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LAY ABSTRACT

Obesity overwhelms fat storage sites and causes inflammation, which can
contribute to metabolic disease. An important part of this inflammation is the NOD-like
receptor family pyrin domain-containing 3 (NLRP3) inflammasome. This sensor of
stress detects danger signals and produces molecules involved in inflammation.
However, overactivation of NLRP3 can cause inflammatory diseases. Blocking another
protein, Bruton’s tyrosine kinase (BTK), can limit the activation of NLRP3
inflammasome. Our findings show that blocking BTK using drug inhibitors lowers
inflammation caused by the NLRP3 inflammasome. Interestingly, we found that these
drugs can lower inflammation without working on BTK, the protein that these drugs are
designed to block. Understanding how these drugs are anti-inflammatory will help us
understand the NLRP3 inflammasome, and how to lower inflammation during obesity

and metabolic disease.
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ABSTRACT

Obesity-related inflammation increases one’s risk of developing cardiovascular
disease, type 2 diabetes, among many other disorders. Energy imbalance during
obesity overwhelms the adipose tissue leading to immune cell infiltration, elevations in
pro-inflammatory cytokines, and consequent local and systemic insulin resistance.
Certain potent pro-inflammatory cytokines are produced by the NOD-like receptor family
pyrin domain-containing 3 (NLRP3) inflammasome. This metabolic danger sensor is
involved in a variety of autoimmune and inflammatory conditions, hence regulation of
this node as a therapeutic approach is a topic of great interest. To date, there is no
clinically approved inhibitor of the inflammasome, which makes indirect targeting
through endogenous molecules an attractive area of research. Bruton’s tyrosine kinase
has been shown to physically interact with NLRP3 inflammasome components and is
required for its production of pro-inflammatory cytokine, IL-13. However, the
consequences of BTK inhibition on metabolic tissues like adipose tissue remain largely
unstudied. In vitro experiments showed that pharmacological BTK inhibitors lower
NLRP3 inflammasome priming and activation in macrophages. Bone marrow-derived
macrophages (BMDMs) from a Btk-null mice strain treated with BTK inhibitors
demonstrated lowering of lipopolysaccharide (LPS) -induced elevations in inflammatory
cytokines. This effect was interestingly observed in both BMDMs derived from wild-type
and Btk-null mice, postulating the idea that pharmacological inhibitors of BTK have anti-
inflammatory properties that do not require the presence of the BTK gene product.
Further, the optimized conditions for testing the influence of BTK inhibitors on adipose

tissue insulin signaling ex vivo is outlined. Future work should focus on pinpointing off-
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targets shared between BTK inhibitors to identify the node responsible for the observed
anti-inflammatory effects. This research may lead to the development of an alternative
therapeutic approach to treating inflammatory and autoimmune diseases mediated by

the NLRP3 inflammasome.
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1.0 INTRODUCTION

1.1 Type 2 Diabetes

Diabetes is a chronic metabolic disease characterized by elevated blood glucose
and impaired blood glucose control. As of 2019, global diabetes prevalence is estimated
at over 463 million people (9.3% of global population).* The International Diabetes
Foundation predicts that this number will increase by an additional 200 million within the
next decade. Of the three main types, type 2 diabetes (T2D) accounts for 90% of all
cases, the remainder being spread between type 1 or gestational diabetes.? Individuals
with glycated haemoglobin Alc (HbAlc) levels above 6.5%, or fasting blood glucose

levels above 125 mg/dL meet the diagnosis criteria for diabetes.?

T2D is caused by a progressive impairment of insulin production from the pancreatic
B-cells relative to insulin action on target cells.? A decreased sensitivity to insulin, or
insulin resistance, generally precedes overt T2D. Early in T2D progression, insulin
resistance often coincides with a compensatory increase in the production of insulin.
Higher levels of insulin can initially help control blood glucose, but persistent
hyperinsulinemia can also exacerbate insulin resistance and promote obesity, thereby

driving key factors in the progression from prediabetes to overt T2D.?

1.2 Obesity and Adipose Tissue Dysfunction

Obesity is a global concern of increasing proportions and now considered one of the
largest contributors to poor health worldwide.? Following the current trajectory of obesity
prevalence, approximately half of the global population will be classified as overweight

by year 2030.2 The clinical criteria for obesity is a body mass index (BMI) of 30 kg/m? or
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higher.# Obesity is associated with an increased risk of numerous chronic co-morbidities

including T2D, cancers, cardiovascular disease, and premature death.®

Obesity is characterized by maladaptive adipose tissue function and homeostasis.?
Adipose tissue is a key site of energy storage, where lipids are stored as triglycerides in
adipocytes.® Obesity generally results when there is an imbalance between the intake
and expenditure of energy.’” During obesity, the ability of adipocytes to store lipids can
be overwhelmed and this nutrient overload in adipocytes can promote lipid spillover and
result in ectopic lipid deposition in muscle and liver, contributing to local and systemic

insulin resistance.®

Beyond its key role in metabolism, adipose tissue acts as both an endocrine and
immunological organ. It has been shown that adipose tissue can secrete a variety of
molecules including adipokines, cytokines, and chemokines.® Adipocytes and tissue-
resident immune cells in adipose tissues can generate pro-inflammatory mediators. For
example, elevated tumour necrosis factor-alpha (TNF-a), interleukin-6, and monocyte
chemoattractant protein-1 (MCP-1) can promote a chronic inflammatory environment in
adipose tissue during obesity, which can contribute to the development of insulin

resistance and progression of T2D.89

Obesity-related inflammation also involves increased infiltration, expansion and pro-
inflammatory polarization of immune cells, such as macrophages, into adipose tissue.1°
Once the contribution of immune cells to metabolic dysfunction in adipose tissue was
realized, many connections between nutrients, metabolites, and immune function were
discovered. For example, an elevation in free fatty acids (FFA) associated with obesity

can program cellular metabolism to synergize with immunological ligands of innate

2
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immune receptors such as toll-like receptors.! Innate immune ligands can work
together to synergistically promote the activation of inflammatory pathways in a subset
of adipose tissue resident immune cells.'? FFAs can promote the polarization of these
adipose tissue-resident macrophages towards a pro-inflammatory (M1) phenotype,
which generates an inflammatory environment that impedes insulin signaling in

adipocytes and contributes to insulin resistance.1°

1.3 Innate Immunity

Obesity-related inflammation can disrupt key nodes in insulin signaling, leading to
impaired insulin action in certain cell types.!2 Therefore, it is important to understand the
immune components that propagate insulin resistance and progression of T2D.°
Obesity is a key factor that promotes insulin resistance. Obesity is associated with
compartmentalized changes in immune responses, including increased pro-
inflammatory tone in adipose tissue.'* In response to systemic insulin resistance, a
compensatory increase in blood insulin can help maintain blood glucose control.*®
However, sustained elevation in insulin level can engage immune responses, thereby

further promoting inflammation and insulin resistance.®

Inflammation acts as a first line of defense against danger signals like infection or
tissue injury.’” The innate immune system entrusts pattern-recognition receptors
(PRRs) to detect components of foreign pathogens and damaged cells in order to elicit
a protective response.*® PRRs include toll-like receptors (TLRs), nucleotide-binding
oligomerization domain (NOD)-like receptors (NLRs), among several other classes of
innate immune proteins. PRRs recognize microbial-derived pathogen-associated

molecular patterns (PAMPSs) and host-derived signals of stress or damage known as
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damage-associated molecular patterns (DAMPSs). Notably, plasma membrane-residing
TLRs, such as TLR4, detect circulating damage signals such as lipopolysaccharide
(LPS), among other foreign or damaged cellular components.*® Among NLRs, NLR
family pyrin domain-containing 3 (NLRP3) also detects bacterial components, microbial
and host DNA, as well as DAMPs such as high levels of ATP, uric acid, and cell stress
induced by pore forming toxins.'” NLRP3 has been described as a metabolic damage
sensor because of the many metabolic stress or damage cues that this protein
recognizes. The detection of these pathogen and/or damage signals induce the
formation of large cytosolic protein complexes, called inflammasomes, which transduce
inflammatory responses. PRR activation leads to downstream signaling which mounts a
host cellular response in an attempt to eliminate the stressors. This mechanism involves
multiple innate immune cells and can generate inflammatory signals such as elevated
pro-inflammatory cytokines and reactive oxygen species (ROS) production.
Macrophages are one key cell type that produce these early inflammatory signals to
inform the host about infections, and to delay microbial expansion to allow time for an

adaptive immune response to be engaged.?’

However, immune responses can promote metabolic dysfunction where chronic low-
level inflammation is sustained.'® Upon PRR activation, the nuclear factor kB (NFkB)
and mitogen-activated protein kinase (MAPK) pathways are engaged to initiate an
inflammatory response. NF-kB-mediated cytokine and chemokines production, immune
cell infiltration into adipose tissue, and stress kinase activation can cooperate to impair

insulin signaling and contribute to insulin resistance.?°
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1.4 NLRP3 Inflammasome

1.4.1 Mechanism of Activation

NLR family pyrin domain-containing 3 (NLRP3) inflammasome is a multi-protein
complex which acts as a metabolic danger sensor.?! This inflammasome responds to a
variety of danger signals such as pore forming toxins, cholesterol crystals, high levels of
ATP, and xenobiotics.?? The inflammasome complex consists of the sensor NLRP3, an
adaptor apoptosis-associated speck-like protein containing a CARD (ASC), and pro-
caspase-1.22 The NLRP3 protein contains a C-terminal leucine-rich repeat domain
(LRR), a central nucleotide-binding and oligomerization domain (NOD), and an N-
terminal pyrin domain (PYD).?* ASC contains a caspase-recruitment domain (CARD)
and also a PYD domain, which mediates intra-complex interactions between NLRP3
and the recruited caspase-1.2? The activation of NLRP3 inflammasome requires two
steps: (1) a priming step, in which the NF-kB-mediated transcription of inflammasome
components (such as NLRP3) and inflammasome effectors (such as pro-IL-13) are up-
regulated, and (2) an activation step, in which the oligomerized inflammasome complex
generates active caspase-1, which can cleave specific cytokines such as IL-18 and IL-

18 into their bioactive forms (Figure 1).%!

1.4.2 Priming of the NLRP3 Inflammasome

The priming step of the NLRP3 inflammasome involves the engagement of any PRR
or cellular response that activates NF-kB to increase transcription of inflammasome
components, such as transcript levels of pro-IL-13, pro-IL-18 and NLRP3. Then, the
activation step involves NLRP3 inflammasome assembly which allows caspase-1 to

auto-activate and cleave only certain cytokines such as pro-IL-13 and pro-IL-18 into
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their active forms, which are then secreted into the cytosol.?* Caspase-1 can cleave

many proteins beyond IL-1B and IL-18, including components of glycolysis.?°2¢

1.4.3 Activation of the NLRP3 inflammasome

The NLRP3 inflammasome can be activated by numerous triggers including, but not
limited to, pro-inflammatory lipids, changes in ion flux, purinergic receptor activation by
extracellular ATP, membrane pore formation by nigericin, endoplasmic reticulum (ER)
stress, and damage-induced release of mitochondrial reactive oxygen species (mtROS)
and DNA (mtDNA).?’-31 NLRP3 inflammasome activity has been implicated in a range of
inflammatory diseases, including atherosclerosis and T2D. The pro-inflammatory IL-13
and IL-18 have been linked to adipose tissue dysfunction and insulin resistance in mice

models.32

Recent work in our lab has also identified statins, a class of cholesterol-lowering
drugs as an activator of the NLRP3 inflammasome.3334, In the presence of a priming
agent like LPS, statins induce insulin resistance in adipose tissue via inflammasome-
mediated production of IL-1B.34 It was discovered that this pleotropic effect of statins on
adipose tissue insulin resistance was propagated by lowering of protein prenylation.
Statin-mediated adipose tissue insulin resistance also required signaling via the
mitogen-activated protein kinase p38 and metabolic sensor mammalian target of
rapamycin (MTOR) complex 1.3° Despite these intriguing findings, not much is known
about how statins generate the cellular activation signal and the direct link between

statins and the inflammasome in adipose tissue.

The exact mechanism of the NLRP3 inflammasome activation under various

stressors remains unclear. Nevertheless, the NLRP3 inflammasome plays an integral

6
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role in the innate immune response and the development of insulin resistance and thus
warrants research into understanding the role of activators and effectors of the

inflammasome.10

1.4.4 NLRP3 inflammasome in metabolic disease

The NLRP3 inflammasome and IL-1[3 are inherently protective mediators of
cellular homeostasis as it detects and responds to danger signals. However,
unregulated activation of the inflammasome can contribute to a chronic inflammatory
state. Several autoimmune conditions such as rheumatoid arthritis and systemic lupus
erythematosus can be attributed to dysregulation of inflammasome activity.3¢ Activation
of the NLRP3 inflammasome signaling is implicated in graft-versus-host disease,
Alzheimer’s, obesity-induced asthma, and insulin resistance.3~4° Pharmacological
inhibition or genetic deletion of NLRP3 can mitigate high-fat diet-induced insulin
resistance, dysglycemia, and B-cell dysfunction.*®-#2 In the context of obesity-induced
inflammation, an increase in caspase-1 activity coincides with adipocyte insulin
resistance in response to high-fat diet feeding in mice.*® Deletion of NLRP3 or caspase-
1 in mice protects adipocytes from inflammation-induced insulin resistance.*® These
findings demonstrate a regulatory role of the caspase-1-containing NLRP3
inflammasome in adipose tissue inflammation and metabolism during obesity and

insulin resistance.

1.4.5 Targeting the NLRP3 Inflammasome
It has been well-established that NLRP3 activation contributes to a chronic state of
inflammation. This idea enticed much research into the regulation of NLRP3

inflammasome as a therapeutic approach to addressing these conditions. However,
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inhibiting isolated components of the inflammasome comes with many potentially
deleterious consequences. For example, blocking common inflammasome components
such as ASC, may result in risk of immune suppression and increase susceptibility to
infections.** Therefore, blocking downstream effectors, such as IL-1 receptor or IL-1B
has been proposed as an alternative. IL-1f is implicated as the driver of many NLRP3-
mediated disorders, and has been a prime target for altering the effector function of the
NLRP3 inflammasome.*® In fact, there are three IL-1 inhibiting proteins that are clinically
approved for the therapeutic purposes. Anakinra (a modified IL-1 receptor antagonist),
canakinumab (a monoclonal antibody against IL-13), and rilonacept (a soluble pseudo-
receptor specific to IL-1a and IL-1B) have all shown promise in the treatment of certain
NLRP3-mediated diseases, like atherosclerosis, arthritis, and gout.*¢-*° However, the
challenge with this therapeutic approach is its lack of selectivity at the key site of
inflammation and redundancy in immune effectors. IL-1( is only one pro-inflammatory
effector and obesity increases many inflammatory effectors controlled by the NLRP3

inflammasome, including IL-18 and other targets of caspase-1.

The progress of NLRP3 inhibitor development has largely been hindered by the
incomplete understanding of the central activation mechanism. This lapse in knowledge
means that any efficacious response elicited by these compounds may be a result of
indirectly targeting a related pathway. Currently, compound CP-456,773 (also known as
CRID3 and MCC950) is the most studied NLRP3 inhibitor. This compound binds the
NACHT domain and stabilizes the inactive conformation of NLRP3.%° This action
potently inhibits ATP-induced, NLRP3-mediated IL-1p production, with a half-maximal

inhibitory concentration (ICso) of 8.1 nM in human monocytes.>! It is currently the most
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promising inhibitor of NLRP3 due to the low dose required for inhibition and less off-
target toxicities relative to other inhibitors.** Nevertheless, more research needs to be
done in order to solidify the efficacy and specificity of this compound to target NLRP3.
This compound did enter phase Il clinical trials by Pfizer for rheumatoid arthritis,
however, was discontinued due to an increase risk of liver toxicity.** Overall, more
rigorous research efforts must target uncovering the mechanism of action of these
NLRP3 regulatory compounds. To date, there remains to be no clinically approved

inhibitors for direct targeting of NLRP3.

1.5 Bruton’s tyrosine kinase

Bruton’s tyrosine kinase (BTK) was initially discovered as the genetic cause of X-
linked agammaglobulinemia (XLA), which is a mediator in B cell receptor (BCR)
signaling.52%3 BTK is crucial for the proliferation, differentiation, and survival of leukemic
cells in many B cell malignancies, which makes it a prime treatment target.>* It is
important to note that BTK is also expressed in myeloid cells like macrophages,
neutrophils, mast cells, and dendritic cells.?> BTK contains a N-terminal pleckstrin
homology (PH) domain capable of binding to phosphatidylinositol (3,4,5)-trisphosphate
(PIP3), a proline-rich Tec homology domain, and Src homology (SH) 2 and 3 domains.>3
The catalytic activity of BTK has links to at least three major signaling pathways, namely
phospholipase C, phosphoinositide-3-kinase/Akt, and NF-kB.52 The multi-faceted nature
of BTK also includes roles in microbial sensing via several toll-like receptors, Fc and
growth factor receptor signaling, phagocytosis, platelet activation, and immune cell

differentiation in neutrophils and B cells.>®
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In the last decade, several studies have presented BTK as a regulator of NLRP3
inflammasome action. It was demonstrated that BTK is required for inflammasome-
mediated IL-1B release from murine macrophages.?3°¢ Upon NLRP3 activation, BTK is
rapidly phosphorylated, and BTK physically interacts with inflammasome components
NLRP3 and ASC.% This interaction induces the oligomerization of ASC and the
subsequent activation of caspase-1. XLA patient-derived peripheral blood mononuclear
cells (PBMC) had reduced inflammasome activity, further suggesting that BTK is

intimately involved in regulating NLRP3 inflammasome activation.?3

1.5.1 Inhibition of Bruton’s tyrosine kinase

The irreversible BTK inhibitor, ibrutinib (PCI-32765) has shown promise in treating
patients with relapsed/refractory chronic lymphocytic leukemia (CLL) and mantle-cell
lymphoma (MCL). Due to its efficacy, ibrutinib was approved as the initial treatment
option for patients with CLL in 2016.%” BTK was originally studied in the context of
oncology and immune receptor signaling, however, later studies investigating the
deficiency and inhibition of BTK demonstrated its potential involvement in inflammatory

disorders, such as autoimmune arthritis, ischemic brain injury, and colitis.58-%

Ibrutinib is designed to bind Cysteine-481 on BTK, however, off-target binding of
several other homologous cysteine-containing kinases lead to side-effects.®! These off-
target toxicities include bleeding, impaired platelet activation and aggregation.5263
Despite its clinical efficacy, the reported off-target effects fostered the need for an
alternative inhibitor with a higher selectivity for BTK. Acalabrutinib (ACP-196) was
designed as a more selective BTK inhibitor with the goal of achieving similar therapeutic

outcomes, while minimizing off-target effects associated with ibrutinib use.®* Although
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acalabrutinib has a higher half maximal inhibitor concentration (ICso) value than ibrutinib
(5.1 vs 1.5 nM, respectively), acalabrutinib is a more selective inhibitor with lower ICso

against other cysteine-containing kinases with Cys-481 that aligns with BTK.%4

Liu et al. in 2017 proposed that BTK could act as a point of regulation for NLRP3-
associated inflammation.?® They observed significant NLRP3 inflammasome loss-of-
function in both BTK-deficient cells from human and mice models, as well as
pharmacological inhibition of BTK in vivo. These authors also demonstrated that BTK
inhibition effectively impaired IL-1 processing and release in human primary
macrophages. These data highlighted the potential of targeting NLRP3 inflammasome-

related inflammatory disorders through BTK.23

A recent study involving an in vitro model of tumour-associated macrophages
(TAMs) demonstrated the efficacy of ibrutinib at inhibiting BTK phosphorylation and
significantly impaired the ability of these TAMSs to produce IL-1B.%° These findings
further support the potential for the clinical use of ibrutinib in lowering inflammation-
related disease progression. It is intriguing to speculate that inhibiting BTK with clinically
approved drugs could lower NLRP3 inflammasome activation in obesity or with statin
treatment in people at risk of T2D. Therefore, mechanistic work understanding the

interaction of BTK inhibitors and NLRP3-mediated inflammation is warranted.

Purvis et al. in 2020 showed that BTK expression and activation are increased in
wild-type mice fed a high-fat diet (HFD).%¢ These authors also showed that inhibition of
BTK in HFD-fed mice decreases macrophage NF-kB and NLRP3 inflammasome activity
in the liver and kidney. They showed that chronic treatment of the BTK inhibitor, ibrutinib

(3 or 30 mg/kg by oral gavage 5 days per weeks for 6 weeks) reduced metabolic
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inflammation in the liver and adipose tissue, which consequently resulted in improved
glycemic control and insulin sensitivity in the liver.%¢ These highlight the potential for

ibrutinib and other BTK inhibitors to lower inflammation in metabolic disease.

A recent paper by Bittner and colleagues provided exciting insight into the
mechanistic link between BTK and NLRP3 inflammasome activity.®” These authors
defined four tyrosine residues along the polybasic linker (PBR) between the NLRP3
pyrin domain (PYD) and NACHT domain, where BTK directly alters these specific
residues to alter the overall charge of the PBR peptide sequence. They also found that
BTK’s regulatory actions include subcellular localization of NLRP3, oligomerization and
interaction with inflammasome components (NLRP3-ASC contact), ultimately leading to
modulation of IL-1B release.®” These findings therefore suggests that BTK activation
directly leads to activation of the NLRP3 inflammasome, and by extension, inhibition of
BTK impedes the ability of the NLRP3 inflammasome to produce IL-1B. This discovery
places BTK as a target in the regulation of NLRP3 inflammasome-mediated processes

relevant to obesity and insulin resistance, but little is known in adipose tissue.

1.5.2 Shortcomings

Since idea of targeting BTK as a regulator of NLRP3 inflammasome surfaced nearly
a decade ago, there has been exhaustive efforts into determining the efficacy of BTK
inhibition on NLRP3-mediated diseases. Studies have found potential for BTK inhibition
on acute (e.g., ischemic stroke, graft-versus-host disease, COVID-19) and chronic
NLRP3-mediated diseases (e.g., neurodegeneration, atherosclerosis, metabolic
inflammation). Despite this, it remains a fact that little is known about the differential

effect of inhibiting BTK function in B cells versus in macrophages. This question needs
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to be addressed perhaps with more targeted delivery of drug inhibitors, or cell-type-
specific knockout of Btk. Until the distinction between cell type specific BTK functions is
clarified, it would appear BTK inhibition remains more suitable for use in acute
conditions rather than chronic diseases. Moreover, the interaction between BTK and
NLRP3 in macrophages has been investigated. However, future research should

explore other cell types such as neutrophils, Kupffer cells, hepatocytes and adipocytes.

13
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2.0 RATIONALE, HYPOTHESIS, RESEARCH AIMS

2.1 Rationale

BTK has been implicated as a regulator of NLRP3 inflammasome activity.?356:66 The
physical interaction between BTK and inflammasome components has been well-
established.®%67 Despite these connections, much remains unclear regarding the
efficacy of BTK inhibition on metabolic tissue inflammation downstream of the NLRP3
inflammasome. Specifically, effect of BTK inhibition on tissue-localized insulin
resistance remains to be explored. This knowledge gap, along with the ever-increasing
promise of BTK as a regulator of inflammasome function, inspired our assessment of
Ibrutinib and Acalabrutinib in NLRP3-mediated inflammation in macrophages and

metabolic inflammation and insulin resistance in adipose tissue.

2.2 Hypothesis
We hypothesize that pharmacological BTK inhibitors reduce inflammation and insulin

resistance in macrophages by lowering activation of the NLRP3 inflammasome.

2.3 Research Aims
1) Determine if pharmacological BTK inhibitor treatment alter priming and/or
activation of the NLRP3 inflammasome in murine macrophages
2) Assess the difference between Btk-deficient and BTK inhibitor-treated murine
macrophages in the context of NLRP3 inflammasome priming and activation
3) Determine the effect of BTK inhibition on murine adipose tissue insulin resistance

induced by activators of the NLRP3 inflammasome
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3.0 EXPERIMENTAL METHODOLOGY

3.1 Mice

Wild-type (WT) C57BL/6J, NLRP3”-, CBA/CaJ, and mutant CBA/CaHN-BtkXd mice
were used for bone marrow harvests and adipose tissue extractions. C57BL6/J were
originally from The Jackson Laboratory and bred in-house. NLRP3™~ mice (>10
generations backcrossed to C57BL/6J) were from Professor Nicolas Fasel (Université
de Lausanne, Lausanne, Switzerland) and were originally provided by Dr. Dana Philpott

(University of Toronto, Toronto, ON, Canada). The two CBA-background strains were

from The Jackson Laboratory (#000654, #001011, respectively).

3.2 Reagents and Antibodies

For a full list of reagents and antibodies used in experiments, please refer to the

details contained in Tables 1 and 2.

Table 1: Reagents used in the studies.

Reagent

Manufacturer

Reagent

Manufacturer

10X PCR Gold Buffer

Applied Biosystems

Homogenizer Ceramic
Beads

Omni International

Inhibitor Cocktail
Tablets

5X SSIV Buffer Invitrogen Ibrutinib Tocris Bioscience

Acalabrutinib Selleckchem Isopropanol VWR

Acrylamide (40%) Fisher BioReagents LPS-E. coli Invivogen

AmpliTaq Gold Applied Biosystems Methanol VWR

Ammonium Persulfate Sigma MgClz Applied Biosystems

Anhydrous Ethanol Fischer Scientific, Molecular Grade Water | Mediatech
Commercial Alcohol

Atorvastatin Cayman Chemical Nigericin Invivogen

BSA BioShop Normocin Invivogen

Chloroform Anachemia NovoRapid® Insulin Novo Nordisk

Clarity Max™ Western | Bio-Rad Oligo-dt(18) McMaster Mobix Lab

ECL Substrate

cOmplete Protease Roche Oligonucleotide Primer | McMaster Mobix Lab

Dithiothreitol (DTT)

Invitrogen

PBS

Thermo Fisher
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DMEM

Wisent Bio Product

Penicilin/streptomycin

Wisent Bio Product

DNAse | 10X Reaction
Buffer

Invitrogen

Random Hexamers

McMaster Mobix Lab

DNAse | Amplification
Grade

Invitrogen

Random
Pentadecamers

McMaster Mobix Lab

dNTP (dATP, dTTP, Wisent Bio Product RiboZol™ RNA VWR
dGTP, dCTP) Extraction Reagent
EDTA Sigma Sodium Chloride BioShop
Fetal Bovine Serum Wisent Bio Product Sodium Dodecyl Sigma
Sulfate
Gentle ReView™ VWR Sodium Fluoride Sigma
Stripping Buffer
GlutaMAX Thermo Fisher Sodium Pyrophosphate | Sigma
Decahydrate
Glycine BioShop Sucrose Sigma
HCI Caledon Tris BioShop
HEK-Blue Detection Invivogen Triton™ X-100 Sigma
HEK-Blue Selection Invivogen Tween® 20 Sigma
HEPES BioShop
Table 2: Antibodies used in the studies.
Antibodies Catalogue number Manufacturer
IL-1B DY401 R&D systems
IL-6 DY406 R&D systems
Phospho-Akt (Ser473) #4058L Cell Signaling
Akt #9272S Cell Signaling
Anti-rabbit 1gG, HRP-linked #7074S Cell Signaling

3.3 Cell Culture

3.3.1 HEK-293T Cell Culture

Two commercially available embryonic kidney cell lines (HEK-Blue hTLR4 and

hNODL1 cells; InvivoGen, San Diego, CA) were used for analysis of NF-kB activation.

HEK-hTLR4 and HEK-hNODL1 cells were cultured in growth media (DMEM, 4.5 g/L

glucose, 10% (v/v) FBS, 100 U/mL penicillin, 100 ug/mL streptomycin, 100ug/mL

Normocin, 2 mM of L-glutamine) for one passage post-thaw. Thereafter, the cells
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cultured to 70% confluency before passage in selection media (growth media
supplemented with one sachet of 1X HEK-Blue Selection for hTLR4 cells or
supplemented with 30 ug/mL of blasticidin and 100 pg/mL of zeocin for hANOD1 cells).
HEK cells are resuspended in treatment-supplemented HEK-Blue Detection media and
seeded onto 96-well plates (25,000 cells/well). The cells are incubated for 24 hours and

then analyzed on a spectrophotometer at 630 nm absorbance.

3.3.2 Primary Mouse Macrophages

Bone marrow content was extracted from femur and tibia of C57BL/6J, CBA/CaJ, or
CBA/CaHN-Btk*d mice approximately 20-25 weeks of age. Bone marrow-derived
macrophages (BMDMs) were cultured for 7-10 days in Dulbecco’s Modification Eagle’s
Medium (DMEM) with L-glutamine and sodium pyruvate. The medium was
supplemented with 1% penicillin and streptomycin, and 15% L929-conditioned media for
differentiation. The BMDMs were washed with serum-free media and treated with
atorvastatin (1 ymol/L) for 22 hours in DMEM and LPS (200 ng/mL) was added during
the final 4 hours. Ibrutinib or acalabrutinib (various concentrations) was added during

the statin treatment period.

3.3.3 Adipocytes

3T3-L1 pre-adipocytes (ATCC, Rockville, MD) were differentiated for 8-12 days. Pre-
adipocytes were seeded in 12-well plates and allowed to grow to confluency in basal
media (BM: DMEM, 10% FBS, 1x GlutaMax, 1x penicillin/streptomycin). At 48-72 hours
post-confluency, media was changed to differentiation media 1 (DM I: BM, 0.5 mM 3-
isobutyl-1-methylxanthine, 0.25 uM dexamethasone, 1 pg/mL insulin, 2 uM

rosiglitazone) for 48 hours, followed by a media change to DM Il (BM, 1 pug/mL insulin)
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for two 48-hour periods. After this, media is changed back to BM and changed daily.
Between day 8-12 post-confluency, cells are assessed for differentiation and used for
experiments. 3T3-L1 adipocytes were pre-incubated with either ibrutinib (10 uM) or
acalabrutinib (50 puM) for one hour before being exposed to FK-565 (10 pug/mL) for 48
hours. Cells were either left unstimulated or stimulated with 100 nM of insulin for the
final 10 minutes before cells were lysed and prepared for immunoblotting. Each
experimental replicate (n) represents an individually treated and quantified culture well

containing 3T3-L1 adipocytes.

3.4 Adipose Tissue Explants

C57BL/6J, CBA/CaJ, and CBA/CaHN-Btk¥d/J mice that were between 20 and 45
weeks-old were euthanized by cervical dislocation and gonadal adipose tissue was
extracted. The extracted tissue was minced into pieces of ~5 mg in DMEM with 10%
FBS. After 1-2 hours of equilibration, 25 mg of explant tissues were placed in serum-
free DMEM and treated with atorvastatin (1 ymol/L) for 22 hours and LPS (2 pyg/mL)
was added for the final 4 hours. At the end of treatment, these explants were stimulated
with insulin (0.3 nmol/L) for 10 minutes, and immediately flash frozen. Frozen samples
were added to SBJ lysis buffer and mechanically homogenized with ceramic beads. The
lysis buffer used was composed of SBJ buffer (0.05M HEPES, 0.15M NacCl, 0.1M NaF,
0.01M Na pyrophosphate, 0.006M EDTA2H20, 0.25M sucrose), 1% Triton-X, and
cOmplete protease inhibitor cocktail tablet. Adipose tissue lysates were used for
immunoblotting. Each experimental replicate (n) represents an individually treated and

guantified culture well containing 5 pieces of tissue explants.
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3.5 Immunoblotting

Protein was extracted from adipose tissue lysates by mechanical homogenization in
lysis buffer cocktail as described above. Protein concentration was quantified using the
Pierce BCA protein assay (Thermo Fisher Scientific). Samples were prepared with
Laemmli sample buffer and resolved on 7.5% polyacrylamide gels. Samples were then
transferred onto PVDF membranes using the Bio-Rad Trans-Blot® Turbo™ Transfer
System. Membranes were blocked in 5% BSA solution, followed by an overnight
incubation in primary antibody. Primary antibodies used included P-Akt (S473) rabbit
mAD, Akt rabbit Ab. After this, the membranes were washed 4 x 15 minutes with TBS-
Tween (TBS-T). Then membranes were incubated with secondary antibody for 1 hour,
and then wash step is repeated. Membranes were incubated in Bio-Rad ClarityMax™
Western ECL Substrate for ~2 minutes before visualization and imaging on the Bio-Rad
ChemiDoc™ MP Imaging System. Membranes were stripped of antibodies between
different primary antibody probes using Gentle ReView™ Stripping Buffer (N552-1L,
VWR) at 30°C for 27 minutes. Quantification of bands was performed using Bio-Rad

Image Lab Software.

3.6 Gene Expression Analysis

3.6.1 RNA Extraction

Approximately 250,000 BMDMs were collected in 0.3 mL of TRIzol®. All samples were
mixed well with 100 pL of chloroform and incubated for three minutes at room
temperature. Samples were then centrifuged at 12,000 x g for 10 minutes at 4°C. The
separated aqueous phase was then transferred into a fresh tube containing 150 pL of

isopropanol to precipitate RNA. Samples were mixed well and incubated at room
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temperature for at least 20 minutes before another round of centrifugation at 12,000 x g
for 10 minutes at 4°C. Supernatant was decanted and RNA pellet was washed twice
with 75% ethanol, with a 10-minute spin in between each wash. Following last wash, the
tubes were left open to allow for the remaining ethanol to evaporate before the RNA
pellet was dissolved in pre-heated Ultra-Pure water. Samples were incubated at 55°C
for 15 minutes and RNA content was quantified by spectrophotometry. The RNA

content of each sample was equalized to 50-250 ng/pL with Ultra-Pure water.

3.6.2 cDNA Synthesis

For each sample, 200-1000 ng of RNA was mixed with 0.5 pL of DNase | 10x reaction
buffer and 0.5 pL of amplification grade DNase | for 15 minutes at room temperature.
After which, 0.5 pL of EDTA (25 mM), 0.5 pL of dNTP (10 mM) and 0.5 pLof random
hexamer primer (250 ng) were added to each sample. Samples were incubated in the
SimpliAmp Thermal Cycler (Applied Biosystems) at 95°C for 10 minutes to inactivate
DNase | and 55°C for 10 minutes to anneal cDNA synthesis primer. After this, 2 pL of 5x
SuperScript™ |V buffer, 0.5 yL of DTT (0.1 M), 0.5 uL of Ultra-Pure water, and 0.5 pL of
SuperScript™ IV enzyme was added to each sample. The samples were then incubated
at 55°C for 10 minutes and 80°C for another 10 minutes. cDNA was diluted 1:10 in

Ultra-Pure water.

3.6.3 RT-PCR Reactions

For real-time polymerase chain reaction (RT-PCR), 10 pL of cDNA samples were mixed
with 10 pL of master mix (5.1 pL Ultra-Pure water, 2 pL 10x PCR gold buffer, 2 pL
MgClz, 0.4 uL dNTP (10 mM), 0.1 pL AmpliTag® Gold, 0.4 uL TagMan primer). For full

list of commercial TagMan primers used, refer to Table 3. RT-PCR was performed using
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Rotor-Gene Q (Qiagen), at 95°C for 10 seconds, then 58°C for 45 seconds, repeated for
40 cycles. All genes were normalized to housekeeping gene Rplp0 as a control using

the delta-delta Ct method.

Table 3: Primers used in RT-PCR

Primer Gene Catalogue Number Manufacturer
Rplp0 Rplp0 MmO01974474_gH Thermo Fisher
1B Interleukin 1-beta MmO00434228 Thermo Fisher
NIrp3 NLR Family Pyrin MmO00840904_m1l Thermo Fisher
Domain Containing 3
116 Interleukin 6 Mm00446190 Thermo Fisher
Tnf Tumour necrosis factor | Mm00441891 Thermo Fisher
1110 Interleukin 10 MmO00439616 Thermo Fisher

3.7 Cytokine Release

Cell supernatants collected from 2.5 x 10® murine BMDMSs were used to quantify
secreted levels of IL-1B and IL-6 by enzyme-linked immunosorbent assays (ELISAS)
according to the manufacturer’s protocol. IL-1p (DY401) and IL-6 (DY406) -specific

Duo-Sets were used (R&D Systems, Table 2).

3.8 Single Nucleotide Polymorphism Genotyping
3.8.1 DNA Extraction

CBA/CaJ and CBA/CaHN-Btk*9/J mice were anesthetized by isoflurane. The
mice tails were cleaned with ethanol, after which 0.5 cm of tail segment was cut off from
the end. The cut wound was chemically cauterized using silver nitrate sticks. DNA was

extracted from tail samples according to the manufacturer’s protocol (Wisent).
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3.8.2 End-point Analysis

100 ng of DNA sample were combined with 0.4 uM of Forward Primer (16120)
and 0.4 yM of Reverse Primer (16121)... As well, the solution was mixed with 0.15 yM
of wild-type probe and 0.15 pM of mutant probe. The wild-type probe carries a VIC
fluorescent tag on its 5" end, while the mutant probe carries a FAM fluorescent tag. Both
probes have a QSY quencher at the 3’ end. This ensures that there will be no
fluorescence unless the fluorescent tag and the quencher are physically separated.
Presence of the transgene of interest causes the specific probes to bind, and separation
of the fluorescent tag and quencher will result in fluorescent signal. This mix was diluted
1:1 with TagMan Fast Advanced Mix (2x) and used for end-point analysis. The samples
were run using the Rotor-Gene Q system (Qiagen). The system was run on a manually
inputted temperature profile which consists of an initial 60°C hold for 30 seconds,
followed by a “hot-start” 95°C hold for 5 minutes, then it enters a 40-cycle phase where
each cycle reaches 95°C for 15 seconds then drops to 60°C for 90 seconds. Data is
acquired during the 60°C portion of each cycle. Allelic discrimination analysis was

determined using the Rotor-Gene Q software.

3.9 Statistical Analysis

Statistical significance determined by unpaired two-tailed t-test or analysis of
variance (ANOVA) where appropriate. D’Agostino-Pearson test is used to determine
normality by how much the dataset differs from a Gaussian distribution, considering
factors such as skewness and kurtosis. Unpaired two-tailed t-tests were used to
determine differences between two groups when the data were normally distributed.

One-way ANOVA was used to determine differences among three or more groups for in
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a normally distributed dataset. A Dunnett or Bonferroni test was used to correct for
multiple comparisons. Two-way ANOVA was used to determine how two independent
variables affect a response variable and whether an interaction exist between them. All
results were expressed as mean = standard error of the mean (SEM) with p < 0.05
considered significant. All data presentation and statistical analyses were performed

using GraphPad Prism 8 Software.
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4.0 RESULTS

4.1 Effect of BTK inhibition on TLR4- and NOD1-mediated activation of NF-kB
We examined the effect of BTK inhibition on NF-kB signaling, which is a
transcription factor linking PRR stimulation and increased gene expression of
inflammasome components and effectors genes such as II-718. NF-kB activation was
induced by LPS treatment and quantified using the HEK-Blue™ hTLR4 Reporter
System. A preliminary experiment was performed by treating HEK-293T cells with a
range of LPS doses (0.25-500 ng/mL). From the results, we determined that the LPS
dose of 100 ng/mL reliably produced a robust elevation in NF-kB activation, therefore
this LPS dose was used to further test the effect of BTK inhibitor treatment
(Supplementary Figure 1A). We then assess the effect that various doses of Ibrutinib
(0.1-10 pM) and Acalabrutinib (1-50 yM) had on LPS-induced NF-kB activation. We
found that ibrutinib at 5 and 10 yM, and acalabrutinib at 50 uM significantly reduced the

LPS-induced action of NF-kB (Figure 3A, 3B).

We next determined if lower NF-kB activation after BTK inhibition is specific to
TLR4-ligands or if this extends to ligands of other pattern recognition receptors. We
used the HEK-Blue™ hNOD1 Reporter System and performed a similar experiment
using FK-565, a synthetic NOD1 receptor ligand. Again, a preliminary experiment was
performed to determine optimal dose of FK-565 for induction of NF-kB activation, where
a range of doses (10-100 ng/mL) were tested. The results showed that NF-kB activation
was most robust at 100 ng/mL (Supplementary Figure 1B). We then tested various
doses of ibrutinib (0.1-10 uM) and acalabrutinib (1-50 pM) on FK-565 treated HEK-293T

cells. We found that ibrutinib at doses above 1uM, and acalabrutinib at doses above 20
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MM significantly reduced NF-kB activation induced by 100 ng/mL of FK-565 (Figure 3C,
3D). This result supports the concept that BTK inhibitors can lower NF-kB-mediated
inflammation and that BTK is involved the priming step of the NLRP3 inflammasome in

response to multiple microbial triggers of PRRs.

4.2 Transcript levels of inflammatory genes during LPS exposure in response to
BTK inhibition
4.2.1 BTK inhibitors mitigate LPS-induced inflammatory gene expression in
macrophages

Using LPS as an inflammasome priming signal, we then sought to determine the
effect of BTK inhibitor treatment on inflammatory gene expression. We treated BMDMs
harvested from C57BL/6J mice with various concentrations of ibrutinib (0.1-10 uM) or
acalabrutinib (1-50 uM) for 22 hours and primed the cells with LPS (200 ng/mL) for the
final 4 hours of treatment. The timing of LPS exposure is due to the finding that NF-kB-
relevant genes exhibit a peak of expression 4 hours following LPS treatment.®® We
suspected that BTK inhibitors would require a relatively longer exposure time to confer
its drug effect, so we set treatment duration at 22 hours to match with our previously

optimized model of statin-induced inflammation.3*

LPS treatment alone significantly increased transcript levels of inflammasome
effector and component genes, II-78 and NIrp3, as well as inflammatory genes like 11-6,
Tnf, 1I-10 (Figure 4A, 4B). The data showed that ibrutinib at doses above 5 yM and
acalabrutinib at doses above 20 uM lowered the LPS-induced increase in II-18
expression down to near-control levels (Figure 4A, 4B). While no significant differences

were observed in the expression of NIrp3 and 1I-6 at all tested ibrutinib doses,
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acalabrutinib at doses above 20 uM brought down the LPS-induced elevations in
expression of Nlrp3, 1I-6, Tnf and II-10 back to near control levels. (Figure 4B). This data
shows that ibrutinib treatment only lowers LPS-induced upregulation of 1I-18, but not
other inflammatory genes like II-6. Meanwhile, acalabrutinib at a sufficiently high dose
(>20 puM), can significantly reduce not only LPS-induced elevations in the

inflammasome effector gene, but the expression of other inflammatory genes as well.

4.2.2 BTK inhibitor treatment reduces inflammatory gene expression in macrophages
after NLRP3 inflammasome activation

Next, we wanted to determine if adding an inflammasome activator like
atorvastatin, in the treatment along with LPS stimulation (200 ng/mL) would affect the
ability of these BTK inhibitors to reduce the elevation in inflammatory gene expression.
We treated BMDMs harvested from C57BL/6J mice with various doses of ibrutinib or
acalabrutinib with 1 yM of atorvastatin for 22 hours, then added 200 ng/mL of LPS for
the final 4 hours of treatment as an inflammasome priming signal. Here, we observed
that LPS + atorvastatin alone increased transcript levels of all inflammatory genes (Il-78,
II-6, Tnf) (Figure 5A, 5B). Ibrutinib treatment at all tested doses significantly reduced this
LPS and atorvastatin induced elevation in expression levels of II-18, 1I-6, and Tnf
(Figure 5A). Further, we found that acalabrutinib at doses above 20 uyM lowered the
increase in expression of II-1G, 1I-6, and II-10 (Figure 5B). Interestingly, only ibrutinib
(>0.1 uM), not acalabrutinib, was able to bring down LPS and atorvastatin induced
increase in Tnf expression. Taken together, the BTK inhibitors, ibrutinib and
acalabrutinib, lower the expression of inflammasome components and effectors in

BMDMs in the presence or absence of NLRP3 activator such as a statin.
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4.2.3 BTK inhibitors do not require BTK to lower inflammatory cytokines in murine
macrophages

Drugs like ibrutinib and acalabrutinib are pharmacological agents which inhibit
activity of BTK. In contrast, genetic ablation or gene mutation would delete the Btk gene
or results in no functional BTK protein. In order to assess the difference between the
two inhibitory approaches, we made use of two CBA-background mice strains.
CBA/CaHN-BtkX9/J mice have a point mutation in the Btk gene on the X-chromosome.
The strains have a C-to-T substitution at coding nucleotide 82, which changes the
codon 28 from an arginine to a cysteine (p.R28C).%° We tested these mice alongside the
CBA/CaJ strain as the closest wild-type controls of the same genetic background.”™ A
random sample of these mice were genotyped using endpoint analysis method to

validate their genetic background (Figure 6).

BMDMs were harvested from both CBA/CaJ (CBA-WT) and CBA/CaHN-BTK*4/J
(BTK-null) mice. These BMDMs were treated with optimized doses of ibrutinib (10 pM)
or acalabrutinib (50 uM) for 22 hours, with LPS (200 ng/mL) added for the final 4 hours.
As expected, we found that LPS alone stimulated a significant increase in the
expression of II-18, 1I-6, Tnf, and 1I-10 in cells derived from both strains (Figures 6A-B,
6D-E). The elevated expression of these four genes were significantly reduced by both
ibrutinib and acalabrutinib treatment in cells derived from CBA-WT. Interestingly, in cells
derived from the BTK-null strain, LPS induced II-78, Tnf, and 1l-10 expression similar to
levels seen in the wild-type strain (Figure 7A, D-E). Further, ibrutinib and acalabrutinib
treatment were able to significantly reduce the elevated expression in these genes.

Taken together, the anti-inflammatory action of BTK inhibitors to lower transcription of
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inflammatory cytokines do not require Btk. No significant differences were seen in Nlrp3

expression at any conditions between either strain (Figure 7C).

4.2.4 BTK inhibitors do not require BTK to mitigate inflammatory gene expression in
macrophages after NLRP3 inflammasome activation

Building from our previous findings, BMDMs derived from both CBA-WT mice
and BTK-null mice were treated with atorvastatin (1 uM) for 22 hours and either ibrutinib
(10 uM) or acalabrutinib (50 uM), with LPS (200 ng/mL) added for the final 4 hours of
treatment. The addition of atorvastatin induced significant increase in the expression of
II-18, 1I-6, Tnf, and 1I-10 relative to LPS only condition (Figure 8A, C-E). The results
demonstrated that ibrutinib or acalabrutinib treatment significantly reduced the elevated
expression of II-18, 1I-6, Tnf, and 1I-10 relative to LPS and atorvastatin only conditions

(Figure 8A, C-E).

We found that LPS and atorvastatin treatment elevated inflammatory gene
expression to the same degree, both in cells derived from CBA-WT mice and cells of
BTK-null mice. Furthermore, treatment with either of the two BTK inhibitors had a similar
inhibitory effect on expression of II-18, 1I-6, Tnf, and 1-10 in BMDMSs derived from both
strains (Figure 8A, C-E). These results once again reinforce the idea that Btk is not
required for the inhibitory effects of ibrutinib and acalabrutinib on inflammatory gene

expression, regardless of the presence of an inflammasome activator like atorvastatin.
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4.3 NLRP3 inflammasome activation in response to BTK inhibition

4.3.1 BTK inhibitors lower NLRP3 inflammasome-mediated IL- 18 secretion in murine
macrophages

Activation of the NLRP3 inflammasome promotes caspase-1-mediated cleavage and
consequent secretion of mature IL-13. We tested if BTK inhibitors altered IL-1(3
secretion from macrophages after exposure to the well-known NLRP3 inflammasome
activator nigericin. BMDMs were prepared from either wild-type C57BL6/J mice (WT) or
NIrp3” mice. These cells were treated with ibrutinib (10 uM) or acalabrutinib (50 uM) for
22 hours, with LPS stimulation (200 ng/mL) for the final 4 hours, and nigericin (20 uM)
added on 30 minutes before the end of treatment. The cell supernatants were collected
for quantification of secreted cytokine levels. In WT-derived BMDMs, IL-1( secretion
was only detectable in groups treated with both LPS and nigericin. The results show
that LPS and nigericin treatment significantly increased IL-1p secretion from BMDMs.
This elevation in IL-1 was significantly reduced when treated with either ibrutinib or
acalabrutinib (Figure 9A). On the other hand, the LPS-nigericin-induced increase in IL-
1B secretion does not occur in BMDMSs derived from NIrp3-- mice, confirming the
dependence of IL-1B secretion on an intact NLRP3 inflammasome, where IL-1(3
secretion was also undetectable in BMDMSs derived from NIrp3- mice treated with a

BTK inhibitor (Figure 9A).

The same cell supernatants collected from the above experiment were also
analyzed using an IL-6-specific ELISA to assess changes in an inflammatory cytokine

that is not regulated by the NLRP3 inflammasome (Figure 9B). LPS alone was sufficient
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to increase IL-6 in BMDMSs from WT and NIrp3” mice. Ibrutinib or acalabrutinib inhibited

LPS-simulated IL-6 secretion in BMDMSs from WT and NlIrp3” mice (Figure 9B).

4.3.2 BTK inhibitors do not require BTK to lower inflammasome-mediated IL-18 release
Given that BTK inhibitors did not require Btk to confer its inhibitory effects on
inflammatory gene expression, we next tested if Btk was required for BTK inhibitors to
alter inflammasome-mediated secretion of IL-13. To address this question, we treated
CBA-WT mice-derived and BTK-null mice-derived BMDMs with ibrutinib (10 uM) or
acalabrutinib (60 yM) for 22 hours, with LPS stimulation (200 ng/mL) for the final 4
hours, and nigericin (20 yuM) added on 30 minutes before the end of treatment. Media

was collected from these samples to assess secretion of IL-1 and IL-6 by ELISA.

As expected, both LPS and nigericin are required for detectable levels of IL-13
release in BMDMs derived from CBA-WT and BTK-null mice. Treatment with ibrutinib
(10 uM) and acalabrutinib (50 uM) significantly lowered IL-18 secretion in BMDMs
derived from both strains of mice (Figure 10A). Similar results were obtained when
these same samples were quantified with an IL-6-specific ELISA. As expected, LPS-
alone was able to induce a significant increase in IL-6 secretion. The results showed
that both ibrutinib and acalabrutinib significantly reduced the LPS- or LPS-nigericin-
induced IL-6 secretion (Figure 10B). Taken together, these results demonstrate that
BTK inhibitors have general anti-inflammatory properties that do not require Btk, but
lower NLRP3 priming and activation, which extend to other pro-inflammatory cytokines

such as IL-6 during LPS exposure.
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4.4 Adipose tissue insulin signaling in response to BTK inhibitor treatment
4.4.1 Effect of BTK inhibitor treatment alone on adipose tissue insulin signaling
Henriksbo and colleagues have established that statin-induced activation of the
NLRP3 inflammasome and the consequent IL-1 secretion leads to impaired insulin
signaling in adipose tissue.3* Stemming from these findings, we sought to test if BTK is
involved in statin-induced insulin resistance in adipose tissue. To test this, we used an
ex vivo model of murine adipose tissue explants extracted from wild-type C57BL/6J
mice. The goal here was to optimize a model for testing the effect of BTK inhibition on

adipose tissue insulin signaling ex vivo.

We wanted to determine if treatment of ibrutinib or acalabrutinib alone has any effect
on adipose tissue insulin signaling. Here, adipose tissue explants were treated with
various doses of ibrutinib (0.1-10 yM) or acalabrutinib (1-50 yM) for 22 hours, and
insulin (0.3 nM) is added for the final 10 minutes of treatment to induce Akt
phosphorylation. The phosphorylation status of Akt was analyzed as a marker of insulin
signaling. The basal condition refers to untreated control without insulin exposure, while
the control condition is also untreated but exposed to insulin stimulation. The control
condition exhibited a significantly higher p-Akt/Akt ratio compared to the basal condition,
which demonstrated that the insulin stimulation procedure was successful. We observed
that ibrutinib or acalabrutinib at all tested doses did not significantly affect the p-Akt/Akt
ratio of insulin-stimulated adipose tissue explants (Figure 11). This finding suggests that
ibrutinib of up to 10 uM, and acalabrutinib of up to 50 uM can be added to this ex vivo

model without a change in insulin sensitivity. This result paves the way for future
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experiments to assess the effect of BTK inhibition on adipose tissue treated with a

stressor (e.g., statins).

4.4.2 LPS as inflammasome primer in adipose tissue ex Vvivo

We determined the doses of ibrutinib and acalabrutinib that can be used in
assessing the effect of BTK inhibition on insulin signaling. From here, we wanted to
optimize an LPS dose to use as an inflammasome priming signal. We ideally want to
find the maximum LPS dose that will not cause impaired insulin signaling. With this
optimized dose, we would be able to add on an inflammasome activator (e.g., statin) as
a stressor, and determine if BTK inhibition can alleviate the stressor-induced impairment
in insulin signaling. To test this, we extracted adipose tissue explants from either CBA-
WT or BTK-null mice. These explants were treated with ibrutinib (10 uM) in the
presence of LPS-challenge (0.05, 0.5, 2 ug/mL, Figure 12A, 12C). This experiment was

also performed with acalabrutinib (50 uM) in place of ibrutinib (Figure 12B, 12D).

In CBA-WT mice-derived adipose tissue explants, all tested doses of LPS had no
significant effect on insulin signaling (Figure 12A, 12B). The addition of ibrutinib or
acalabrutinib on these explants also did not alter insulin signaling. This result was also
observed in BTK-null mice-derived adipose tissue explants, where neither of the two
BTK inhibitors had a significant effect on insulin signaling, regardless of the presence of
LPS at all tested doses (Figure 12C, 12D). Taken together, this experiment determined
that LPS at concentrations up to 2 pg/mL can be used as an inflammasome priming
agent without causing impairment in insulin signaling on its own. Along with the ideal
doses of ibrutinib and acalabrutinib, we have optimized a model for accessing the effect

of BTK inhibitors on NLRP3 inflammasome-mediated defects in adipose tissue insulin
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signaling. This model will allow for testing if BTK inhibition is an effective approach to
ameliorating statin-induced adipose tissue insulin resistance, previously established by

Henriksbo and colleagues.®*

4.4.3 Effect of BTK inhibition on bacterial cell wall-mediated insulin resistance in
adipocytes

It is well-established that LPS acts as a ligand for TLR4 which induces an
inflammatory response leading to the upregulation of numerous pro-inflammatory gene
expression downstream.!® Aside from TLR4, nucleotide oligomerization domain-
containing proteins (NODs) are another common class of pattern recognition receptor of
the innate immune system. NODs play a major role in obesity-related inflammation and
metabolic dysfunction.”>7? In particular activation of NOD1 with bacterial cell wall
components can induce inflammation and promote dyslipidemia and insulin resistance

in adipocytes.?0.73

Aside from testing only LPS-mediated inflammation, we were interested in
determining if the anti-inflammatory properties of BTK inhibitors can extend to NOD1-
mediated insulin resistance in adipocytes. To test this, 3T3-L1 adipocytes were pre-
incubated with either ibrutinib (10 uM) or acalabrutinib (50 uM) for 1 hour, before being
exposed to FK-565 (10 pug/mL) for 48 hours to induce insulin resistance. Adipocytes
were treated with insulin (100 nM) for the final 10 minutes to stimulate substantial Akt
phosphorylation. The results demonstrated that stimulation with FK-565 significantly
reduced Akt phosphorylation relative to insulin-stimulated control (Figure 13). Further,
pre-incubation with ibrutinib, but not acalabrutinib, restored insulin signaling back to

near-control levels. This finding shows that the BTK inhibitor Ibrutinib can attenuate cell-
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autonomous insulin resistance cause by bacterial cell wall components. This finding
suggests that the ability of ibrutinib to ameliorate NOD1-mediated insulin resistance
may be different from acalabrutinib in adipocytes - and may pave the way to finding

uniquely regulated kinases by these inhibitors.
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5.0 DISCUSSION

The NLRP3 inflammasome is inherently a defensive mechanism of the innate
immune system, design to sense metabolic danger signals and then mount a protective
response. However, dysregulation in the form of a chronically inflammatory environment
leads to maladaptive activation of the inflammasome. Over the past decade, many
prominent immune and metabolic disorders like rheumatoid arthritis, Alzheimer’s
disease, atherosclerosis, type 2 diabetes, and insulin resistance, have converged at the
NLRP3 inflammasome as a mediator of disease progression.343%46:48 Extensive
research efforts have gone into exploring this inflammasome, its components, and
downstream effectors as therapeutic targets to address these conditions. The
shortcoming of targeting inflammasome effectors like ASC or caspase-1 is that they are
shared in the construction of several inflammasomes (other than NLRP3) and
inflammatory pathways. Compounds developed to directly inhibit these effectors would
increase the risk for cellular toxicity and opportunistic infections which would hinder the
safety considerations of these potential drug candidates.** Several groups have
achieved success in targeting IL-1 in an attempt to address NLRP3-mediated disorders.
Anakinra, canakinumab, and rilonacept had shown promising efficacy in several
autoimmune and inflammatory disorders.*~4" Despite this success, therapeutic
approaches via inhibition of IL-18 requires frequent and physically painful administration
which leads to medication discontinuation. As well, the increased risk of opportunistic
infection remains. To date, there has yet to be a clinically approved direct inhibitor of the

NLRP3 inflammasome.
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This challenge coincided with the timely publications by Ito et al. and Liu et al.
where they positioned Bruton’s tyrosine kinase as a regulator of NLRP3 and outlined
the ability of BTK to regulate inflammasome-dependent production of IL-13.23°6 Since
then, extensive efforts have gone into harnessing the potential of pharmacological BTK
inhibition on ameliorating NLRP3 inflammasome-mediated diseases. Many groups have
published positive findings on the therapeutic potential of BTK regulation in acute
conditions like ischemic stroke, colitis, and even COVID-19.56.€0.74 | ess research has
focused on the implications of BTK inhibition on metabolic dysfunction. A recent paper
by Purvis et al. thoroughly outlined the ability of ibrutinib treatment to address diet-
induced metabolic inflammation in vivo.®® Despite this, much remains unknown
regarding the precise mechanism of action of these pharmacological inhibitors to confer
these protective effects. Moreover, it remains unclear whether the efficacy of BTK
inhibition extends to other triggers of metabolic inflammation, like impairment in insulin
signaling induced by statins observed in adipose tissue by Henriksbo et al.3* Therefore,
it is critical to explore the mechanism of inhibitors like ibrutinib and acalabrutinib and
their ability to ameliorate metabolic dysfunction induced by inflammasome-activating

stressors like statins.

5.1 BTK inhibition lowers NLRP3 inflammasome priming and activation

Our efforts at uncovering the mechanism of action of BTK inhibitors, ibrutinib and
acalabrutinib, began with an examination of how BTK regulates inflammatory gene
expression. Through our experiments with the HEK-Blue Reporter System, we show
both BTK inhibitors lower NF-kB activation during TLR4 and NODZ1 stimulation. NF-kB is

involved in inflammasome priming and many other inflammatory responses.?! BTK
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inhibitors had no effect in the absence of inflammation caused by microbial ligands
(LPS, FK-565) that engage multiple types of pattern recognition receptors (TLR4,
NOD1, respectively). These findings position BTK as a regulator of NLRP3
inflammasome priming, and many other inflammatory pathways by inhibiting NF-kB

(Figure 14).

Given that NF-kB activation is a direct regulator of inflammatory and NLRP3
inflammasome effector gene expression, we next sought to determine the effect of BTK
inhibition on the transcript levels of key inflammatory gene downstream. We have
shown here that the tested BTK inhibitors alone can mitigate the elevation in
inflammatory gene expression induced by LPS-priming in murine primary macrophages.
We also showed that this effect occurs independent of statin exposure. These findings
together provide solid evidence supporting the idea that BTK inhibitors alter the priming
stage of the NLRP3 inflammasome mechanism, where transcription of inflammasome
components like pro-IL-13 are upregulated. This result is inconsistent with the findings
reported by Benner et al. which suggested that BTK inhibition specifically targets
NLRP3 inflammasome activation, independent of priming.® They reported that although
priming-induced IL-1[ secretion is inhibited by BTK inhibitors, the 1l-718 transcript levels
were unchanged. This disparity may be attributed to the different cell type (BMDMs vs.
tumour-associated macrophages) as well as difference in treatment protocol.
Nevertheless, the results from our experiment strongly suggest that both ibrutinib and
acalabrutinib alone can reduce the LPS-priming induced elevation in inflammatory gene

expression. Since BTK inhibitors block LPS-induced priming, it is logical to hypothesize
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that the inhibitor treatment would carry forward into downstream inflammasome-

mediated consequences like lowering of IL-13 secretion.

Beyond inflammasome priming, we next determined if BTK inhibitors alter
NLRP3 inflammasome activation, specifically the release of mature IL-1p. We found that
treatment with ibrutinib or acalabrutinib lowered IL-1B secretion in LPS-primed
macrophages stimulated by nigericin, a well-known inflammasome activator. As
expected, IL-1B secretion was not increased in LPS-primed macrophages from mice
lacking the NIrp3 gene. This demonstrates the necessity of NLRP3, and by extension —
the inflammasome, in propagating IL-13 secretion and the inflammasome-inhibiting
capability of BTK drug inhibitors. Consistent with our prior discoveries, the anti-
inflammatory actions of Ibrutinib and Acalabrutinib extends beyond effectors of the
NLRP3 inflammasome, as we observed that inhibitor treatment also led to a reduction in
elevation of IL-6 release induced by extracellular stressor (LPS), where we confirmed

that NLRP3 is not required for regulation of IL-6 (Figure 14).

5.2 Anti-inflammatory properties of BTK inhibition do not require BTK in
macrophages

In our efforts to provide genetic validation for the observed effects produced by
pharmacological BTK inhibitors on murine cells, we made use of the CBA/CaHN-Btk*d/J
mice strain as a BTK-null model. A strength of our results on BTK inhibitors is that the
observed effects were reproducible in primary cells derived from 3 mouse strains,
including CBA/CaHN-Btk*4/J, CBA/CaJ and C57BL/6J mice. We discovered that both
BTK inhibitors tested could reduce LPS-induced elevations in expression of multiple

inflammatory markers (ll-18, Tnf, II-10). Given that these effects were consistently
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observed in primary macrophages irrespective of the presence of the BTK gene, these
results suggest that the anti-inflammatory action of ibrutinib and acalabrutinib operate
through a BTK-independent mechanism (Figure 14). Taken together, these findings
suggest that the anti-inflammatory effects of BTK inhibitors do not require an
inflammasome activation signal and BTK inhibitors can lower inflammation in the
absence of BTK. In addition, even in the presence of a well-known NLRP3
inflammasome activator, nigericin, BTK inhibitors can lower IL-13 secretion, which again
occurred in macrophages that lack the BTK gene. Hence, BTK inhibitors have
widespread anti-inflammatory properties that extend to the NLRP3 inflammasome and

beyond, but do not require BTK.

The clinical feasibility of repurposing ibrutinib beyond its therapeutic properties in B
cell malignancies has largely been slowed due to its well-established off-target
toxicities. Long-term toxicity profile of ibrutinib includes substantial incidence of atrial
fibrillation, hypertension, bleeding, infection, among other adverse events.” This risk
adverse off-target effects justified the further development of next-generation BTK
inhibitors, specifically designed to target BTK with a higher specificity. Acalabrutinib,
though it has a slightly higher ICso, it binds less potently to other cysteine-containing
kinases similar to BTK.%* Perhaps the most unexpected finding in this thesis was that
neither ibrutinib nor acalabrutinib require BTK for confer the anti-inflammatory properties
we observed in our gene expression and inflammasome activation experiments. This
finding would imply that these specific anti-inflammatory actions are mediated through

off-target nodes/pathway that are shared between the two BTK inhibitors.
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As a preliminary attempt to sieve through the off-target candidates of both BTK
inhibitors, we referenced two separate studies that screened for the kinase binding
profiles of ibrutinib and acalabrutinib.”® 77 Both studies obtained these screens through a
platform known as KINOMEscan® by DiscoverRX. This platform is an ATP active site-
directed competition binding assay that is run for a particular compound of interest
(ibrutinib/acalabrutinib in this case) against a library of approximately 300-400 kinases.”®
For each of these studies, the compound of interest was tested at a concentration of 1
MM against the panel of kinases. The results are presented as a “percentage of control”
value, where 100% means no inhibition of kinase binding in the presence of the
compound of interest, and 0% means complete inhibition of kinase binding. We have
collated the results from both studies and generated a chart of common kinase targets
and the associated percentage of control values in the presence of ibrutinib or

acalabrutinib (Table 4).

According to the kinase binding profiles, it is apparent that both Ibrutinib and
Acalabrutinib substantially inhibit other members of the Tec family tyrosine kinases,
namely, tyrosine-protein kinases (TEC, TXK), bone marrow tyrosine kinase on
chromosome X (BMX). TEC and TXK are both predominantly expressed in T-cells and
play intricate roles in regulating the differentiation and signal transduction of specific
subtypes of T-cells. BMX, on the other hand, is expressed in hematopoietic cells of the
myeloid lineage. Gene silencing against Bmx demonstrated lowering of LPS-induced IL-
6 secretion in synovial fibroblasts.” BMX overexpression is also observed in
inflammatory disorders like rheumatoid arthritis and neuronal ischemia, and suppression

of BMX demonstrated protection.” Transient removal of BMX in human fibroblasts
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stimulated by TNFa and IL-1f3 significantly improves recruitment of IL-8, a potent
neutrophil attractant directed to inflammatory sites.®182 In regards to TLR4 receptor
signaling, it was shown that activated BMX interacts with components of the MyD88-
dependent pathway of signal transduction (MyD88, Mal).2® As well, BMX is required for
phosphorylation of downstream TLR4 effectors, p38 mitogen-activated protein kinase,
cJun N-terminal kinase (JNK), and NF-kB.84%5 Its intimate involvement with
inflammatory cytokines and TLR4-signaling posits BMX as a node inhibited by both
ibrutinib and acalabrutinib that potentially mediates the observed anti-inflammatory

properties.

Another family of kinases that were strongly inhibited by ibrutinib and
acalabrutinib was epidermal growth factor receptor (EGFR) family kinases. Specifically,

ErbB receptor 2 and 4 (ErbB2, ErbB4) were strongly inhibited by both BTK inhibitors.

ErbB2 stabilizes other EGFRs ligand binding and enhance signaling. It is also
overexpressed in a significant portion of non-small cell lung cancer cases.® In a lung-
specific ErbB2-overexpressing transgenic mouse model, it was observed that,
concurrent with worsening of pulmonary cancer progression, several inflammatory
factors like TNFa, IL-1B, and IL-6 were upregulated in lung tissues.8 Inhibition of ErbB2
would reduce the abundance of these inflammatory cytokines. However, these results
are only relevant in lung tissues, and thus a more systemic look at the effects of ErbB2

inhibition is required.

ErbB4 is a transmembrane receptor protein essential to cell surface recognition
of neuregulins, which are signaling proteins that mediate cellular functions of the

neuronal system. ErbB4 has been linked to pro-inflammatory macrophage activity.8”
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Treatment with ErbB4 ligand neuregulin-4 (NRG4) induces apoptosis in activated pro-
inflammatory macrophages.?” In a murine colitis model, it was shown that inflammation
suppressed NRG4 expression which allowed for the persistence of activated pro-
inflammatory macrophages. By ablating either the ErbB4 receptor or its ligand NRG4,
an elevated abundance of pro-inflammatory cytokines was observed in activated
macrophages.®® The inherently protective effect against inflammation mediated by
NRG4 and ErbB4 would suggest that its inhibition would lead to exacerbated pro-
inflammatory outcomes. However, these findings were studied in the context of
intestinal inflammation and colitis, so further efforts are required to validate that ErbB4 is
not involved in mediating the observed anti-inflammatory properties of ibrutinib and

acalabrutinib.

5.3 Optimized conditions for testing BTK inhibition on adipose tissue insulin
signaling ex vivo

Further, to develop our model of testing adipose tissue insulin signaling ex vivo,
we sought out to understand if treatment of ibrutinib and acalabrutinib alone impairs
insulin signaling. We here demonstrated that in C57BL6/J mice, the two drug inhibitors
tested do not have a significant effect on insulin-stimulated adipose tissue explants, as
shown by the consistent phosphorylation status of insulin signaling at the level of Akt.
Moreover, we have results demonstrating that LPS at concentrations up to 2 pg/mL can
be added to the explants as an inflammasome priming signal without inducing a
significant change on insulin signaling. This completes our optimized ex vivo model for
us to test drug interventions or stress-induction without any concerns of artefact

attributed to LPS or the two drug inhibitors alone. Given the compelling results we have
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presented on BTK inhibitors lowering LPS and statin-induced inflammatory gene
expression, we are now in a position to test if BTK inhibitors can mitigate insulin

resistance in adipose tissue induced by inflammasome activators like statins.

5.4 Future Directions

We have shown here that BTK inhibitors, ibrutinib and acalabrutinib, are able to
reduce NLRP3 inflammasome-mediated inflammatory gene expression and cytokine
secretion. Along with results published by Purvis et al., BTK inhibitor treatment has
emerged as a promising therapeutic approach to combat stress-induced metabolic
inflammation.%® As well, we have developed an optimized protocol for testing the
effectiveness of BTK inhibition on insulin signaling in adipose tissue ex vivo. All these
efforts set the stage for a future experiment to determine the efficacy of BTK inhibition
on improving statin-induced insulin resistance in adipose tissue. By stimulating these
explants with LPS along with a statin, we would expect a significant reduction in the
phosphorylation of Akt, indicative of impairment in insulin signaling, just as previously
established by Henriksbo et al.3* With the addition of ibrutinib or acalabrutinib, the
results will reveal whether the anti-inflammatory properties presented throughout this

thesis is sufficient to rescue statin-induced metabolic dysfunction in adipose tissue.

We have also presented in this thesis the unexpected discovery that the anti-
inflammatory properties of ibrutinib and acalabrutinib do not require BTK. Considering
that this observed effect was consistent between ibrutinib and acalabrutinib treatment, it
would suggest that this is attributed to an off-target node shared between the two drug
inhibitors. This finding prompts us towards another future direction to identify the off-

target responsible for conferring these BTK-independent effects. Collating the kinase
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binding profile of ibrutinib and acalabrutinib into Table 4 is only the first step. We next
intend to sift through this dataset to narrow down potential off-target kinases that are
inhibited to a substantial degree by both ibrutinib and acalabrutinib. From there, we can
employ targeted approaches to inhibit these potential kinase candidates to determine if

they are required for the observed ibrutinib/acalabrutinib effects.

Predicated on the potential success of BTK inhibitors to ameliorate statin-induced
adipose tissue insulin resistance ex vivo, another possible future direction would be to
test the effect of BTK inhibitor administration in an in vivo statin-induced dysglycemia
model. Our lab has previously discovered that feeding a fluvastatin-laden diet (500
mg/kg in food) increases blood glucose during a glucose tolerance test in obese ob/ob
(leptin-deficient) mice or in high-fat diet (HFD) fed C57BL/6J mice (unpublished). This
study would require feeding CBA-WT and BTK-null mice one of four diets: 1) chow diet,
2) statin-laden chow diet, 3) HFD diet, 4) statin-laden HFD diet. Once the dysglycemia
phenotype is confirmed by oral glucose tolerance test, ibrutinib or acalabrutinib can be
administered via oral gavage as demonstrated by Purvis et al. in their 2020 publication.
This experiment would reveal if the anti-inflammatory of BTK inhibitors can extend to

metabolic dysregulation in an in vivo mice model.

5.5 Limitations

One of the limitations to this thesis is the absence of cell viability determination in
experiments involving HEK-293T and BMDMSs. Cell viability of these cell types following
treatment with one or more of: LPS, FK-565, atorvastatin, ibrutinib and acalabrutinib,

was not quantitatively determined. This control experiment should be performed to
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verify that the observed inflammatory responses were indeed a consequence of the

experimental treatment, rather than artefact of cell death.

As well, a portion of the inflammatory gene expression data was normalized to LPS-

only conditions, while another was normalized to untreated control.

Another important limitation to this thesis is the ambiguous distribution of adipose
tissue explant content. Due to the nature of tissue explant preparation, it is not possible
to normalize the exact amount of explant that is distributed into each experiment group.
During the experiment, we do our best to maintain an internal standard for the size of
explant to be allocated to each individual sample, however, this measure is qualitative
at best. One potential way to address this concern would be to dry each adipose tissue
fat pad and weigh out an exact amount of tissue content for each individual sample.
However, the drawback to this approach would be that keeping tissue ex vivo and

deprived of nutrients for an extended period of time could affect tissue viability.

Moreover, to test a model of Btk ablation, we used two CBA-background strains.
Since these mice strains are not commonly purchased, the provider (The Jackson
Laboratory) only maintains a small colony with limited availability in terms of ages. For
the purposes of the experiments outlined in this thesis, we had to use age-matched
mice of both the CBA/CaJ and CBA/CaHN-Btk*9/J strains for each experiment. The low
availability became a hindrance as often, The Jackson Laboratory would only be able to
offer age-matched mice at very young ages. This meant that our experimental timeline

was dictated by and delayed due to the availability of these mice strains.
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Lastly, | was fortunate enough to be able to continue my graduate studies during the
COVID-19 pandemic. However, during the early months of my masters, most
laboratories, including ours, were limited by restrictions. For months, this meant that
only three lab members could physically be working at a time. These restrictions not

only slowed initial training, but also progression of experiments.
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6.0 CONCLUSION

The postulation that BTK is a direct regulator of NLRP3 inflammasome function is a
growing field of interest. Despite the ongoing efforts, the tissue-specific metabolic
consequences of BTK inhibition downstream of the NLRP3 inflammasome remains
unclear. Specifically, the effect of BTK inhibition on insulin signaling in metabolic tissues
is largely unstudied. This was a key knowledge gap given the broad range of
inflammatory disorders that engage the NLRP3 inflammasome in their pathogenesis
and progression. As well, the lack of a clinically approved direct inhibitor of the
inflammasome calls for innovative approaches to regulate this node of innate immunity.
Here, we demonstrate that pharmacological inhibition of BTK lowers NLRP3
inflammasome priming and activation. Further, we made the serendipitous discovery
that these BTK inhibitors have anti-inflammatory properties that do not require the
presence of the Btk gene product. This intriguing finding encourages the search for off-
targets shared between ibrutinib and acalabrutinib that may potentially act as the
mediator of the observed anti-inflammatory effects. We have also optimized the
experimental conditions for testing the effects of BTK inhibition on the NLRP3
inflammasome using an ex vivo adipose tissue model. An important future direction is to
explore the efficacy of BTK inhibition as a therapeutic approach to ameliorating tissue-
localized insulin resistance induced by activators of the NLRP3 inflammasome.
Pinpointing the off-target responsible for its anti-inflammatory properties would posit
BTK inhibitors as effective inhibitors of NLRP3 inflammasome function and present

them as efficacious treatment options for a myriad of inflammatory diseases.
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Priming: Pattern- or damage-associated molecular patterns (PAMPs, DAMPS) bind to pattern
recognition receptors (PRR) which activates nuclear factor kB (NF-kB). NF-kB subsequently
translocate into the nucleus to upregulate inflammatory cytokine and inflammasome component
gene expression. Activation: Metabolic stressors like nigericin, high ATP, or xenobiotics like
statins, trigger the assembly of inflammasome components into the active NLRP3
inflammasome. Caspase-1-mediated cleavage of pro-IL-13 and pro-IL-18 converts them into
their bioactive forms for secretion.
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Figure 2: Schematic of NF-kB activation assay using HEK-293T TLR4 reporter system.

Within HEK-293T cells, the secreted embryonic alkaline phosphatase (or SEAP) reporter gene
is under the control of a promoter fused to NF-kB binding sites. Stimulation with a TLR4-ligand
(like LPS) activates NF-kB, inducing SEAP production which is detected by HEK-Blue™
Detection medium. This detection medium yields a colour change proportional to relative NF-kB
activation.
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Figure 3: BTK inhibitors lower NF-kB activation by TLR4- and NOD1-ligands. HEK-Blue
hTLR4 cells were treated with LPS (100 ng/mL) and Ibrutinib (0.1, 1, 5, 10 uM; panel A)
or Acalabrutinib (1, 10, 20, 50 uM; panel B) for 24 hours. HEK-Blue hNOD1 cells were
treated with FK-565 (100 ng/mL) and lbrutinib (0.1, 1, 5, 10 uM; panel C) or
Acalabrutinib (1, 10, 20, 50 uM; panel D) for 24 hours. Absorbance of HEK-Blue
detection media was quantified by spectrophotometer at 630nm. P > 0.05. *Significant
difference from corresponding LPS- or FK565-only group. Values are shown as the
mean + SEM. n = 12 for each condition, each n represents a separate experiment on a
separate day or cell passage.
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Figure 4: BTK inhibitor treatment mitigates LPS-induced elevation in inflammatory gene
expression. BMDMs from WT mice were primed with LPS (200ng/mL, 4 hours) and
treated (A) with ibrutinib (0.1, 1, 5, 10 uM, 22 hours) or (B) with acalabrutinib (1, 10, 20,
50 uM, 22 hours). Transcript levels of cytokines were measured by gPCR. P < 0.05.
*Significant difference from LPS-only condition. Values are shown as the mean + SEM.
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Figure 5: BTK inhibitor treatment reduces LPS-induced elevation in inflammatory gene
expression, irrespective of statin exposure. BMDMs from WT C57BL/6J mice were
primed with LPS (200ng/mL, 4 hours), and treated with Atorvastatin (1 pM, 22 hours),
and either with ibrutinib (0.1, 1, 5, 10 uM, 22 hours) or (B) with acalabrutinib (1, 10, 20,
50 uM, 22 hours). Transcript levels of cytokines were measured by qPCR. P < 0.05.
*Significant difference from LPS-only condition. Values are shown as the mean + SEM.
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No. | Name | Genotype Cycling B.Green Cycling B.Yellow
1 WT Wildtype No Reaction Reaction
2 MU Mutant  Reacton  NoReaction
3 | NTC No Reaction No Reaction
4 | Water No Reaction No Reaction
5 Wildtype No Reaction Reaction
6 Wildtype No Reaction Reaction
7 Wildtype No Reaction Reaction
8 Wildtype No Reaction Reaction

Figure 6: End-point analysis genotyping of CBA/CaJ and CBA/CaHN-Btk*/J mice strains.
Samples were combined with probes specific to sequence of either CBA/CaJ or CBA/CaHN-
BtkX9/J strains and ran on a manually inputted temperature profile using the Rotor-Gene Q
system. Channel Yellow refers to wild-type specific probe, channel green refers to mutant
specific probe. A) Scatter analysis graph is presented distinguishing the individual plots
according to their genotypes. B) Result table of allelic discrimination analysis showing genotype
and reaction with specific fluorescent probes indicated. All 10 genotype results were consistent
with the mice strain of origin and the no-template control (NTC), and water results provided
suitable controls, as expected.
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Figure 7: BTK inhibitors do not require BTK to lower inflammatory cytokines in murine
macrophages. BMDMs from CBA/CaJ (CBA-WT) and CBA/CaHN-BtkX4/J (BTK-null)
were primed with LPS (200 ng/mL, 4 hours), and either Ibrutinib (10 uM, 22 hours) or
Acalabrutinib (ACP, 50 uM, 22 hours). Transcript levels of (A) II-18, (B) II-6, (C) Nirp3,
(D) Tnf, and (E) 1l-10, were assessed by quantitative PCR. P < 0.05. *Significant
difference from corresponding group shown by connecting lines. Values are shown as
the mean £ SEM. n = 8-10 for each condition, each n represents an individual treatment
well.
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Figure 8: BTK inhibitors do not require BTK to mitigate inflammatory gene expression
elevated by inflammasome activator challenge. BMDMs from CBA-WT and BTK-null
mice were primed with LPS (200ng/mL, 4 hours), Atorvastatin (1 uM, 22 hours), and
treated with ibrutinib (10 uM, 22 hours) or acalabrutinib (ACP, 50 uM, 22 hours).
Transcript levels of (A) II-18, (B) NIrp3, (C) 1I-6, (D) Tnf, and (E) II-10 were measured by
gPCR. P < 0.05. *Significant difference from LPS+Atorvastatin only condition of
corresponding strain. Values are shown as the mean + SEM. n = 18 for each condition,
each n represents an individual treatment well.
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Figure 9: BTK inhibitors lower NLRP3 inflammasome effectors and other cytokines.
BMDMs from C57BL/6J or NIrp3”- mice were primed with LPS (200 ng/mL, 4 hours),
treated with nigericin (20 uM, 30 minutes), and either Ibrutinib (10 uM, 22 hours) or
Acalabrutinib (ACP, 50 uM, 22 hours). (A) IL-1B, and (B) IL-6 secretion levels were
guantified by ELISA. P < 0.05. *Significant difference from corresponding group shown
by connecting lines. Values are shown as the mean £ SEM. n = 6 for each condition,
each n represents an individual treatment well.
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Figure 10: BTK inhibition lowers LPS-induced IL-18 and IL-6 secretions via a BTK-
independent mechanism. BMDMs from CBA-WT or BTK-null mice were primed with
LPS (200 ng/mL, 4 hours), treated with nigericin (20 uM, 30 minutes), and either
Ibrutinib (10 uM, 22 hours) or Acalabrutinib (ACP, 50 uM, 22 hours). Cell-conditioned
supernatants from the same samples as those in figure 7 were analyzed for (A) IL-1,
and (B) IL-6 secretion levels by ELISA. P < 0.05. *Significant difference from
corresponding group shown by connecting lines. Values are shown as the mean + SEM.
n = 8-10 for each condition, each n represents an individual treatment well.
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Figure 11: BTK inhibitor treatment alone does not affect insulin signaling in adipose
tissue ex vivo. (A) Adipose Tissue explants extracted from C57BL/6J mice were treated
with Ibrutinib (0.1, 1, 5, 10 uM, 22 hours) or Acalabrutinib (1, 10, 20, 50 pM, 22 hours).
All conditions except basal were stimulated with insulin for the last 10 minutes of
treatment (0.3 nM). The protein content of these explants was isolated, purified, and
guantified by immunoblotting. The quantified band intensities were converted into p-Akt-
to-Akt ratios and plotted here. (B) Representative gel for part of the experiment. P <
0.05. ns represent no significant difference. Values are shown as the mean + SEM. n =
12-18, each n represents an individual treatment well.
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Figure 12: LPS treatment at doses up to 2 pg/mL has no effect on insulin signaling in
adipose tissue ex vivo. Adipose tissue explants extracted from CBA-WT mice were
primed with LPS (0.05, 0.5, 2 ug/mL, 4 hours), and treated with either Ibrutinib (lbru, 10
MM, 22 hours, panel A) or Acalabrutinib (ACP, 50 uM, 22 hours, panel C). The same
experiment is repeated with adipose tissue explants from BTK-null mice, treated with
Ibrutinib (panel B), treated with Acalabrutinib (panel D). All conditions except basal were
stimulated with insulin for the last 10 minutes of treatment (0.3 nM). The protein content
of these explants was isolated, purified, and quantified by immunoblotting. The
guantified band intensities were converted into p-Akt-to-Akt ratios and plotted here. (a,
b, c, d) Representative gels for panel of the corresponding upper-case letter. P < 0.05.
ns represent no significant difference. Values are shown as the mean £+ SEM. n =9,
each n represents an individual treatment well.
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Figure 13: BTK inhibitors attenuate bacterial cell wall-mediated insulin resistance in
3T3-L1 adipocytes. (A) 3T3-L1 adipocytes were pre-incubated with either ibrutinib (10
MM) or acalabrutinib (50 uM) for 1 hour followed by treatment with FK-565 (10 pg/mL)
for 48 hours. Insulin stimulated conditions were treated with insulin (100 nM) for the 10
minutes prior to the end of treatment. The protein content of these adipocytes was
isolated, purified, and quantified by immunoblotting. The quantified band intensities
were converted into p-Akt-to-Akt ratios and plotted here. (B) Representative gel for part
of the experiment. P < 0.05. * Significant difference compared to insulin-stimulated
control condition. Values are shown as the mean £ SEM. n = 6, each n represents an
individual treatment well.
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Figure 14: Schematic concluding key findings from the thesis

In addition to a priming signal, metabolic stress signals like nigericin, high ATP, and
xenobiotics like statins all can activate the NLRP3 inflammasome. Statins induce
adipose tissue insulin resistance via the inflammasome and IL-13. Throughout this
thesis, we demonstrated that ibrutinib and acalabrutinib inhibit NF-kB activation, which
consequently lead to lowering of inflammatory gene expression and cytokine secretion.
The two BTK inhibitors confer this anti-inflammatory effect independent of BTK. Future
directions of this project help bridge the knowledge gap and determine if BTK inhibitors
can ameliorate metabolic dysfunction induced by inflammasome activators, like statins.
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Table 4: Kinase binding profile of ibrutinib and acalabrutinib by KINOMEscan®7677

o _ Percentage of control
Target Description Family __
Ibrutinib
BTK Bruton’s tyrosine kinase Tec 0 0.05
ERBB2 Receptor tyrosine-protein kinase erbB-2 EGFR 0 2.1
ERBB4 Receptor tyrosine-protein kinase erbB-4 EGFR 0 4.3
Tyrosine kinase expressed in
TEC Tec 5.7 6.4
hepatocellular carcinoma
LIMK1 LIM domain kinase 1 LISK 30 13
TXK Tyrosine-protein kinase Tec 1.4 24
Bone marrow tyrosine kinase on
BMX Tec 14 34
chromosome X
TNNI3K Serine/threonine-protein kinase TNNI3K MLK 73 38
BRAF(V600E) | Serine/threonine-protein kinase B-raf RAF 50 44
KIT(V559D) Mast/stem cell growth factor receptor Kit | PDGFR 25 53
CSNK2A1 Casein kinase Il subunit alpha CK2 57 54
KIT(V559D,
Mast/stem cell growth factor receptor Kit | PDGFR 98 55
T6701)
p38 -6 Mitogen-activated protein kinase 13 MAPK - 57
FRK Tyrosine-protein kinase FRK Src 14 59
MARK?2 Serine/threonine-protein kinase MARK2 CAMKL 100 59
YANK?2 Serine/threonine-protein kinase 32B YANK 77 59
Receptor-interacting serine/threonine-
RIPK2 RIPK 5 60
protein kinase 2
BLK Tyrosine-protein kinase Blk Src 0.1 61
HCK Tyrosine-protein kinase HCK Src 0.6 62
KIT(L576P) Mast/stem cell growth factor receptor Kit | PDGFR 23 63
BRAF Serine/threonine-protein kinase B-raf RAF 53 64
MST?2 Serine/threonine-protein kinase 3 STE20 57 65
3-phosphoinositide-dependent protein
PDPK1 PDK1 71 67
kinase 1
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SRMS Tyrosine-protein kinase Srms Src 0 67
SRPK1 SRSF protein kinase 1 SRPK 60 67
EPHB2 Ephrin type-B receptor 1 Eph 100 69
PRKG1 cGMP-dependent protein kinase PKG - 70
JAK1(JH2dom
Tyrosine-protein kinase JAK1 Jak 100 71
ain)
Proto-oncogene tyrosine-protein kinase
RET(M918T) Ret 18 71
receptor Ret
ASK1 Apoptosis signal-regulating kinase 1 MAPK - 73
LOK Serine/threonine-protein kinase 10 STE20 40 73
NEK9 Serine/threonine-protein kinase Nek9 NEK 88 73
PAK3 Serine/threonine-protein kinase PAK 3 STE20 39 73
STK33 Serine/threonine-protein kinase 33 STK33 80 73
CDK7 Cyclin-dependent kinase 7 CDK 86 74
EGFR Epidermal growth factor receptor EGFR 1.8 75
Serine/threonine-protein kinase receptor
ACVRL1 STKR 100 76
R3
EPHA1 Ephrin type-A receptor 1 Eph 61 76
MELK Maternal embryonic leucine zipper kinase | CAMKL 75 76
PFTAIRE2 Cyclin-dependent kinase 15 CDK - 76
FGFR3(G697
Fibroblast growth factor receptor 3 FGFR 28 77
Q)
MERTK Tyrosine-protein kinase Mer Axl 90 77
cAMP-dependent protein kinase catalytic
PKAC - a PKA 80 77
subunit alpha
RAF proto-oncogene serine/threonine-
RAF1 RAF 70 77
protein kinase
CSNK1G1 Casein kinase | isoform gamma-1 CK1 - 78
PAK2 Serine/threonine-protein kinase PAK 2 STE20 92 78
Proto-oncogene tyrosine-protein kinase
SRC Src 4 78

Src
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BRK Protein-tyrosine kinase 6 Src - 79
PIM2 Serine/threonine-protein kinase pim-2 PIM 89 79
DAPK2 Death-associated protein kinase 2 DAPK 92 80
NEK7 Serine/threonine-protein kinase Nek?7 NEK 94 80
PLK4 Serine/threonine-protein kinase PLK4 PLK 44 80
RIOK?2 Serine/threonine-protein kinase RI02 RIO 95 80
JAK2(JH1dom
Tyrosine-protein kinase JAK2 Jak 77 81
ain)
CDK2 Cyclin-dependent kinase 2 CDK 100 82
CSNK1G2 Casein kinase | isoform gamma 2 CK1 - 82
LYN Tyrosine-protein kinase Lyn Src 11 82
MAP/microtubule affinity-regulating
MARK3 CAMKL 60 82
kinase 3
Dual specificity mitogen-activated protein
MEK2 MAPK - 82
kinase kinase 2
TNIK TRAF2 and NCK-interacting protein kinase | STE20 100 82
KIT(D816V) Mast/stem cell growth factor receptor Kit | PDGFR 77 83
Mitogen-activated protein kinase kinase
LZK MLK - 83
kinase 13
Dual specificity testis-specific protein
TESK1 LISK 86 83
kinase 1
YES Tyrosine-protein kinase Yes Src 2 83
5'-AMP-activated protein kinase catalytic
AMPK-a2 CAMKL 100 84

subunit alpha-2

79




MSc. Thesis — D. Chan; McMaster University - Biochemistry

A HEK-Blue Reporter Assay
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Supplementary Figure 1: Dose response of NF-kB activation induced by TLR4- and
NOD1-ligands. (A) HEK-Blue hTLR4 cells were treated with LPS (0.25-500 ng/mL) and
Ibrutinib (0.1, 1, 5, 10 uM) for 24 hours. (B) HEK-Blue hNOD1 cells were treated with
FK-565 (10-100 ng/mL) and lbrutinib (0.1, 1, 5, 10 uM) for 24 hours. Absorbance of
HEK-Blue detection media was quantified by spectrophotometer at 630nm. P > 0.05.
*Significant difference from corresponding LPS- or FK565-only group. Values are shown
as the mean £ SEM. n = 12 for each condition, each n represents a separate
experiment on a separate day or cell passage.
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