomycin co-incubated with MCD decreased the
IL-10/TNF-a ratio by 1.7-fold relative to cells pretreated with only MCD and DMSO
prior to LPS stimulation. However, this ratio conceals the increase of the numerical
value of the ratio being attributed to the larger change in IL-10 secretion and the
smaller change in TNF-a secretion.

While each cytokine is analyzed individually among treatment conditions, it is
crucial to note that IL-10 and TNF-a cannot be interpreted separately as that would
introduce bias in data analysis; the response of TLR4-mediated inflammation upon
acute cholesterol depletion is only correctly represented through the simultaneous
interpretation of both IL-10 and TNF-a.

This section concludes that further testing with echinomycin is required,

including assays validating the echinomycin drug itself.
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Figure 10. 5 nM Echinomycin reduces the effect of MCD on IL-10 but not TNF-
o secretion in LPS-stimulated THP-1 macrophages.

THP-1 macrophages were pretreated with 3 mM MCD and/or 5 nM echinomycin for
1 hour before a 3-hour inflammatory stimulation with 100 ng/mL LPS.

MCD + LPS treatment increased IL-10 secretion relative to LPS treatment alone (B),
whereas TNF-a decreased in the same group relative to its negative control (A).
Echinomycin + MCD + LPS treatment decreased IL-10 but did not affect TNF-a
secretions relative to the MCD + LPS group. As a result, the IL-10/TNF-a ratio (C)
shows the decline in the echinomycin + MCD + LPS group relative to the MCD +
LPS group. The effect of 5 nM echinomycin on MCD + LPS-induced cytokine
secretion is determined to be inconclusive given the inconsistent effects of
echinomycin on IL-10 and TNF-a outputs.

DMSO addition v/v equal to 5 nM echinomycin. Cell culture was diluted at 1:50 for
the TNF-a assay but was not diluted for the IL-10 assay. n=1.
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3.4 Improving experimental quality

The above series of experiments resulted in widely differing results despite
the same inputs. Cells are simple yet complex machinery and any observations in
their varying outputs must be due to differences unaccounted for prior/during
experimentation or during the ELISA or RT-gPCR sample preparation process.

Throughout experimentation, especially in the last few months of this project,
significant adjustments were made to the experimental layouts and executions:

First, THP-1 monocytes were shifted from being differentiated in 12-well
plates to 6-well plates to allow for more RNA yield, because the differences in
downstream results may have been due to low RNA vyield harvested before sample
processing. The RNA harvested from 12-well plates was low vyield after
experimentation (Table 2), therefore experimental setup was changed to utilizing 6-
well plates for experiments in THP-1 macrophages in the later months of this project.
This increase in plate size increased the cell number per well capacity and resulted
in more RNA harvested from more cells during TRIzol RNA extraction. Table 2 shows
the increase in the RNA in the 6-well plate samples than the 12-well plate samples
considering the same treatments of 3 mM MCD for 1 hour and 100 ng/mL LPS for 3
hours, despite different amounts of TRIzol used per well per sample.

Second, the macrophage MCD treatment changed from 3 mM to 5 mM MCD.
As noted in Figure 7, there was no significant difference between using 3 mM MCD
and 5 mM MCD. Therefore, earlier experiments were performed using 3 mM MCD

to obtain a cellular response using the lowest amount of drug. However, the MCD
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concentration used in later experiments was changed to 5 mM MCD for increased
presence of MCD within the media.

Third, the source of LPS added to wells was changed. Because JMJD3 gene
expression increased upon MCD pretreatment, the discrepancy of cytokine
responses was narrowed to the production of the individual cytokine and not the
upstream regulatory processes. LPS is stored in 0.1 mg/mL aliquots, with a stock
concentration of 1 mg/mL. We hypothesized that diluting LPS from a higher stock
might induce a different response because drugs stored at higher concentrations do
not degrade as easily as their lower concentration aliquots. However, results
obtained from macrophages that were stimulated with 100 ng/mL LPS from 1 mg/mL
are not reported in this results section because the resulting C; values were not in
range, therefore were deemed experimentally invalid.

Primary human macrophages were used once in this project, which were
obtained during the summer of 2020 by my blood donation. However, the resulting
RNA harvested from these primary cells was impure and not suitable for downstream
RNA-based applications. Therefore, only results obtained from THP-1 macrophage

experimentation are presented in this thesis.
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6-well plate (1,000,000 cells/well) 12-well plate (400,000 cells/well)
Nucleic Nucleic
Sample Name Acid(ng/uL) A260/A280 | A260/A230 Acid(ng/uL) A260/A280| A260/A230
DMSO 303.97 2.07 212 73.93 1.99 2.04
DMSO + LPS 215.80 2.06 2.08 75.02 1.98 1.98
DMSO + MCD
+ LPS 159.85 2.05 2.02 52.24 1.88 1.54
5nM
Echinomycin + 292.81 2.08 210 49.28 1.59 0.41
LPS
5nM
Echinomycin + 142.83 2.07 2.01 45.96 1.80 0.67
MCD + LPS

Table 2. Increasing well size from 12- to 6-well plates allows for more RNA
yield.

THP-1 macrophages were treated with 5 nM echinomycin and/or 3 mM MCD for 1
hour and stimulated with 100 ng/mL LPS for 3 hours. The cell lysate was collected
with TRIzol.

Compiled from two independent experiments as representative results for samples
originating 6- and 12-well plates, low RNA yield was detected by the ThermoFisher
nanodrop machine from samples originating from 12-well plates. Such
representative results incentivized the transition from 12-well plates to 6-well plates.
The 6- and 12-well plates originate from different THP-1 macrophages at different
timepoints. n=1 for each experiment.
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3.5 Summary of Results

In this chapter, evidence for cholesterol depletion in THP-1 macrophages
using 3 or 5 mM MCD increasing JMJD3 gene expression is shown. However, 10
nM echinomycin inhibiting the effect of MCD on JMJD3 gene expression was not
observed, as per Figure 5.

While LPS was able to increase the gene expression of both IL-10 and TNF-
a in THP-1 macrophages, the administration of LPS after MCD pretreatment did not
produce a consistent outcome. In the experiment with increasing IL-10 and
decreasing TNF-a outputs in response to LPS + MCD, 5§ nM echinomycin also
displayed inconclusive results on the resulting IL-10 and TNF-a secretion. This study
concludes that the effect of MCD on human macrophage inflammatory output is
inconclusive, and more testing with new THP-1 cells is required.

As discussed in Chapter 4, the reason for these discrepancies may be
attributed to the following factors:

- Differences in RT-qPCR and ELISA setup.

- Gene expression and secretion may not be linearly correlated, and
upstream regulators (such as JMJD3) may not be altered by the same
factors in the same levels of intensity.

- The THP-1 monocytes cells are too old, with some cultures originating

from vials stored in the liquid nitrogen tank as early as 2005.

52



CHAPTER FOUR: Discussion

This study contributed to the understanding of the characterization of the
molecular elements that gave rise to the changes in the cytokine expression in LPS
MCD macrophages. The goal of this study was to use a small amount of MCD to
increase JMJD3 gene expression and to demonstrate the change in IL-10 and TNF-
a gene expression/secretion, without affecting the regular functions of the cells.
Echinomycin was required to remove only the effect of MCD on JMJD3, IL-10 and
TNF-a outputs and restore basal level of gene expression.

The results of this thesis show that while MCD increases JMJD3 gene
expression in THP-1 macrophages, the response of LPS-stimulated macrophages
pretreated with MCD and/or echinomycin is inconsistent, and that further

investigation is required.

4.1 Rationalizing the experimental validity parameters

As described in Chapter 2.6, all results presented in Chapter 3 of this thesis
were assessed with RT-gPCR and ELISA under the following circumstances for
experimental validity:

RNA nanodrop values for A260/280 and A260/230 must not be lower than
1.8. This parameter is important because common contaminants like phenol (present
in TRIzol) or proteins can skew the absorbance values as they also absorb at similar
wavelengths, thus resulting in an incorrect RNA concentration reading®®. As such,

inaccurate RNA readings can lead to incorrect cDNA conversion calculations due to
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over- or underestimating the actual amount of RNA present. Because each RNA
nanodrop reading is unique to its own sample, this results in not only the incorrect
amount of cDNA loading onto the qPCR plate, but also can cause differences in the
concentration of cDNA loaded for RT-qPCR. Given that all primers and SYBR are
added more than what is required of the reaction, the sample cDNA remains the
limiting reagent in an RT-gPCR plate. An excess of cDNA causes more copies that
are amplified, resulting in lower C; values, whereas the inverse is true for less cDNA
added. Therefore, it is paramount to add the same amount of cDNA across samples,
ideally for all assays performed, which cannot be possible if the initial RNA reading
does not meet the quality parameters defined earlier.

The reason for progressing with processing samples despite their poor RNA
absorbance values that did not meet the criteria was because the shared
ThermoFisher nanodrop machine provided corrections of the sample RNA
concentration if the purity was low and listed the contaminant causing low purity. In
retrospect, the samples should have been discarded immediately despite corrections
from the machine and the experiment should have been replicated.

RT-gPCR Ct values must remain within 20-30 amplification cycles (number
inclusive). This parameter is important because determining a fold change in the
gene expressions between treatment and control samples assumes a linear
relationship, which is only achieved if the raw C; values lie within the exponential
portion of the gPCR amplification curve. The lower limit for acceptable C; values was
set to 20 cycles because the RT-qPCR machine determines baseline fluorescence

in real time at roughly 15 cycles’®, and the upper limit for acceptable C: values was
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set to 30 cycles because amplification of over 30 cycles indicates the presence of
very little cDNA at the start of the assay, where background noise may be
misinterpreted as legitimate reads. The C; value is defined as the number of cycles
a sample undergoes to produce copies of the target gene to above the minimum
threshold, termed the horizon. The horizon is automatically determined by the RT-
gPCR machine for every run.

ELISA values must remain within the cytokine curve of the kit standard
solutions. This parameter is important because the ELISA assay kit can only
accurately measure absorbance values that lie within the given range of the
manufacturer’s standard solutions. Any value that is an outlier to these standard
values must be extrapolated to fit onto the standard curve. This can result in
potentially significant errors in cytokine secretion calculations as noise may be
amplified and interpreted as a false-positive cytokine presence in media. The
presence of media dilutions can especially exacerbate this phenomenon.

While both RT-qPCR and ELISA are very sensitive tools to determine gene
expression and secretion respectively, RT-qPCR is especially sensitive due to the
many custom steps introduced throughout this project; Custom primers, cDNA
dilution, and thermal profiles were used for RT-qPCR and hence, the use of many
modifications may have introduced inconsistencies to the results, despite the
customizability of the assay is one of the benefits of using RT-qPCR to determine
changes in gene expression. Contrarily, ELISA was performed throughout this
project with fewer custom settings; the ELISA assay protocol did not have any

modifications to the manufacturer’s standard operating procedures.
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4.2 Epigenetic changes of acute cholesterol depletion in macrophages

PMA induces THP-1 monocyte to macrophage differentiation through PKC
activation, arresting the cells in the G1 cell cycle’. Several molecular changes are
induced during PMA-mediated THP-1 monocyte differentiation. Functioning as a
coreceptor for TLR4%%72 CD14 is increased on the cell surface in THP-1
macrophages when compared to THP-1 monocytes’, allowing for a stronger LPS
response in differentiated macrophages. Phagocytic capacity also increases relative
to THP-1 monocytes due to the increase in CD11b"*". PMA induction in THP-1
macrophages also causes the increase in granularity, namely by increasing the
number of mitochondria and lysosomes, and increasing cytoplasmic volume’,
However, changes between THP-1 monocytes and PMA-induced macrophages do
not match the level of changes observed in primary monocyte-derived macrophages.
Therefore, THP-1 macrophages are not an exact replacement for monocyte-derived
macrophages, which was already discussed in Chapter 1. Despite this, the changes
are examples of some of the markers that allow THP-1 macrophages to mimic
primary monocyte-derived macrophages and highlight the differences between
PMA-induced cell differentiation. A limitation of this project was the lack of the
characterization of the change in the molecular markers present in THP-1
macrophages after stimulus with 75 nM PMA for 48 hours in complete DMEM.
Experiments described in this thesis utilized only the physical markers of THP-1
monocyte to macrophage differentiation that were clearly observable through light
microscopy: flatter and larger shape of the cells with increased granularity compared

to THP-1 monocytes, and adherence to the plate surface.
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MCD is a seven-ring glucose molecule that solubilizes cholesterol to the
media by entrapping cholesterol within its ring structure’’”. MCD replaces statins as
the method of cholesterol depletion due to its acute effect on cellular cholesterol
concentrations; increased incubation times may have uncharacterized negative
effects on the cells, especially in the presence of inhibitors. MCD increases JMJD3
gene expression by increasing the gene expression of HIF-1a, which allows for the
increased binding of HIF-1a to the JMJD3 HRE promoter, thus causing the
subsequent increase of JMJD3 gene expression’. While the 10 nM echinomycin
data did not significantly alter JMJD3 expression in MCD-treated THP-1
macrophages in Figure 5B, this may be because the expression of /IMJD3 in THP-1
macrophages treated with MCD only may have been too low; Figure 5A shows an
increase of 5.7-fold in JMJD3 expression upon MCD treatment. Because the
assessment of JMJD3 gene expression was not the core focus of this project, not
many repetitions of experiments were conducted to produce numerous valid
experiments.

The concentration of 5 nM echinomycin being proposed to inhibit the effect of
MCD on JMJD3 expression originates from a titration of 1-100 nM echinomycin. In
this titration that was performed at an earlier time than most of the figures presented
in the results section, 10 nM echinomycin reduced the effect of 3 mM MCD during 1-
hour co-incubation to near basal levels of JIMUD3 expression. However, this titration
was retroactively omitted from the data due to poor RNA quality, deeming it invalid
as per Chapter 2.6. Figure 10 presents the only valid experiment from assays using

echinomycin, which renders inconclusive results, highlighting the need for further
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experimental analysis. However, future experiments must also consider that the
change in IL-10 and/or TNF-a outputs may not be induced by similar concentrations
of echinomycin used for JMJD3. Therefore, the inclusion of another titration with
multiple repetitions demonstrating the change in cytokine and epigenetic characters
exposed to echinomycin with/without MCD that yields experimentally valid readings

is ideal.

4.3 Macrophagic responses to LPS stimulation

LPS is recognized by macrophages through the TLR4 complex on the plasma
membrane’*-#". This complex then triggers the formation of the NF-kB transcription
factor complex and the release of inflammatory cytokines such as TNF-a, which is
secreted more rapidly than IL-10%°%2, The secretion of both IL-10 and TNF-a is
mediated by TLR4, which was confirmed in the THP-1 macrophages given the
consistent, significant increase of both IL-10 and TNF-a outputs in LPS treated
groups relative to BSA/RPMI controls.

Cholesterol depletion was hypothesized to increase the expression of IMUD3
and JARID1 in a HIF-1a dependent manner. JARID1 was later omitted from
quantification because the JARID1 mRNA fold change was not as clear as JMJD3;
the focus was shifted to JMJD3 to confirm the effect of MCD on THP-1 macrophages.

Acute cholesterol depletion with 3 and/or 5 mM MCD resulted in varying
responses in THP-1 cells, which was the major limitation of this study. To address

this discrepancy, the following adjustments were made to the experimental layout:
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THP-1 monocyte cultures were started from various vials taken from liquid
nitrogen tanks belonging to Dr. Xiaohui Zha and Dr. Alexander Sorisky. However,
THP-1 macrophages were generated from monocytes obtained from Dr. Xiaohui
Zha's liquid nitrogen tanks due to their better survivability and general health.
Healthy monocytes from healthy cultures were cryopreserved for future use,
however, all cells originate from older cryopreserved THP-1 monocytes, some of
which were dated as old as 2005. Ordering new THP-1 monocytes from ATCC
presented a challenge as shipments were heavily delayed due to COVID-19 and
was never a possibility.

Various MCD concentrations were tested in MCD + LPS macrophages.
Initially, both 3 and 5 mM MCD were tested together, as presented in Figure 7.
Because the results in Figure 7 show no difference between 3 and 5 mM MCD, 3
mM was the concentration chosen to elucidate a response using the lowest dose of
the drug. However, Figure 7 includes only one replicate and the concentration of
MCD was later increased back to 5 mM to test if the IL-10/TNF-a response would
change, or at least induce consistent results, in MCD + LPS groups to address the
discrepancies in cytokine expression and secretion patterns between experiments.

A range of cDNA and media dilutions were tested for RT-gPCR and ELISA.
The concentration of cDNA that was diluted for RT-gPCR was determined
empirically: manual dilutions of cDNA were performed based on the outcomes of
previous assays. As discussed in detail previously, cDNA samples were diluted to

adjust the resulting Ct values within 20-30 amplification cycles. Thus, the relationship
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between the control and treatment C; values could reliably be plotted on a linear
scale as fold change is determined by 2”-(treatment-control sample).

Different media dilutions were used in the ELISA assay to remain within the
kit sensitivity range, and the resulting cytokine readings were multiplied by the
dilution factor to calculate the correct cytokine secretion of MCD +/- LPS +/- induced
macrophages. As discussed above, the dilution of media allows the value of cytokine
concentration to remain within the assay sensitivity range and therefore be plotted
directly onto the standard curve instead of extrapolating their values from the
generated standard curve.

Plate size for experiments was changed from 12 to 6-well plates for
differentiated THP-1 macrophages. This is a significant troubleshooting step
because the cDNA obtained from RNA harvested from 12-well plates would not be
enough to correspond to 1 ug/sample, therefore cDNA volume would have to be
increased to generate 1 ug cDNA, which would be diluted accordingly during gPCR.
However, this relationship to mathematically adjust volume to expected cDNA
concentration may have not been linear as the spread of cDNA within the sample
may not always be homogenous despite extensive pipetting. Increasing the well size
simply increased the RNA yield and allowed for increased quantities of cDNA to be
generated without any additional calculations. This way, the possibility that these
calculations affected the true IL-10 and TNF-a expression during LPS + MCD would
have been mitigated by just increasing the yield of products. Future experiments

could potentially include overseeding the THP-1 monocytes in 12 well plates during
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the PMA differentiation process to improve RNA vyield and quality, in addition to
changing plate types.

While each of these optimizations improved the quality of the experimental
results, no optimization effort was able to deliver consistent data with each
experimentally valid result set. Therefore, it is hypothesized that the origin of these
inconsistencies may not be entirely due to manual error before, during or after each
experiment. Therefore, future experiments exploring this subject must include:

e Investigating other HIF-1a dependent effectors of H3K27me3 and H3K4me3
to compare the related expression related to JMJD3. Potential candidates of
such effectors could be UTX or KDM2, which target H3K27me3 and
H3K4me3, respectively®3-85. Other HIF-1a targets, such as iNOS, could also
be utilized as controls of HIF-1a dependency.

e Characterizing other cytokines with similar roles to IL-10 and TNF-a and
comparing their behavioral outcomes. Potentially, IL-18 and IL-4 could also
be characterized alongside the current cytokines, as discussed further in
detail below.

e Increasing the number of housekeeping genes used during RT-qPCR to
three, as opposed to having used only one housekeeping gene during this
project. The experimental samples could be normalized to the geometric
mean of the three controls, resulting in a more robust measurement of gene

expression.
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e Comparing the results of this project to ATAC-seq and CHIP-seq data of THP-
1 macrophages that were exposed to the same treatments as described in
Chapter Two: Materials and Methods.

e Testing the above experimental protocols in THP-1 macrophages derived
from monocytes newly delivered from the ATCC. Other cell lines and primary
macrophages could also be tested to determine the response to cholesterol

depletion across different types of multiple human macrophages.

4.4 The effect of echinomycin on LPS-challenged THP-1 macrophages
pretreated with MCD.

Echinomycin is a small molecule HIF-1a inhibitor that prevents the mature
HIF-1a protein from binding to HRE in the target gene promoters®. Given that MCD
increased JMJD3 expression in THP-1 macrophages as shown above, and that
JMJD3 requires HIF-1a to induce its transcription*, it was hypothesized that
echinomycin would be able to reduce the effect of MCD on JMJD3 expression.

Echinomycin pretreatment displayed inconclusive effects on cytokine output
in MCD-treated cells by inducing different changes in IL-10 and TNF-a within the
same experiment. This may have been due to uncharacterized changes in the cells
or experimental conditions, reagents and/or laboratory experimental operating
procedures. Describing the effect of echinomycin on THP-1 macrophages in this
project is not possible because only one experiment using echinomycin, MCD and
LPS was deemed experimentally valid. Without proper statistical analyses, such as

ANOVA, t-test or even standard deviation calculations, and enough valid replicates,
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the effect of echinomycin on IL-10 and TNF-a expression and secretion in LPS-
stimulated THP-1 macrophages pretreated with MCD remains to be further
investigated.

Two checkpoints were assessed during inhibitor studies:

1. LPS + MCD must increase IL-10 and decrease TNF-a
expression/secretion relative to LPS controls. This is what was
presented in our proposed model (Figure 3) and is what is described
in the literature of cholesterol-depleted macrophages.

2. If the first objective is met, echinomycin can be administered/samples
can be analyzed.

To further investigate the role of echinomycin on cytokine secretion, higher
concentrations of echinomycin were tested but were not quantified or presented in
this thesis due to experimental invalidity, mainly due to poor RNA quality, or because

the first objective was not met.

4.5 Limitations of this project

The first step in this study should have been to confirm the effect of MCD by
conducting a lipid assay, as initially proposed at the beginning of this project.
Because MCD traps cholesterol within its cyclic structure and removes it to the
media, MCD treatments could have been validated by comparing cellular cholesterol
content before and after MCD use: cellular cholesterol should be lower after

successful MCD treatments.
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This study assumes consistent cytokine expression throughout pro- and anti-
inflammatory cytokines; with IL-10 being representative of immune-modulating
genes and TNF-a being representative of pro-inflammatory genes, the degree of
which cholesterol affects various pro- and anti-inflammatory genes is not accounted
for. The cytokine output is taken as a ratio to normalize for TLR4, but there is no
normalization for the degree of influence of cholesterol chelation on these genes
given that IL-10 expression and secretion peaks hours after TNF-q3886.

This project only uses JMJD3 as the marker for marked changes in the
epigenetic landscape. Other H3K27me3 targeting enzymes, such as EZH2, or other
representatives for proinflammatory and anti-inflammatory genes should have been
utilized, such as IL-1 and IL-6 to be used alongside TNF-a to assess the M1 state
in THP-1 macrophages, or IL-4 to support the findings of IL-10 expression and
secretion as a marker for the M2 phenotype. The importance of using additional
markers of inflammation is exacerbated when JMJD3 was found to influence the
expression of 70% of LPS target genes, yet none of these genes were observed to
be completely reliant on JMJD3 activity alone*. While included in the originally
proposed model, studies of JARID1 expression were discontinued due to the
minimal fold change induced by MCD; characterizing JMJD3 expression with and
without MCD first would have given more insight because the fold change in IMJD3
is starker relative to the changes in JARID1, and existing results quantifying JARID1
expression were omitted from this thesis due to their experimental invalidity as

described in Chapter 2.6.
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Technical limitations of this project include the lack of utilizing HIF-1a target
genes in addition to JIMJD3, such as iNOS, during studies utilizing echinomycin to
test inhibitor validity. The resulting RT-qPCR values from all experiments could have
been normalized to not just one, but to the mean of three housekeeping genes. In
addition to HPRT1, ACTB (beta-actin) and RPL37A (ribosomal protein 37A) are the
most stable housekeeping genes for THP-1 cells®’, and therefore could have been
used as potential housekeeping genes to utilize to determine the expression of target
genes. The RT-gPCR thermal profile was not optimized for each individual primer,
as melt curves were used to determine primer performance. Moreover, no standard
curve was performed for cDNA dilutions, which would have been a more efficient
solution to cDNA dilution factors than empirical dilutions. Future experiments may
also include the addition of a control group with MCD alone, and a separate control
group for each DMSO concentration instead of incorporating only one DMSO loading
control with the highest concentration of echinomycin.

The most significant limitation of this study was the COVID-19 pandemic,
where students and staff were under quarantine between March and July 2020 and
operated with restrictions while in the laboratory throughout the pandemic. This
thesis is short three months of benchside experimentation and learning, which could
have otherwise changed the outcome of this project significantly.

Given the COVID-19 pandemic, access to primary human macrophages was
also limited. Therefore, studies were conducted in THP-1 macrophages only. As
discussed in earlier passages, while THP-1 cells are an established cell line that

closely resembles human macrophages in vitro, they are immortalized from the
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blood of an infant boy with acute monocytic leukemia®*. The cancerous nature of
these cells may have uncharacterized changes at the epigenetic, transcriptional, and
translational levels when compared to primary monocyte-derived macrophages from

healthy donors.

4.6 Future directions of atherosclerosis disease management

Without intervention, the current projections of the costs of cardiovascular
disease are expected to rise to $1.1 trillion annually by 2035 for the U.S.A. alone®.
Atherosclerosis is a polygenic disorder that can be caused by a poor diet and lifestyle
in addition to genetic predispositions. The promotion of a healthy lifestyle with plenty
of exercise, a good diet and low stress is paramount for the prevention of
atherosclerosis, as well as many other illnesses. However, this lifestyle is often
idealized and realistically unattainable due to wide disparities in the accessibility to
proper nutrition, healthcare, and safe living conditions. This inaccessibility may be
exacerbated by low wages and living in a consumption-oriented, capitalist
society®*®°, where McDonald’s is the American dream®. As such, the causes of
atherosclerosis are multidisciplinary (Figure 11), therefore the research of its
mechanisms and treatments must include an equally broad scope of disease
management approaches, from assessing the accessibility of nutritious foods to low
and middle-income communities, the growing stress burden of emergencies such as
the COVID-19 pandemic and rapid climate change.

Despite the use of statins as the primary alternatives for the treatment of

atherosclerosis, atherosclerosis can remain a chronic, benign disease until plaque
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rupture®. In addition to the use of statins to upregulate hepatic LDLR (in addition to
their primary function as HMGCR inhibitors)’, PCSK9 inhibitors such as alirocumab
were described to retain hepatic LDLR presence and lower blood cholesterol more
effectively than statins, and improve plaque stability by promoting the thickening of
the plaque fibrous cap®. Moreover, anti-inflammatory drugs such as canakinumab®
(an IL-1B targeting monoclonal antibody) were shown to prevent future
cardiovascular disorders in at-risk patients, showing the potential of treating
atherosclerosis through immunological mechanisms independent of lipid biology.

Repurposing prescription drugs for atherosclerosis treatment has been
described in the literature. Metformin, a histone deacetylase (HDAC) activator®, is
an already widely used prescription drug for the primary and secondary treatments
of diabetes®, and studies examining the extended applications of metformin as an
anti-ageing® or anti-cancer®® tool are present in the literature. One study® showed
that metformin was able to reverse conditions associated with atherosclerosis in
ApoE-deficient mice after 12 weeks of metformin treatment, such as reversing the
increase in LDL, triglyceride, total cholesterol and decrease in HDL that was initially
caused by a high-fat diet.

The next step of atherosclerosis therapy includes increased personalized and
precision medicine. The development of personalized medicine approaches to
atherosclerosis therapy includes a potential application of this project: assessing the
epigenetic landscape of at-risk individuals by using the molecular and epigenetic
markers described in Figure 3. Current treatment options for atherosclerosis through

epigenetic mechanisms include the targeting of histone modifications*”%. Mainly,
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histone methylation and acetylation are described as targets for atherosclerosis
therapy. For example, the deficiency of the histone deacetylase Hdac9 was shown
to give rise to increased cholesterol efflux and immune-modulating, M2-like
phenotypes in mouse bone marrow cells'®. Additionally, H3K27me3 was found to
be globally decreased in atherosclerotic plaques*’, though there was no change
observed in JMJD3 or EZH2 in the arterial tissue of patients with atherosclerosis
when compared to healthy volunteers.

To specifically pertain to this project, the role of other H3K27me3 effectors
besides JMJD3 could be investigated to study their interactions with JMJD3 and
H3K27me3 in the regulation of inflammatory genes under the influence of changing
cellular cholesterol concentrations in THP-1 macrophages. For example, the
H3K27me3 methyltransferase and catalytic member of PRC2, EZH2, is associated
with the transcription of pro-inflammatory genes and regulates ABCAf1
expression''%?and deletion of Ezh2 was correlated with the progression of
atherosclerosis in mice'?. Therefore, EZH2 expression under MCD and/or
echinomycin treatment could have been characterized in THP-1 macrophages
specifically in this project.

To complement the development of personalized medicine through the
characterization of potential molecular targets, increasing access, and frequency if
needed, to genetic testing and counselling is also paramount to effectively establish
the knowledge gained from the bench to the bedside, thus improving health equity

and the fair management of medical resources.
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In conclusion, in addition to the promotion of a healthy diet and lifestyle and
increasing access to healthcare through macro- and microsocial mechanisms,
understanding the inflammatory background of atherosclerosis is essential to
developing precise and personalized therapies. Therefore, characterizing the
molecular and epigenetic mechanisms linking macrophage inflammation and
cholesterol in atherosclerotic development is a promising candidate for the

development of novel biomarkers.
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Figure 11. Atherosclerosis: a multifactorial disease.

In this project, we discuss and investigate the influence of cholesterol on
macrophage inflammatory behavior, and state that this influence is mediated by
epigenetic regulators. However, social, genetic, and epigenetic factors all contribute
to the development of atherosclerosis. It is important to note that macro- and micro-
social categories refer to the level of challenges presented: food is categorized as a
microsocial category due to eating habits, however it can also be categorized as a
macrosocial category when referring to food disparity and culinary culture.

Image created with BioRender.com.
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CHAPTER FIVE: Conclusion

This work is important to understand the responses of human macrophages
to inflammatory stimuli in vitro in the presence of low cellular cholesterol and to
characterize the changes in the epigenetic intermediary players between cholesterol
input and cytokine output upon inflammatory stimulation. Lipid-loaded macrophages
contribute heavily to pro-inflammatory, pro-atherosclerotic regions, and addressing
the epigenetic mediators of inflammation induced by changes in cellular cholesterol
can further the understanding of atherosclerosis.

Herein, the gene expression of the H3K27me3 demethylase JMJD3 is
reported to increase in THP-1 macrophages upon 1 hour of MCD pretreatment.
However, the resulting IL-10 and TNF-a responses in MCD-pretreated macrophages
upon 3 hours of LPS stimulation has been inconsistent throughout this project. In an
experiment where MCD + LPS treatment increased IL-10 and decreased TNF-a
output relative to LPS treatment alone, echinomycin cotreatment with MCD also
resulted in inconsistent cytokine outputs. Therefore, more evidence linking
cholesterol and macrophage behavior through epigenetic mechanisms is required.

In summary, the findings of this study are inconclusive and further testing
exploring the THP-1 macrophage epigenetic priming and subsequent immune

response to changing cellular cholesterol concentrations are required.
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