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Abstract

Activation of nicotinic acetylcholine receptors (NnAChRs) by agonists like acetylcholine
(ACh) can have anti-inflammatory properties via the regulation of cytokines. A recent novel
class of nAChR specific molecules termed silent agonists are also thought to induce nAChR-
dependent metabotropic signaling cascades, while causing very little channel opening. These
molecules may therefore be potent immune regulators. This study assessed the expression of
cholinergic genes in human macrophages and gained insights on the anti-inflammatory
properties of NAChR agonists, silent agonists and cholinergic inhibitors in human macrophages.
For both aims, two human monocytic cell lines (THP-1 and U937) were cultured and
differentiated into macrophages using phorbol 12-myristate 13-acetate (PMA) to obtain Mo
macrophages and in some cases, further polarized into M1 (INF-y) or M2 (IL-13 and IL-4).
Expression of cholinergic genes were first determined via Western Blot and PCR. Secondly,
experiments assessing expression of cell markers, cytokine expression, and viability were carried
out following treatment with various conditions in the presence of LPS. It was hypothesized that
macrophages would express cholinergic proteins and that nAChR agonists/silent agonists would
result in anti-inflammatory responses whereas cholinergic inhibitors would result in pro-
inflammatory responses. Overall, we found that differentiated macrophages expressed most
cholinergic proteins and that the inhibition of cholinergic proteins and nAChR agonism
modulated LPS-induced cytokine release. These experiments gave pertinent information
regarding the presence of cholinergic genes and the anti-inflammatory properties of
agonists/silent agonists in human macrophages.
Key Words

Nicotinic acetylcholine receptors, acetylcholine, silent agonists, cholinergic system, cytokines,
macrophages, anti-inflammatory, immune system, cell markers, Western Blots
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Introduction

1.0  The Immune System

The immune system consists of various cells (macrophages, dendritic cells, lymphocytes,
etc.) that tightly regulate and trigger immune responses against invasive and dangerous
pathogens®. Such pathogens may include microbes, viruses, cancer cells and toxins2. Although
this is the immune system’s main role, it is also very much involved in other processes including
homeostasis, reproduction, wound healing and metabolism amongst many others®. The immune

system is made up of two fundamental lines of defense: innate immunity and adaptive immunity.

1.0.1 Innate Immunity

The innate immune response represents the first line of defense against pathogens. It is
considered a less specific defense mechanism than the adaptive immune response as it
recognizes conserved features of pathogens known as pathogen associated molecular patterns
(PAMPs) like bacterial and fungal cell wall components (ex. gram negative cell walls)*. The
recognition of PAMPS is mediated by pattern-recognition receptors (PRRs)*. PPRs can be
further divided into four families: the Toll-like receptors (TLRS), nucleotide-binding
oligomerization domain (NOD)-like receptors (NLRs), C-type lectin receptors (CLR) and RIG-1

like receptors (RLR)>.

Several types of defensive barriers make up the innate immune system; these include
anatomical, physiological, inflammatory as well as endocytic and phagocytic barriers. The main

goal of the innate immune system is to rapidly recruit immune cells in hopes of eliminating the



stimuli and initiating the healing process. More specifically, the immune cells that make up the
innate immunity include phagocytes (macrophages, dendritic cells (DCs), monocytes,
neutrophils and mast cells), Natural Killer (NK) cells, basophils, dendritic cells and eosinophils?.
Since macrophages play vital roles in immunity and participate in many inflammatory disorders,

macrophages are of particular interest in this study.

1.0.2 Macrophages

Macrophages are an essential component of the innate response %, Macrophages have
an extensive range of cell surface receptors and intracellular components allowing them to not
only interact with host cells, but also engulf and destroy invading pathogens*?. Macrophages
have a high plasticity and therefore, depending on their surrounding environment, can be
polarized into a spectrum of activity-related phenotypes, which are dogmatically described by
two main subsets: pro-inflammatory macrophages (M1 or classically activated macrophages) and
anti-inflammatory macrophages (M2 or alternatively activated macrophages)*®*. Some features
that distinguish M1 and M2 macrophages include their role in inflammation, their expression of
cell markers and the cytokines they release. Although some markers are more highly expressed
in one phenotype than the other, the extreme polarities are uncommon therefore resulting in a
‘spectrum’ of macrophage populations™®.

M1 macrophages contribute to local inflammation and tissue injury by promoting pro-
inflammatory immune responses*® as well as antiproliferative and cytotoxic activities'’. These
functions are completed through the release of pro-inflammatory cytokines, such as Interleukin
(IL)-1B, IL-12, 1L-23 and Tumor Necrosis Factor-o. (TNF-o)*¢, and production of reactive

oxidants®®. Macrophages can be polarized into M1 macrophages upon stimulation by type |



cytokines (ex. Interferon (INF)- and TNF-a) or upon binding of PAMPs (ex. Lipopolysaccharide
(LPS)) to their respective receptors!’. M1 macrophages can identified by their high expression of
CD80 and CXCL10%22 cell markers.

In contrast, M2 macrophages are mainly involved in downregulating inflammation and
promoting tissue repairl’. Since M2 macrophages have a diverse set of responses, they are
further subdivided into three subpopulations: M2a (stimulated by IL-4 and IL-13), M2b
(stimulated by different immune signals along with IL-1p or LPS) and M2c (stimulated by IL-10,
Transforming Growth Factor Beta (TGFB), or glucocorticoids)!’. Briefly, M2a macrophages are
associated with the encapsulation and destruction of parasites as well as allergic responses?.
They release polyamines and IL-10 which in return inhibit pro-inflammatory cytokine
production*. M2b macrophages are responsible for the selective upregulation of phagocytosis
and modulating immune responses?®. They release very high levels of IL-10 while also secreting
very little pro-inflammatory cytokines?®. Finally, M2c macrophages play major roles in tissue
and extracellular matrix repair as well as the downregulation of M1 immune responses®>?6. M2c
macrophages also release IL-10 which in turn, deactivates M1 immune responses?. IL-10
secretion from these cells also stimulates the release of CXCL13 and CXCL4%. M2
macrophages express different cell markers in comparison to M1 macrophages, which include
MRC1 (CD206) and CD163%".

Because of the high plasticity that macrophages possess, they can continuously switch
phenotypes upon stimulation with different molecules and proteins'®>?8, For example, monocytic
cell lines like THP-1 and U937 have been shown to display M1 macrophage characteristics upon
stimulation with INF-y and LPS whereas they showed M2 macrophage characteristics upon

stimulation with 1L-13 and 1L-42%3°,



1.0.3 Cytokines

Cytokines are small messenger proteins primarily produced by macrophages and helper T
cells®®. Cytokines initiate signaling cascades by either acting on the cells that secreted them
(autocrine), on other nearby cells (paracrine) or on some distant cells (endocrine)!. Cytokines
may be produced in response to PAMPs®, PRRs involving TLRs and NLRs*3. An example of a
microbial molecule that induces the release of cytokines includes LPS, a major membrane
component of Gram-negative bacteria. The main surface receptor for LPS is CD14, a membrane
receptor that is highly expressed on macrophages®*. LPS is first recognized by the LPS-binding
protein that transports LPS and brings it to CD14. This facilitates the transfer of LPS to the
TLR4/MD-2 receptor complex on the cell surface®®. Afterwards, numerous intracellular signaling
pathways become activated, which include nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB), interferon regulatory factor 3 (IRF3) and mitogen-activated protein
kinase (MAPK) kinase pathways, further resulting in the expression of various pro-inflammatory
genes®.

Two types of cytokines exist: pro-inflammatory cytokines and anti-inflammatory
cytokines. Pro-inflammatory cytokines upregulate inflammatory responses®! whereas anti-
inflammatory cytokines down-regulate inflammatory responses mainly by inhibiting the release
of pro-inflammatory cytokines®!. Cytokines typically initiate cascades via autocrine and
paracrine signaling, resulting in a complex network of interactions®. Autocrine signaling occurs
when a cytokine acts on the cell it was released by and amplifies or modulates gene expression
of that cell whereas paracrine signaling occurs when a cytokine controls or amplifies changes in
genes in nearby cells®’. Paracrine signaling functions are important for inflammatory responses

within a tissue or organ®’.



Amongst all pro-inflammatory cytokines, TNF-a, IL-6, and IL-1[ appear to be the most
important in the process of inflammation, being among the first cytokines to be released during
such processes®. These cytokines signal through the type | cytokine receptors and initiate
various signaling pathways as well as contribute to human disease*?.

TNF-a is a potent inflammatory mediator that plays important roles in the innate immune
response mainly via the production of additional cytokines, the expression of adhesion molecules
and the stimulation of growth3. TNF-a also stimulates the proliferation of cells, has cytolytic
and inhibitory effects on tumor cells and is implicated in antiviral and inflammatory activities®.
It is mainly secreted by activated macrophages but may also be secreted by other cell types like
monocytes, T cells, mast cells and NK cells®®, TNF-o. initiates molecular signaling via binding to
one of two receptors: tumor necrosis factor receptor (TNFR) 1 and 2. Both TNFRs receptors play
similar roles, activating several pathways including MAP kinases and NF-kB, but only TNFR1 is
capable of also activating apoptotic pathways (caspases)®®. Interestingly, TNFR1 has been
reported to be responsible for most cellular responses to TNF-a (cell growth, apoptosis,
activation of immune signaling pathways and upregulation of cytokines) whereas TNFR2 has
been shown to mostly play vital roles in the proliferation of lymphoid cells®. Such receptors are
expressed at different concentrations, with TNFR1 being the most potent receptor found on cells
and TNFR2 mainly only found on leukocytes and endothelial cells*®. Overall, TNF-a has been
shown to be an important cytokine in infection control, also affecting the activity of multiple
other cells®,

Similarly, IL-6 is also a pleiotropic cytokine expressed by a variety of cells including
macrophages, T and B cells, fibroblasts, endothelial cells, keratinocytes, hepatocytes and bone

marrow cells*.. It is involved in haematopoiesis, the maturation of B cells*? and the activation



and differentiation of T cells®. IL-6 initiates signal transduction via binding to the ligand-
binding IL-6 receptor (IL-6R) and CD130*. The IL-6R expression is mostly restricted to
lymphocytes and hepatocytes whereas CD130 is universally expressed*+4°,

IL-1p is made by various cells including monocytes, macrophages, neutrophils, and
hepatocytes®®. IL-1B mainly targets NK cells, and B and T cells with major functions in fever and
pro-inflammatory responses essential for the host’s response to pathogens®*#. IL-1p is also
responsible for aggravating damage during tissue injury and chronic diseases*’ as well as
activating T lymphocytes and B lymphocytes*. To induce its effects, it must first bind to one of
two IL-1 receptors (IL-1R): IL-1R1 and IL-1R2%, Binding of IL-1a and IL-1p to IL-1R1 results
in a signaling complex, initiating inflammatory responses®. In contrast, IL-1R2 acts as a decoy
receptor, therefore does not initiate signal transduction and acts as an endogenous inhibitor of IL-

1 signaling*®0,

Finally, regarding anti-inflammatory cytokines, IL-10 is of particular interest. It is one of
the most potent anti-inflammatory cytokines, supressing the expression of pro-inflammatory
cytokines like TNF-a, IL-6 and IL-1f. Additionally, IL-10 promotes the secretion of the anti-
inflammatory IL-1 receptor antagonist as well as the proliferation of various immune cells®?. IL-
10 initiates its immunosuppressive effects by binding to IL-10 receptor-1 (IL-10R1) a ligand
binding subunit and IL-10 receptor-2 (IL-10R2), an accessory subunit necessary for signal
transduction®>%2, By down regulating immune responses, 1L-10 prevents damage to tissues and

promotes homeostasis within the host®!,

While the production of cytokines is essential in the fight against pathogens, unregulated
cytokine release may lead to autoimmune diseases and chronic inflammation (or inflammatory

diseases).



1.0.4 Inflammation

Inflammation is a non-specific mechanism generated by a local immune response to an
infectious, physical or chemical agent®. Immune cells and peripheral leukocytes are recruited to
the injury site where they release inflammatory mediators like bradykinin, histamine,
prostaglandins and cytokines®*. These inflammatory mediators help dilate and increase the
permeability of blood vessels thus increasing local blood flow and allowing more immune cells
to reach the injured tissue®. This is characterized as localized redness, swelling, heat and pain.
Some other inflammatory mediators like cytokines also help in mediating immune responses and
recruiting other immune cells to the injured tissues. Inflammation may be short-term (acute
inflammation), lasting from hours to a couple weeks, where the stimuli is quickly removed, and
tissue repair takes place®®. On the contrary, long-term inflammation (chronic inflammation), lasts
longer than two weeks and results from unregulated immune responses. Chronic inflammation

triggers active inflammation and may cause permanent tissue damage®®.

1.0.5 Adaptive Immunity

The adaptive immune system, unlike the innate immune system, is specific in targeting
the type of pathogen and is therefore slower to respond to newly encountered pathogens®’. The
adaptive immune system has an immunological memory, hence subsequent infections of the
same pathogen are cleared faster. Because of this, efficient immunization against various
diseases is possible®®. The adaptive immune system is made up of lymphocytes, more
specifically T and B cells.

T cells mature in the thymus and express a variety of antigen-binding receptors called T-

cell receptors (TCR). T cells activate cell-mediated immune responses in which T cells act



directly against foreign antigens with the help of antigen presenting cells (APCs) like
macrophages, dendritic cells and B cells amongst others®°®. Moreover, T cells also produce
signal molecules initiating the destruction of phagocytosed microbes®. Different subsets of T
cells exist, including follicular helper T cells which provide help to B cells in the production of
antibodies, cytotoxic T cells which eliminate substances deemed harmful by the immune system

and regulatory T cells (Tregs) that suppress immune responses and maintain homeostasis®®®:.

Conversely, B cells mature in the bone marrow and express antigen-binding receptors
therefore do not require the help of APCs?. The main function of B cells is to release antibodies
that circulate in the bloodstream and bind specifically to foreign antigens®®. More specifically,
when a naive or memory B cell becomes activated by an antigen, it will proliferate and
differentiate into an effector B cell, which secretes antibodies®?. The binding of antibodies to the
antigens results in either the inactivation of the antigen, the inhibition of the antigen to bind to
other host cells, or the marking of the antigen for destruction®®. Effector B cells eventually
mature into large plasma cells, continuously secreting even more antibodies®?. Although most
plasma cells die after a few days, some may survive and reside in the bone marrow for many
months to years, secreting antibodies into the blood®?.

Although these two lines of defense work synergistically in eliminating pathogens, flaws
in any of these systems can result in numerous disorders such as inflammatory and autoimmune

diseases, immunodeficiencies and hypersensitivities?.

1.1 Autoimmune Diseases

Autoimmune diseases arise from the immune system attacking self-molecules as a result

of a decline in immunologic tolerance®. All autoimmune diseases vary in their target organs and



clinical manifestations. However, they are thought to undergo a similar series of sequential
stages: initiation, propagation, and resolution®. Genetic, infectious and environmental factors are
responsible for initiating and contributing to autoimmunity®*%4, Throughout the propagation
phase, epitope spreading occurs, immune cells produce cytokines, and the numbers of both
effector T cells and Tregs become imbalanced®®". Furthermore, autoantigens may be generated.
Autoantigens are endogenous antigens recognized by the immune system as non-self, resulting in
autoimmune responses such as the production of autoantibodies®®. Consequently, this results in
progressive inflammation and tissue damage®*. During the resolution phase, extrinsic and
intrinsic mechanisms are activated which includes the activation of Tregs and various inhibitory
receptors®*. Given the complexity of autoimmune diseases, the symptoms and the progression of
the disease may vary between individuals. Some examples of common autoimmune diseases

include multiple sclerosis (MS) and rheumatoid arthritis (RA).

MS is one of the most common neurological disease in young adults, affecting 1 in 1,000
individuals®®. This chronic inflammatory disease results in the individual’s immune system
mistakenly attacking the myelin surrounding the nerve fibers creating miscommunication
between the brain and the body. These lesions within the central nervous system (CNS) may
lead to severe physical and cognitive dysfunctions as well as neurological deficits’t. Similarly,
RA is another common autoimmune disease characterized by the immune system’s destruction
of body tissue and other parts of the body (skin, eyes, lung, heart and blood vessels)’2. This

disease is most seen in the elderly, affecting approximately 1% of the population”.



1.1.1 Current Therapies

Although many therapies against autoimmune diseases exist, the efficacy of the
treatments strictly varies between individuals and is dependent on the progression of the
disease’. Conventional therapies against autoimmune diseases include non-steroidal anti-

inflammatory drugs (NSAIDS), glucocorticoids and disease-modifying drugs (DMDs)".

First, NSAIDS are one of the most widely used medications in the world because of their
efficacy to relieve pain and inflammation’. NSAIDS achieves anti-inflammatory and analgesic
effects via the inhibition of cyclooxygenase (COX) enzymes’®. COX is involved in the
production of lipids termed prostaglandins which promote inflammation and pain’®. While
NSAIDS are often effective in alleviating pain and inflammation, chronic use of NSAIDs may
result in various side effects including gastrointestinal disorders (bleeding, ulcers and
perforation)”’, renal toxicity’”’® and cardiovascular conditions (congestive heart failure and

myocardial fraction)’®8,

Secondly, another treatment option for individuals suffering from autoimmune diseases is
glucocorticoids. Glucocorticoids bind to their specific receptor and inhibit immune signaling
pathways (activator protein 1 (AP-1), NF-kB) subsequently inhibiting cytokine expression®.,
Although they have been found to be effective in the treatment of some chronic diseases,
glucocorticoids may induce several side effects similar to those of NSAIDS which include

gastrointestinal ulcers and bleeding, infection, immunosuppression and bone damage®.

Lastly, the third conventional therapy against autoimmunity, more specifically in MS,
consists of DMDs. There are several different types of DMDs, each with different mechanisms

of action, but they all function by targeting the underlying disease instead of the symptoms. To
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date, 11 classes of DMDs are being used to help treat MS, most of these being antibodies.
Examples of DMDs include alemtuzumab, daclizumab and INF-beta-1a%. Both alemtuzumab
(also known as Lemtrada) and daclizumab (also known as Zinbryta) are antibodies that
selectively bind to CD52 and CD25 respectively, reducing lymphocyte activation and
migration®. On the other hand, INF-beta-1a works by binding to its receptor to prevent T cell

proliferation, reduce antigen presentation and modulate cytokine secretion®.

Hence, it is clear that DMDs, being immunomodulatory, may help in decreasing tissue
and organ damage caused by inflammatory responses®. However, considering most of these
DMDs reduce overall immune responses, the side effects can become very severe ranging from
headaches, skin rashes and flu-like symptoms to autoimmune hepatitis, cancer and cardiac
disorders®28, These agents target the terminal phase of inflammation and are therefore not
effective against the fundamental problem that is responsible for these autoimmune diseases®.
For this reason, patients are often required to take them for life, increasing their chances of
malignant and infectious complications®.

Despite advances in drug development, many patients with autoimmune diseases like MS
and RA do not effectively respond to current therapies and may have serious adverse effects®®®°,

For this reason, more effective and safer therapies need to be developed to allow individuals

affected by autoimmune diseases to live a longer and healthier life.

1.1.2 Roles of Macrophages in Autoimmunity

Considering the effectiveness of the DMDs in the treatment of some autoimmune
diseases like MS, it is therefore evident that immune cells like lymphocytes have major roles in

tissue damage. Since macrophages are important modulators of both the innate and adaptive
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immune system, they must also play a vital role in the pathogenesis of autoimmune disorders

such as MS and RA%,

It is known that macrophages accumulate at the site of injury and participate in ongoing
inflammation'’. During phagocytosis of cell debris and pathogens, macrophages produce and
release reactive oxygen species (ROS) and reactive nitrogen species (RNS)'"8, ROS and RNS
release at controlled normal levels is necessary in maintaining tissue homeostasis as well as the
destruction of pathogens and foreign materials’. However, during chronic inflammation,
macrophages may occasionally produce excessive amounts of ROS resulting in oxidative
stresst’8, The resulting oxidative stress, if not quickly regulated, can then lead to various
detrimental outcomes. First, oxidative stress itself can cause local tissue damage'®. Oxidative
stress and excessive ROS production can generate an imbalance in antioxidants, more
specifically in glutathione (GSH) therefore inducing cell death®!. Additionally, the ROS
generated by these macrophages can modify proteins, lipids and DNA®2. These modifications
may cause modified function, necrosis, apoptosis and the generation of autoantigens®. This may

result in the initiation and progression of autoimmune diseases.

Furthermore, the importance of myeloid cells like macrophages in MS disease
progression has become increasingly clear®®. In active MS brain lesions, macrophages were
found to be one of the most dominant cells®%. As previously discussed, macrophages have
different functions and release different molecules and proteins depending on their phenotypes.
The balance of macrophage phenotypes has a big influence on the outcomes of many
autoimmune diseases®’. M1 macrophages can provoke inflammation and their uncontrolled
release of pro-inflammatory cytokines and oxidative products can lead to autoimmune disease

progression?®. A previous study on experimental autoimmune encephalomyelitis (EAE), an
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animal model for MS, reported the importance of M1/M2 balance in the progression and relapse
of the disease®. Remarkably, they demonstrated that in the EAE rat model, relapsing Dark
Agouti rats had a more balanced M1/M2 population in brain lesions and peripheral blood during
spontaneous disease recovery®. However, during their disease relapse, the rats showed greater
pro-inflammatory responses, suggesting that M1 macrophages are involved in the relapsing of
the disease®. Interestingly, administration of M2-activated macrophages exhibited suppression
of disease relapse®, thus, restoring M2 cell populations may have critical therapeutic value in the

progression of autoimmune diseases.

Despite knowledge advancements of the contribution of macrophages in autoimmune
diseases, the exact mechanisms and role that macrophages have in autoimmune diseases remains

to be elucidated.

1.2 The Cholinergic System

The cholinergic system refers to cells capable of producing the required elements for
acetylcholine (ACh) synthesis, storage, transport and degradation®. The major cholinergic
system components include choline acetyltransferase (ChAT), acetylcholinesterase (AChE),
butyrylcholinesterase (BChE), vesicular acetylcholine transporter (VAChT) and choline
transporter (ChT). ChAT is the enzyme responsible for the synthesis of ACh from choline and
acetyl coenzyme A (acetyl-CoA). On the other hand, AChE and BChE are hydrolytic enzymes
that both degrade ACh into choline and acetate. In neurons, the degraded choline is then
transported back into the cell by ChT, and is considered essential for the continuous ACh
synthesis®®. Three types of choline transport proteins exist which includes an organic cation

transporter (OCT) (low affinity for choline), choline transporter-like proteins (CTLs) (moderate
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affinity for choline) and ChTs (high affinity for choline)!®*. VAChT is a specific vesicular ACh

102

transporter that mediates the storage of ACh in synaptic vesicles™<. A summary of the roles of

these cholinergic proteins are shown in Figure 1.
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Figure 1. Overview of the Roles of VVarious Cholinergic Proteins
Obtained from Pohanka, M., 2012.
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The cholinergic system is a branch of the autonomic nervous system, with major roles in
memory, digestion, heart rate, blood pressure and movement amongst many other functions®,
These roles are accomplished through the release of ACh and its binding to acetylcholine
receptors (AChRs). Although ACh is more commonly known for its role as a neurotransmitter, it
may also be released by and act on non-neuronal cells'®, termed the non-neuronal cholinergic
system. The system for ACh synthesis, storage, transport and degradation within these cells is

called the non-neuronal cholinergic system (NNCS).
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1.2.1 The Non-neuronal Cholinergic System

Increasing evidence suggests that the NNCS is dysregulated in various autoimmune and
inflammatory diseases'®. Although modulation of the neuronal cholinergic system (ex. AChE
inhibitors) for neuronal diseases like AD is commonly used as treatment against the disease, in
non-neuronal cells, our knowledge on the expression and function of the NNCS is limited%,

Over the years, several studies focusing on the expression of cholinergic markers in
immune cells were carried out and it is now evident that immune cells possess an independent
cholinergic system. The presence of ACh in immune cells was first determined in the human
peripheral blood mononuclear leukocytes (MNL)®>-1%, Shortly after, the presence of ACh was
demonstrated in many leukemic cell lines like HSB-2, MOLT-3 and CEM amongst others®®110,
Additionally, ACh was also found in rat lymphocytes, more specifically T and B cells, where T
cells expressed significantly higher ACh expression than B cells!!, likely due to the higher
expression of ChAT in T cells'*2. The ACh expression in both macrophages and DCs, however,
remains unclear.

As previously mentioned, the protein ChAT is necessary for ACh production. Rinner and
Schauenstein*? were amongst the first to confirm the presence of ACh-synthesizing activity in
various immune cells like rat T and B cells from the thymus, spleen and blood. These findings
suggest the presence of ChAT in lymphocytes'?. Furthermore, the expression of ChRAT mRNA
was detected in activated murine MNLs and DCs but was not detected in neither activated nor
resting murine peritoneal macrophages*'3. However, others have determined the presence of
ChAT mRNA in human lung and alveolar macrophages as well as monocytes at very high Ct
values, suggesting the very low expression of ChAT within these cells'**. Fujii et al.!*® provided

definitive evidence by confirming the presence of ChAT mRNA in human leukemic T cells
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using RT-PCR and Western Blots. These discoveries support the idea that ACh within immune
cells is mainly produced by the protein ChAT.

There is increasing evidence of immune cells expressing other cholinergic proteins like
AChE, VACKT and ChT. In fact, AChE was shown to be present ubiquitously in murine
lymphocytes, DCs and macrophages*2. In line with those findings, AChE mRNA was detected
in other immune cells including MNLs, leukemic T cells and B cells'*®. Moreover, VAChT
immunoreactivity was determined in human peripheral blood T and B cells but further studies
are required to confirm the presence of VAChT within immune cells''’. Finally, ChT expression,
more specifically CHT1 was also detected amongst lymphocytes, more specifically in the human
leukemic T cell, MOLT-3, while other T cell lines (CEM and Jurkat) showed no
expressiont®. Thus, it has become clear that immune cells possess the machinery necessary to
produce and degrade ACh. The ACh released by such cells can then initiate signaling cascades

by binding nAChRs, another important component of the NNCS.

1.2.2 Nicotinic Acetylcholine Receptors

The nAChR, a type of AChR, is a ligand-gated transmembrane ion channel expressed by
both neuronal and non-neuronal cells***2, nAChR history goes back to 1844, when Claude
Bernard discovered that curare paralyses rabbits without affecting their hearts'??. Afterwards,
from 1905-1907, John Langley developed the concept of a ‘receptive substance’ where he
demonstrated that nicotine could stimulate denervated muscle cells and that this was blocked by
curare'?. In 1914, Dale revealed that both nicotine and muscarine act as agonists to create
different effects on AChRs, and proposed that two different types of acetylcholine receptors

must therefore exist!2412, Then, Otto Loewi discovered a chemical transmission which controls
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heart muscles in 1921'%6, and in 1936, Sir Henry Dale and coworkers identified acetylcholine to

be that chemical transmittert?’.

In the mid-1980s, two important studies led to a great advancement in our knowledge of
nAChRs. First, a rich source of nAChRs was discovered in the Torpedo electric organ*?®12°, This
discovery provided a great source of starting material for isolating and studying nAChRs.
Second, was the a-bungarotoxin (a-BGT), a component of krait snake venom that was found to
bind irreversibly to nAChRs, blocking the action of ACh**%3, ¢-BGT inhibits nAChR function,
promoting paralysis at the neuromuscular junction followed by respiratory failure and death®3?,
Collectively, these discoveries significantly advanced our knowledge of nAChR structure and

function.

nAChRs belong to the superfamily of Cys-loop ligand-gated ion channel superfamily
containing two disulfide linked cysteines separated by 13 highly conserved amino acids!?1%,
Each nAChR subunit is comprised of four transmembrane a-helical domains, denoted M1-M4
and an extracellular amino-terminus and carboxy-terminus'®. A large intracellular domain of
variable length located between M3-M4 is also present®33. The extracellular amino-terminus is
essential for ACh binding*3* while the M2 segment forms the conducting pore determining

cation selectivity and conductance®3. The structure of nNAChRs is shown in Figure 2.
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Figure 2. Structure of NAChRs
Modified from Hendrickson, L.M., Guildford, M. J. & Tapper, A. R., 2013.
nAChRs have 17 different nAChRs subunits identified in vertebrates (al1-10, p1-4, v, d,
£)*?8, however, the a8 has only been shown to be present in avian species'®. Functional NAChRs
consists of five subunits, arranged to form either homomeric or heteromeric channels, although
only the 07-9 subunits have been shown to form functional homomeric receptors!3’-14°,

Examples of functional heteromeric and homomeric nAChRs are shown in Figure 3.
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Figure 3. Examples of Homomeric and Heteromeric nAChRs
Acetylcholine binding sites are shown as red triangles. Homomeric receptors bind to five ACh
molecules while heteromeric receptors bind to two ACh molecules, between an a subunit and a
non-a subunit. Modified from Hendrickson, L.M., Guildford, M. J. & Tapper, A. R., 2013.

As a result of subtype diversity in neuronal nAChRs, the different NAChR subtypes have

distinct pharmacological and physical properties'**42, nAChRs are divided into two groups: the
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muscle-type NAChR and the neuronal-type nAChR*, The muscle-type nAChRs are found
within skeletal muscles at the neuromuscular junction where they play crucial roles in the

transmission of nerve signals to skeletal muscles'*®

. The muscle-type nAChRs can only be
assembled in two nAChR subtypes which include a1f1yd found in embryonic muscle and
alpBled found in adult muscle. The y subunit in embryonic muscle is replaced by the € subunit in

adult muscle due to the developmental switch in transcription®®,

The neuronal-type nAChRs on the other hand, are found in the nervous system in
peripheral ganglia and in the brain as well as in non-excitable cells like epithelial and immune
cells!*3. There is increasing evidence of the presence of at least one type of NAChR subunit in
various immune cell types including lymphocytes!414 monocytes'*°, macrophages*>®*°? and
endothelial cells®®3, In contrast to the muscle-type nAChRs, the neuronal-type nAChRs have
greater diversity, capable of forming many homomeric and heteromeric receptors from the o and
B subunits®3®. Neuronal nAChR have various functions depending on their subtype and location.
These functions include regulating the release of neurotransmitters (learning, memory and

reward pathways), blood pressure and heart rate*.

1.2.3 nAChR Agonist Binding

As their name suggests, NAChRs can be activated by ligands such as ACh and nicotine,
though they can also bind and be activated by various other ligands. The ligand binding pocket
(LBP) for an agonist or antagonist of nAChRs is via the a-subunit where Cys-Cys pairing is
required'?8, The a-subunit contains a loop, termed C-loop, that is structured to interlock the
agonist/antagonist around the face of an adjacent subunit, which can be either an o, B, y, or ¢

subunit'?®, The LBP of nAChRs has been conserved throughout evolution, making them great
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targets for predatory toxins'?®

. Toxins may function as either potent agonists (ex. nicotine,
anatoxin) or antagonists (ex. a-BGT, methyllcaconitine)*?®. Upon binding of nAChR to an
agonist, the receptor undergoes a conformational change, allowing positively charged ions like
calcium, sodium and potassium to flow through'?®, The binding of ligands to NAChRs triggers
the receptor to undergo different conformational states which include: the resting state (channel
is closed, low affinity for agonists), the active state (channel is open, agonist occupies the ligand
binding site) and the desensitized state (channel is closed, agonist still occupies the ligand
binding site but is unresponsive to agonists)*?>18, For the receptor to return to the resting state,
all agonists need to be unbound*?°28, For this reason, in the presence of high agonist
concentrations, the receptor will spend most of its time in the desensitized state'?>!%, The
different conformational states are shown in Figure 4. Once the agonist binds to the receptor and

undergoes channel opening (active state), within seconds or minutes, the channel closes and

enters the desensitized state'®,
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Figure 4. The Three Conformational States of NAChRs
Modified from Corradi, J. & Bouzat C., 2016.
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Although nAChRs are traditionally viewed as ligand-gated ion channels with major roles
in neurotransmission, two decades ago, the importance of nAChR in the modulation of the
immune system was raised*®®. Since then, it has become progressively clear that the activation of
nAChRs by ligands such as ACh and nicotine can protect against inflammatory diseases such as
MS and RA. Though the anti-inflammatory capabilities of NAChRs was first thought to be
caused by the nAChR channel opening, increasing evidence suggest that it is instead caused by
prolonged channel desensitization'*®. Amongst all subtypes, the o7 nAChR homomeric receptor
have been shown to be involved in anti-inflammatory responses and is therefore of particular
interest in studying immune responses and inflammation. In addition, the «9 nAChR homomeric

receptor has also recently been shown to be involved in inflammatory and immune responses.

1.2.4 Homomeric Nicotinic Acetylcholine Receptors

The homopentameric a7 NAChR, one of the most abundant subtypes of nAChR in the
nervous system, is also expressed in numerous non-neuronal cells!®’. This receptor is highly
permeable to calcium, suggesting its significant involvement in intracellular signaling®®8. The a7
homomeric receptor is also less sensitive to nicotine and can become desensitized much faster
than the heteromeric receptors'®°¢°, In non-neuronal cells like immune cells, the a7 NAChR
plays major roles in immunity, inflammation and neuroprotection®® . Previous studies have
shown that nicotine or ACh binding to the a7 nAChR results in the suppression of
inflammation5>165166 ' mainly by inhibiting the release of the pro-inflammatory cytokine, TNF-
%6188 In fact, inflammatory responses are highly dependent on the expression of a7 nAChRs
as it was shown that upon stimulation of the vagus nerve or upon administration of galantamine

(an AChE inhibitor) or choline (a nAChR agonist) TNF-a release is attenuated in WT mice but
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not in a7-deficient mice!®®1%%170 In line with those findings, it was shown that the expression of
TNF-a, INF-y, and IL-6 are much higher in a.7-knockout (KO) mice in comparison to the WT-
171

mice*’*, suggesting the overall anti-inflammatory role of a7 nAChRs.

In addition, in a study on EAE, nicotine was shown to successfully diminish EAE
severity while this effect was partially attenuated in the a7-KO mice!’?. Upon activation of a7
nAChRs, nicotine inhibits immune signaling pathways like MAPK, NF-kB and c-myc!’®. The
effects of nicotine on EAE were only partially reversed in a7-KO mice, suggesting that other
nAChHR subunits may also contribute to the anti-inflammatory effects of nicotine on EAE". In
fact, recent studies have shown that the a9 nAChR subunit also plays important roles in anti-
inflammatory effects upon NAChR agonist binding’*1", Likewise, phosphocholine has
previously been identified as an unconventional agonist for the 09 nAChR receptor, capable of
activating metabotropic functions of 091’6, Such findings further support the idea that other
nAChR subunits, likely the a9 subunit, also contribute to anti-inflammatory effects of NAChR

agonists like nicotine.

Taken together, these results demonstrate the important roles of a7 nAChR and
potentially a9 nAChR in the modulation of inflammatory responses and has increased their

interest in medical and biological research.

1.3 Silent Agonists

There has been increasing evidence suggesting that NAChR desensitization, rather than
opening, is responsible for the anti-inflammatory effects of NAChRs and the important roles the
a7 subunit plays in anti-inflammatory responses®’”1’8, For these reasons, molecules that target a7

and that promotes receptor desensitization may be of great therapeutic potential. A new class of
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molecule, termed silent agonist have been developed by Dr. Papke and Dr. Horenstein from the
University of Florida'’"18, The silent agonists are very weak a7 partial agonists!’® that produce
little to no channel activation while inducing prolonged receptor desensitization'’’. Recent
unpublished evidence also suggests that some of these silent agonists have potent activity on o9-
containing receptors as well*”. These unique molecules are “silent” in an ionotropic sense and
considered agonist because when co-applied with a positive allosteric modulator (PAM), a
molecule known to increase agonist-mediated receptor activity, the channel opens!’®. This

phenomenon is shown in Figure 5.
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Figure 5. Voltage-Clamped Oocytes in the presence of an agonist, a silent agonist and a
silent agonist in the presence of a PAM
Voltage-clamp responses demonstrating the activation of a7 nAChRs upon treatment with a
nAChR agonist and silent agonist alone or coapplied with a positive allosteric modulator. When
applied alone, the silent agonist showed no activation of the a7 receptor. Modified from Papke,
R.L.etal., 2018.

Interestingly, unlike most conventional nAChR agonists, the silent agonists specifically
bind to the a7 and a9 homomeric NAChR and a9a10 heteromeric NAChR">18, The silent
agonists analyzed in this study are p-CF3 diEPP (6.MQ.39), m-bromo PEP (2.MQ.75) and m-
CONHq: diEPP lodide (2.MQ.103). These silent agonists were chosen based on their selectivity
for the a7 NAChR and previous studies demonstrating the efficacy of these molecules to produce

anti-inflammatory effects!’®18%181 Figure 6 shows their chemical structure.
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Figure 6. Structure of silent agonists

Recent studies have shown the efficacy of the silent agonists in both in vivo and in vitro
models of inflammation. One study showed that m-bromo PEP protects against EAE®, M-
bromo PEP effectively diminished immune cell infiltration into the CNS thereby reducing EAE
clinical scores'®. Upon stimulation of bone marrow cells with LPS, m-bromo PEP
downregulated TNF-a, IL-6 and IL-10 release!®. In a different study using the a7-selective
silent agonist NS6740, this silent agonist successfully attenuated TNF-a release in LPS-
stimulated rat microglial cells®2. Likewise, Papke et al. demonstrated that NS6740 is an
effective treatment of inflammatory and neuropathic pain in mouse models while also having
analgesic effects!®®. In addition, in a study using complete Freund’s Adjuvant (CFA)-induced
inflammatory pain model in mice, p-CF3 diEPP dose dependently reduced CFA-induced

mechanical sensitivity!’®,

Additional studies performed in our laboratory demonstrated the anti-inflammatory
effects of both p-CFs diEPP and m-CONH: diEPP iodide in human whole blood*®!. When pre-

treated for 1 hour with p-CF3 diEPP or m-CONH: diEPP, p-CFs diEPP decreased LPS-induced
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IL-6, IL-1B and TNF-a secretion while m-CONH, diEPP iodide seemed to strongly reduce TNF-

a secretion from these cells®!,

Hence, the findings of the silent agonists as anti-inflammatory molecules imply a
promising role in a therapeutic context for the treatment of various autoimmune and
inflammatory diseases like MS and RA. However, further work is required as there is currently a

lack of knowledge on the effects on these molecules on different tissues and cell types.
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Objectives/Hypothesis

This study’s overall goal was to elucidate the role of the cholinergic system and silent
agonists in immune regulation. Our first objective was to determine the expression of cholinergic
genes in human macrophages at both the transcript level (PCR) and the protein expression level
(Western Blot). It is important to note that both methods were performed with a qualitative
approach, to determine the expression of cholinergic genes and not to quantitively compare
expression levels of the genes. The second aim of this study was to investigate the anti-
inflammatory properties of nAChR silent agonists and various other nAChR agonists and
cholinergic inhibitors in human macrophages. The anti-inflammatory responses were measured
by assessing cytokine profiles and immune cell phenotype upon stimulation with the various
conditions and LPS, an immune stimulant. It was hypothesized that some, if not most cholinergic
proteins would be expressed by human macrophages and that the nAChR agonists/silent agonists
would result in anti-inflammatory responses whereas cholinergic inhibitors would result in pro-
inflammatory responses in LPS-stimulated human macrophages. Moreover, it was also
hypothesized that agonists that have anti-inflammatory effects would also decrease the
expression of cellular markers more commonly expressed by pro-inflammatory cells while

promoting the expression of cellular markers expressed by anti-inflammatory cells.
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Materials and Methods

2.0 Chemicals

The silent agonists p-CFz diEPP, m-bromo PEP and m-CONH. diEPP lodide were
synthesized as previously described®. The molecules arrived as pure crystalline products and
were immediately stored at -20 °C. Stock solutions of each silent agonist were prepared by
diluting the crystals in dimethylsulfoxide (DMSO) to a concentration of 100 mM and then,
subsequently diluted at a storage concentration of 10 mM in sterile phosphate buffered saline
(PBS). Various agonists and cholinergic inhibitors including galantamine hydrobromide (Sigma-
Aldrich, Cat#PHR1623), ML352 hydrochloride (Tocris Bioscience, Cat#5725) acetylcholine
chloride (Sigma-Aldrich, Cat#A2661) choline chloride (Sigma-Aldrich, Cat#C7527) and
nicotine, ditartrate (Sigma-Aldrich, Cat#481975) were purchased and diluted in water. 2-(alpha-
Naphthoyl)ethyltrimethylammonium idodide (a-NETA) (Sigma-Aldrich, Cat#SML2731) was

also purchased but because of its insolubility in water, it was diluted in DMSO.

2.1 Cell lines and culture conditions

The human monocytic cell lines, THP-1 (ATCC, TIB-202) and U937 (ATCC, CRL-
1593.2), were purchased from the American Type Culture Collection (Virginia, USA). The cells
were maintained in RPMI-1640 medium (ATCC, Cat#30-2001) supplemented with 10 % fetal
bovine serum (Gibco, Cat#12484028) and 1 % penicillin streptomycin (Gibco, Cat#15140122)

and incubated at 37 °C with 5 % CO> in the Forma Series Il Water Jacketed CO- Incubator
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(ThermoFisher, serial# 304981). The THP-1 cell complete growth medium also contained

0.05mM of 2-mercaptoethanol (Gibco, Cat#21985023)

2.2 Mo, M1 and M2 macrophage differentiation

The cells were seeded at approximately 5x10° viable cells per mL into a flask or in a well
plate. For differentiation to a macrophage phenotype (Mo), THP-1 and U937 cells were
stimulated with 100 ng/mL of phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich, P8139)
for 48 hours. The media was replaced with PMA-free media to allow the cells to rest for 24
hours. Macrophages were then treated with fresh media supplemented with 10 ng/mL of INF-y
(Sigma-Aldrich, Cat#IF005) and 10 pg/mL of LPS (Invitrogen, Cat#LS00497603) or 20 ng/mL
of IL-4 (R&D systems, Cat#204-1L-020) and 20 ng/mL of IL-13 (R&D systems, Cat#213-ILB-
005) to further polarize into M1 or M2 phenotypes, respectively, or left untreated to maintain the

Mo phenotype for an additional 48 hours.

2.2.1 Treatment with various silent agonists

The THP-1 and U937 cell lines were differentiated into macrophages as previously
described in section 2.2. After polarization, the macrophages were given fresh media and pre-
treated with 100 uM of silent agonists (p-CFs diEPP, m-bromo PEP, CONH2 diEPP lodide) for
1-hour followed by an 8-hour stimulation with 100 ng/mL of LPS. The concentrations for the
LPS and the silent agonists were chosen based on previous work performed in our laboratory.
Likewise, the 1-hour silent agonist pre-treatment was chosen based on a previous study in our
laboratory demonstrating that pro-inflammatory cytokine release was best inhibited at a 1-hour

silent agonist pre-treatment®L, The 8 hours of LPS stimulation was selected based on preliminary
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data demonstrating the reduction of cytokine release after 9 hours of LPS stimulation. Vehicle
control groups were also included in this study, which included a 0.1 % DMSO (Corning,

Cat#25-950-CQC) treated group and a 100 ng/mL LPS + 0.1 % DMSO treated group.

2.2.2 Acute and Chronic agonist/silent agonist/cholinergic inhibitor treatments

The THP-1 and U937 cell lines were differentiated into macrophages as previously
described in section 2.2. During the 48-hour polarization (or 48-hour rest for Mo cells), the
macrophages were treated with various agonist, silent agonists, or cholinergic inhibitors at
varying concentrations (Table 1). After the 48-hour polarization, the macrophages were given
fresh media and treated with the same concentration of agonists, silent agonists, or cholinergic
inhibitors (as found in table 1) as well as 10 ng/mL of LPS for 5 hours. Control groups included
an untreated group and a 10 ng/mL LPS treated group for the treatments diluted in H2O, as well
as a 0.1 % DMSO vehicle control and a 10 ng/mL LPS+ 0.1 % DMSO for the treatments diluted
in DMSO. Additionally, one well was reserved for the total release (required for the viability
measurements). The concentrations of ACh and nicotine were chosen based on previous
literature demonstrating the efficacy of these treatments in inhibiting pro-inflammatory cytokines
at 100um*®+-1%_ To be able to compare agonist efficacy, the choline concentration was chosen to
be the same as ACh and nicotine (100um). The concentrations for the remaining treatments were
chosen based on previous work performed in our laboratory. The 5 hour stimulation of LPS was
chosen to be able to compare our data to similar experiments currently being carried out by our

collaborators
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Table 1. Concentration of the various silent agonist treatments

Well # Treatment
1 Untreated
2 10 ng/mL LPS
3 10 ng/mL LPS + 100 uM ACh
4 10 ng/mL LPS + 100 uM ACh + 50 uM Gal (AChE
Inhibitor)
5 10 ng/mL LPS + 50 uM Gal (AChE Inhibitor)
6 10 ng/mL LPS + 100 uM Ch
7 10 ng/mL LPS + 100 uM Nicotine
8 10 ng/mL LPS + 10 uM ML352 (ChT Inhibitor)
9 10 ng/mL LPS + 0.1 % DMSO
10 10 ng/mL LPS + 100 uM p-CF3 diEPP
11 10 ng/mL LPS + 5 pM a-NETA (ChAT Inhibitor)
12 Total Release

2.3 Protein Extraction

Proteins from the differentiated macrophages were extracted by first removing the culture
media from the adherent cells and washed twice with ice cold PBS. Then, cold
radioimmunoprecipitation assay buffer (RIPA) (Thermo Scientific, Cat#89900) buffer was added
to the cells and kept on ice for 5 min, swirling the plate/flask occasionally. The lysate was
gathered to one side of the plate/flask using a cell scraper and transferred to a microcentrifuge
tube. Samples were then centrifuged at 14,000 x g for 15 min to pellet the cell debris and the

supernatant was transferred to a new labeled tube for further analysis.
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2.4 BCA Assay

To ensure the equal loading of proteins in Western Blotting, the concentration of the
extracted proteins was determined using the Pierce™ BCA Protein Assay Kit (Thermo
Scientific, Cat#23225), in which the manufacturer’s microplate protocol was closely followed.
Briefly, 25 pL of standards and samples and 200 pL of working reagent were added to the
microplate wells. The working reagent was prepared by mixing 50 parts of BCA Reagent A with
1 part BCA Reagent B. RIPA buffer and 1X PBS were used as protein blanks. The plate was
covered and incubated for 30 min at 37 °C and the absorbance was then read at a wavelength of
562 nm using the PowerWave XS plate reader (BioTek, serial# 198303) and Gen5 software

(v2.0).

2.5 Western Blot

Extracted protein samples were diluted with RIPA buffer and 4X reducing Laemmli SDS
sample buffer (Alfa Aesar, Cat#J60015) to the desired concentration of 1 pg/pL. These diluted
samples were then heated at 95 °C on a block heater for 6 minutes. Positive control lysates
including IMR-32 (human neuroblastoma) whole cell lysate (Abnova, Cat#L008V1) and 293T
(human kidney cells) whole cell lysate (Abcam, Cat#ab95494) were purchased and prepared
according to the manufacturer’s protocol. The module containing the 4-15 % precast
polyacrylamide gels (Bio-Rad, Cat#4568085) were placed in electrophoresis tanks and the inner
chamber as well as the electrophoresis tank were filled with 1X running buffer. The running
buffer consists of a 1X diluted solution of 10X Tris-Glycine SDS Buffer (Thermo Fisher

Scientific, Cat#28362). The comb was carefully removed and 10 pL of the ladder (FroggaBio,
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Cat#PMO007-0500), positive control lysates and heated samples were added to the wells using gel
loading tips. Once all the samples were successfully added to the wells, the lid was placed on the
electrophoresis tank and the gel ran at 110 V for 1 hour.

Afterwards, the precast gels were removed, and the gels were imaged on the ChemiDoc
Imaging system (Bio-Rad, serial# 733BR2507) under UV transillumination to ensure successful
separation of proteins in the gel. Then, the protein transfer from the gel onto a PVDF membrane
(Bio-Rad, Cat#1620264) is performed by placing a piece of PVDF membrane in methanol to
become activated. Additionally, sponges, filter papers and transfer cassettes were presoaked in
transfer buffer then assembled in the following order starting the assembly on the black side of
the transfer cassette: the soaked sponge, two soaked filter papers, the gel, the activated PVDF
membrane, two more soaked filter papers and finally, the other sponge. The transfer buffer was
made by first creating a 10X transfer buffer solution by mixing 288 g of glycine (Sigma-Aldrich,
Cat#410225) and 60.4 g of tris base (Fisher BioReagents, Cat#BP1521) with 1.8 L of Milli-Q
water. Then, a 1X transfer buffer was made by combining 100 mL of 10X transfer buffer with
200 mL of 99.9% methanol (Fisher BioReagents, Cat#FLBP11051) and 700 mL of Milli-Q
water. Once the assembly was completed, the cassette was closed and placed in the module of
the tank that was filled halfway with 1X transfer buffer and that also contained an ice pack and a
stir bead. The tank was also placed in an ice bucket on top of a stir plate to ensure that the
transfer buffer stayed cold throughout the transfer. The stir plate was turned on and the transfer
was run by setting the voltage at 100 V for 70 minutes.

Once the transfer was complete, the PVDF membranes were observed under UV
transillumination on the ChemiDoc to ensure successful transfer without any bubbles. Next, the

membranes were blocked in blocking buffer (Bio-Rad, Cat#1706404) for 1 hour at room
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temperature or overnight at 4 °C with gentle shaking. The membranes were then stained with
primary antibodies by diluting the antibodies to their desired concentration (Table 2) in blocking
buffer and placing this solution and the membranes in separate sealed plastic bags overnight at 4
°C with gentle shaking.

The next day, 1X tris-buffered saline (TBS)and 1X tris-buffered saline containing Tween
20 (TBST) were prepared before moving on to the next steps. The 1X TBS was made by diluting
the 10X TBS (Fisher BioReagents, BP2471) to a 1X concentration using Milli-Q water and the
TBST was prepared by adding 1 mL of Tween (Fisher BioReagents, Cat#BP337) per 1000 mL
of 1X TBS. The membranes were washed three times in 1X TBST for 10 min followed by one
10-minute 1X TBS wash. Thereafter, the membranes were incubated in a 1/30,000 goat anti-
rabbit IgG H&L (HRP) secondary antibody (abcam, Cat#ab97051) diluted in blocking buffer at
room temperature for one hour with gentle shaking.

After one hour, the membranes were washed again three time in 1X TBST for 10 min
followed by one 10-minute 1X TBS wash. Equal portions of the Stable Peroxide Solution and the
Luminol/Enhancer solution from each enhanced chemiluminescence (ECL) reagents (Thermo
Scientific, Cat#34094) were mixed in an Eppendorf tube and few drops were added to sealed
plastic wraps. The membranes were gently blotted on a Kim Wipe to remove excess buffer,
inserted in the sealed plastic wraps containing the ECL mix and then placed in the Chemidoc

Imaging System. The membranes were visualized using chemiluminescence.
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Table 2. Concentration and Description of Primary Antibodies used in Western Blots

Gene Concentration of Description Manufacturer | Catalog Theoretical
Primary Antibody # Molecular Weight
AChE 1/ 3,000 dilution Rabbit polyclonal Abcam ab97299 68 kDa
antibody
BChE 1/3,000 dilution Rabbit polyclonal Abcam ab154763 68 kDa
antibody
ChAT 1/2,000 dilution Rabbit polyclonal Abcam ab223346 83 kDa
#1 antibody
ChAT 1/1,000 dilution Rabbit polyclonal Abcam ab137349 83 kDa
#2 antibody
VAChT 1/1,000 dilution Rabbit polyclonal Synaptic 139103 75 kDa
antibody Systems
ChT 1 /500 dilution Rabbit polyclonal Abcam ab56074 63 kDa
antibody

2.6  RNA extraction

RNA for the adherent cells was extracted using the Purelink® RNA Mini Kit

(ThermoFisher, Cat#12183025). Briefly, the cells were lysed and homogenized in 500 pL of the

manufacturer’s lysis buffer containing 2-mercaptoethanol using a 5 mL syringe attached to a 21-

gauge needle then transferred to a microcentrifuge tube. An equivalent volume of 70% ethanol

was added to each tube and the samples were added to different spin columns, followed by

various washing steps as described in the manufacturer’s protocol. DNA contaminants in the

samples was removed by inserting an on-column DNAse treatment into the protocol before

eluting the RNA. This was accomplished by using the Purelink® DNAse (ThermoFisher,

Cat#12185010). Afterwards, the RNA was eluted into a recovery tube and the RNA

concentration was immediately assessed with the Nanodrop One (ThermoScientific, serial#

AZY1708333). RNAse free water was used as the blank solution and the samples were then

stored at -80 °C until further processing.
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2.7 RNA integrity

To verify the RNA integrity, the RNA samples were run on a 1% agarose gel. First, the
agarose gel was prepared by dissolving 1.6 g of agarose (Froggabio, Cat#A87-500G) in 160 ml
of 1X Tris/Borate/EDTA (TBE) (BioBasic, Cat#A0014) and heating the mixture in the
microwave for 1-3 minutes. The solution was left to cool down for approximately 10 min before
adding 4 puL of ethidium bromide and pouring the solution into a gel tray with the well comb in
place. Once solidified (approximately 30 min), the tray was placed in an electrophoresis chamber
filled with 1X TBE and the comb was carefully removed from the gel. The RNA was prepared to
be loaded onto the gel by diluting the RNA samples in 6X Ficoll based agarose gel loading
buffer (Alfa Aesar, Cat#J62800). Thereafter, 10 pL of the samples was added to the wells. The
lid for the chamber was placed and the gel was run at 120 V for 1 hour. Once completed, the gel

was visualized in the Chemi Doc (BioRad, serial# 765/03422) under UV transillumination.

2.8 cDNA Synthesis

The synthesis of cDNA was performed using the SensiFAST™ ¢DNA Synthesis Kit
(Bioline, Cat#Bl0-65054). The synthesis was performed by following the manufacturer’s
protocol. Various controls were prepared for each sample and primer including a no reverse
transcriptase (NRTC) control sample and a no template control (NTC). The NRTC was prepared
by mixing all components of the reaction except for the reverse transcriptase, which is replaced
for water. The NTC was prepared by mixing all components of the reaction in exception to the
RNA which is once again replaced with water. Once the samples were prepared, the 8-strip PCR

tubes were inserted in the Mini Thermal Cyclers (BioRad, serial# MM004240 and MM001660).
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2.9 Reverse transcription polymerase chain reaction

The generated cDNA (see section 3.9) was then either used in RT-PCR or in SYBR Green
gPCR (section 3.11). For RT-PCR, the Platinum™ SuperFi Il PCR Master Mix 2X (ThermoFisher,
Cat#12368010) was used. The manufacturer’s protocol for a 50 pL reaction was followed. The
samples were then incubated in the thermal cyclers at the manufacturer’s recommended thermal
cycling conditions. The annealing temperature for each primer differed (Table 3). Afterwards, the
products were analyzed by mixing each sample with the 6X Ficoll based agarose gel loading buffer
and 10-15 pL of this mixture was added into the agarose gel (see section 3.8) wells. A DNA ladder
(ThermoFisher, Cat#10787018) was also loaded to separate wells to verify the molecular weights
of the bands. The agarose gel was run at 90 V for 1 hour (9-12 well gel) or 120 V for 1 hour (24

well gel). The gels were then visualized on the ChemiDoc under UV transillumination.

Table 3. Primers used in RT-PCR

Gene Primer 1 Primer 2 Reference | Annealing | Predicted
Sequence Temp. Band Size
Number
a7 nNAChR 5’- 5’- NM_00074 62 °C 142 bp
AGATGGCCAGATT | GCAGGAACTCTTG 6.6
TGGAAACC-3’ AATATGCCT-3’
a9 NAChR 5’- 5’- NM_01758 61 °C 172 bp
TGGCACGATGCCT | TGATCAGCCCATC 1.4
ATCTCAC-3’ ATACCGC-3’
10 nAChR 5’- 5’- NM_02040 60 °C 294 bp
AGATCATCGACAT | ACGGGAAGGCTGC 2.4
GGATGAACGGA-3’ TACATC-3’
CHRFAM7A 5’- 5’- NM_13932 60° C 844 bp
CCCGGCAAGAGGA | TGCAGATGATGGT 0.2
GTGAAAGGT-3’ GAAGACC-3’
AChE 5’- 5’- NM_01583 60 °C 997 bp and
TGCGATACTGGGC | TGGAACTCGGCCT 1.2 244 bp
CAACTT-3’ TCCACT-3’
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ChAT 5’- 5- NM_02098 60 °C 222 bp
GCTTTTGTGAGAG | CCGGTTGCTCATC 4.4
CCGTGAC-3’ AGGTAGG-3
BChE 5’- 5’- NM_00005 56 °C 370 bp
ATCCTCCAAACTT | GAATCCTGCTTTCC 5.4
CCGTGGC-3’ ACTCCCA-3’
VAChT 5’- 5’- NM_00305 60 °C 336 bp
(SLC18A3) CTCACTATGCGGC | ACCGCATCGTACA 53
CTCTGTT-3’ GACCTTG-3’
ChT 5’- 5’- NM_00130 N/A 367bp
(SLC5AT) GCCATACTCATTG | AACTGAGGTACCA 5005.3
GGGCCAT-3" GAGCCCA-3’

2.10 SYBR Green gPCR

To determine the mMRNA expression of cell markers, the SensiFAST™ SYBR Lo-ROX

Kit (Bioline, Cat#B10-94020) was used and the manufacturer’s 3-step cycling protocol was

followed. Different primers targeting various surface markers were purchased from IDT (Table

4). Primers were used at a 500 nM concentration. To ensure the specificity of each primer and

determine the predicted bp size, the Primer-BLAST designing tool was used. The primer’s

optimal annealing temperatures were assessed by testing a range of annealing temperatures using

the gradient feature. Since SYBR Green binds to all dsDNA, the specificity of the g°PCR primers

was further verified by running the gPCR products on an agarose gel and confirming that the

single band observed was at the correct bp size. This agarose gel is shown in Figure 7.
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Figure 7. Agarose Gel of gPCR products

The products were run on the agarose gel once, and for subsequent reactions, a melt

curve was included in the protocol to ensure only one product was being amplified. The

efficiency of each primer was also determined by constructing a standard curve. Each primer had

efficiencies of 89-105%, and the R? value of the standard curves were >0.980. The relative

normalized expression was determined by the CFX Maestro Software where TBP and GAPDH

served as reference genes.

Table 4. Primers used in SYBR Green gPCR

Gene Primer 1 Primer 2 Reference | Annealing | Predicted
Sequence Temp. Band Size
Number
TBP 5’- 5’- NM_003194 63.6 °C 145 bp
GATAAGAGAGCCA | CAAGAACTTAGC
CGAACCAC-¥» TGGAAAACCC-3’
GAPDH 5’- 5’- NM_002046 63.6 °C 143 bp
ACATCGCTCAGAC | TGTAGTTGAGGT
ACCATG-3’ CAATGAAGGG-3’
CXCL10 5’- 5’- NM_001565 60.5°C 127 bp
GACATATTCTGAG | CAGTTCTAGAGA
CCTACAGCA-3’ GAGGTACTCCT-3’
CD80 5’- 5’- NM_005191 60.5°C 122 bp
TCCTGATAACCTG | ATCTCTCATTCCT
CTCCCAT-3’ CCTTCTCTCT-3
MRC1 5’- 5’- NM_002438 60.5°C 121 bp
(CD206) GGTTTTGGAGTAA | TCCATCTTCCTTG
TGTCAGC-3’
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TATTCACTGTTCT-
3
CD163 5- 5 NM 203416 | 60.5°C 99 bp
GCATAGTAACTGT | CCAGAACACATA
ACTCACCAACA-3’ | TTCCCTCCAC-3’
CD14 5- 5 NM_001174 | 63.6°C 119 bp
CAGAGGTTCGGAA | AATCTTCATCGTC 105
GACTTATCG-3’ CAGCTCAC-3’
ITGAM 5- 5 NM_001145 | 61.8°C 140 bp
(CD11b) | AGTCTGCCTCCAT | GTGTGCTGTTCTT 808
GTCCA-3’ TGTCTCATTG-3’
CX3CR1 5- 5 NM_001171 | 63.6°C 126 bp
GGCAGACTTGGAT | GCCTCAGCCAAA 174
TTCAGGA-3’ TCATCGTA-3’
CCR2 5- 5 NM_001123 | 63.6°C 367bp
CTGAGAAGCCTGA | CTGATAAACCGA 396
CATACCAG-3’ GAACGAGATGT-
3

2.11 Cytokine Measurements

To prepare the human cytokine standard curves, known concentrations of lyophilized

standards were obtain for each cytokine and a serial dilution was performed. The cytokine kits
used included: Human IL-6 Flex Set (BD Biosciences, Cat#558276), Human IL-10 Flex Set (BD
Biosciences, Cat#558274), Human IL-1p Flex Set (BD Biosciences, Cat#558279) and Human
TNF-o Flex Set (BD Biosciences, Cat#560112). The manufacturer’s “Preparing Human Flex Set
Standards” protocol was followed where cytokine concentrations ranging from 2,500 pg/mL to 10
pg/mL were prepared. To determine the cytokine concentrations in the cell supernatants, the
manufacturer’s protocol found in the “BD CBA Human Soluble Protein Master Buffer Kit —
Instruction Manual” was followed. Briefly, the cytokine bead master mix was prepared using the
50X capture bead stock vials from each flex kit and 1X PBS. The capture bead stocks were diluted

with 1X PBS ensuring a total volume of 25 pL of Cytokine Beads Master Mix in each well (0.5
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ML of each cytokine + 24.5 uL 1X PBS). Then, 25 pL of each sample was added to their respective
wells on the 96-well plate and one well was reserved for the negative control where 25 pL of 1X
PBS was added. 25 pL of capture bead master mix was then added to each sample. Each well was
properly mixed by pipetting and incubated at room temperature, in the dark for one hour. After the
incubation, the same steps used to prepare the cytokine beads master mix was performed to prepare
the detection antibodies master mix. Similarly, 25 uL of the detection antibodies master mix was
added to each and mixed by pipetting. The samples were once again incubated in the dark for one
hour at room temperature. Afterwards, 100 uL of PBS was added to each well followed by a
centrifugation at 230 x g and 4 °C for 5 minutes. The well supernatant was removed by inverting
the plate and discarded. 100 uL of 1X PBS was added to each well, properly mixed by pipetting
and transferred to their respective falcon tubes (Falcon, Cat#C352008). The samples in the falcon

tubes were then analyzed via flow cytometry (described in section 3.13).

2.12 Flow Cytometry

Flow cytometry was performed on a FACSCanto 11 flow cytometer (BD Biosciences,
serial# V96100029) and the BD FACSDiva Software (v6.1.3). The flow cytometer was regularly
calibrated and verified to ensure accurate readings. The parameters were as follows, FSC:
Voltage 400, SSC: Voltage 385, PE: Voltage 475, APC: Voltage 490, APC-Cy7: Voltage 470.
For each sample, 2000 events were acquired. The data obtained were later interpreted using the

FCAP Array Software (v3.0).
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2.13 Mycoplasma

Cell culture supernatants were routinely tested for mycoplasma contamination using the
Mycoplasma PCR Detection Kit (abm, Cat#G238). 2.5 uL of cells that were remained in culture
for a minimum of 48 hours undisturbed and had a confluency of at least 80% were collected and
placed in an Eppendorf on ice. The reaction mix was prepared following the manufacturer’s
protocol and loaded into 8-strip PCR tubes. Aside from our test samples, a positive control and
NTC were also included as controls. Then, the tubes were placed in the thermal cycler where the
manufacturer’s recommended thermocycling conditions were used. After the PCR, the
amplification products were visualized via agarose gel electrophoresis and ethidium bromide
staining. The expected mycoplasma band size is at approximately 500 bp. The cell cultures were
tested monthly to ensure they were free of mycoplasma. Mycoplasma was never detected in any

of the samples analyzed.

2.14 LDH Measurements

The lactate dehydrogenase (LDH) measurements for the samples were analyzed using the
CyQUANT LDH Cytotoxicity Assay — Fluorescence Kit (Invitrogen, Cat#C20303). The
manufacturer’s protocol was followed with some modifications. Briefly, 50 pL of each sample
supernatant was added to a 96-well flat bottom plate. The Reagent Stock Solution was prepared
by diluting 12 mL of Reporter Mix to the entire bottle of the Reagent Mix and mixed by vortex.
Then, 50 pL of Reagent Stock Solution was added to each sample well and mixed by gentle
tapping. Any visual bubbles were removed with a 10 pL pipet tip. The plate was then incubated

at room temperature for 10 minutes, protected from light. After the incubation, 50 pL of Stop
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Solution was added to each sample well. As a blank, a well containing only media was added to
account for any background fluorescence. The positive control (100% cytotoxicity) consisted of
THP-1 or U937 macrophages that were set aside as an extra well and left untreated. These cells
were purposely lysed through a freeze/thaw cycle. The LDH from each sample’s supernatant
post-treatment were measured using the LDH assay kit and the Cytation 5 imaging reader. To
determine LDH activity, the background fluorescence signal (media only) was subtracted from
the sample’s LDH activities. Afterwards, % cytotoxicity was calculated using the manufacturer’s
formula. The fluorescence was then immediately measured using the Cytation 5 imaging reader

(BioTek, serial# 190509A).

2.15 Imaging Cell Count (Viability)

Adherent cells were washed twice with 1X PBS and 1mL of 1X PBS was added to each
T25 flask. Then, 2 drops of NucBlue™ Fixed Cell ReadyProbes™ Reagent (DAPI) (Invitrogen,
Cat#R37606) were added to each flask and incubated for 15 minutes. The cells were then imaged

and counted using the Cytation 5 imaging reader.

2.16 Statistical Analysis

The cytokine concentration data was normalized by setting the concentration of each
cytokine from the LPS or the LPS + DMSO to 100% and calculating all other values
accordingly. Means were obtained by calculating the average of the normalized values for each
treatment groups. The standard error mean (SEM) represents the standard error between the
various values of the same treatment groups. Results are presented as means + SEM. Data was

analyzed by repeated measures one-way ANOV A multiple comparisons with Dunnett’s

42



correction. Treatments were compared to either the LPS or the LPS + DMSO control groups and
statistical significance was determined (*: P < 0.0332; **: P < 0.0021; ***: P < 0.0002; ****:

P < 0.0001). All data analysis were calculated using the GraphPad Prism 9.0.1 software.
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Results

3.0 Expression of Cholinergic Gene mRNA in Human Macrophages

PCR experiments assessing the expression of cholinergic genes in human macrophages
were first performed to determine the presence of these genes within Mo, M1 and M2 macrophages
of the two different cell lines (THP-1 and U937). RNA was extracted from the cells, whereby
further transcribed into cDNA. These PCR experiments were performed to determine the presence
of the genes and not used for quantification purposes. As for controls, a NRTC and NTC were
included in each run to identify any potential genomic and/or environmental DNA contaminations,

respectively.

According to the PCR results (Figure 8 and Figure 9), each set of primers generated distinct
bands near the predicted band sizes, suggesting that these primers are highly specific and only
amplifying the gene of interest. In THP-1 macrophages (Figure 8), AChE, BChE and VAChT were
expressed by the cells. Within our RNA samples, AChE (Figure 8A) was expressed at two band
sizes, the first at approximately 800 bp and the second at approximately 250 bp, suggesting the
presence of AChE in THP-1 macrophages. BChE (Figure 8B) primers generated two bands in
THP-1 samples, close to 400bp and 500bp suggesting the presence of BChE in THP-1
macrophages. No bands were detected with ChAT primers (Figure 8C), suggesting that this
transcript is not expressed in THP-1 macrophages. To rule out the possibility that the PCR did not
work, the THP-1 samples were run simultaneously with the U937 samples, which were positive
for ChAT. Finally, VAChT (Figure 8D) seemed to be expressed in THP-1 macrophages since a

PCR product was detected near the predicted band size.
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Since THP-1 macrophages did not seem to express ChAT, we wanted to confirm the
presence of ChAT in a different macrophage cell line, therefore we assessed the presence of
cholinergic markers in the U937 cells. Similar results for AChE and VAChT were observed in
U937 macrophages, however unlike THP-1, U937 seemed to also express ChAT (Figure 9). AChE
(Figure 9A) was again expressed at two different band sizes. Additionally, ChAT (Figure 9C) and
VAChAT (Figure 9D) also seemed to be expressed by U937 macrophages by the bright bands seen
on the gels. On the other hand, BChE (Figure 9B) seemed to be expressed in U937 Mo
macrophages but did not seem to be or was only very slightly expressed in M1 and M2

macrophages.

Other than the cholinergic genes described above, the presence of various nAChR subunits
(a7, 09, 010 and CHRFAMT7A) were also assessed by PCR. In THP-1 differentiated macrophages,
the a7 nAChR (Figure 10A) seemed to only be expressed in M2 macrophages while the a9 nAChR
(Figure 10B) did not seem to be expressed in any of the THP-1 macrophages. On the other hand,
the a10 nAChR (Figure 10C) and CHRFAMTA (Figure 10D) seemed to be expressed in all the

THP-1 differentiated macrophages as seen by the amplification bands present.

Lastly, in the U937 differentiated macrophages, the a7 nAChR (Figure 11A) did not seem
to be present in any of the U937 macrophages by the lack of amplification shown in the gel. On
contrary, the a9, 010 and CHRFAMTA all seemed to be expressed in U937 Mo, M1 and M2

macrophages.
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Figure 8. PCR of Cholinergic Genes in THP-1 Differentiated Macrophages
Expression of cholinergic genes in THP-1 differentiated macrophages were first assessed by
PCR. PCRs were repeated 3 times with different extracted RNA samples (h = 3). A NRTC and
NTC were used as controls to identify any potential genomic DNA and/or environmental DNA
contaminations, respectively. No amplification was seen in the controls. Based on these results,
THP-1 Mo, M1 and M2 macrophages seemed to expressed AChE (A), BChE (B) and VAChT
(D) by the bands present at the theoretical band sizes. No amplification was seen with the ChAT

(C) primer.
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Figure 9. PCR of Cholinergic Genes in U937 Differentiated Macrophages
Expression of cholinergic genes in U937 differentiated macrophages were determined by PCR.
PCRs were repeated 3 times with different extracted RNA samples (n = 3). ANRTC and NTC
were used as controls to identify any potential genomic DNA and/or environmental DNA
contaminations, respectively. No amplification was seen in the controls. Based on these results,
U937 Mo, M1 and M2 macrophages seemed to expressed AChE (A), ChAT (C) and VAChT (D)
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by the bands present at the theoretical base pair sizes. As for BChE (B), some amplification was
seen in the U937 Mo but not in M1 and M2 macrophages.
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Figure 10. PCR of nAChRs in THP-1 Differentiated Macrophages
Expression of nAChRs in THP-1 differentiated macrophages were assessed by PCR. The PCRs
were repeated 3 times with different extracted RNA samples (n = 3). A NRTC and NTC were
used as controls to identify any potential genomic DNA and/or environmental DNA
contaminations, respectively. No amplification was seen in the controls. Based on these results,
THP-1 M2 macrophages seemed to express o7 NAChR (A) while Mo, M1 and M2 THP-1
macrophages did not seem to express a9 nAChR (B). Furthermore, THP-1 Mo, M1 and M2
macrophages seemed to express a9 nAChR (C) as well as CHRFAMT7A (D).
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Figure 11. PCR of nAChRs in U937 Differentiated Macrophages
Expression of nAChRs in U937 differentiated macrophages were assessed by PCR. The PCRs
were repeated 3 times with different extracted RNA samples (n = 3). A NRTC and NTC were
used as controls to identify any potential genomic DNA and/or environmental DNA
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contaminations, respectively. No amplification was seen in the controls. Based on these results,
U937 differentiated macrophages did not seem to express o7 NAChR (A), while Mo, M1 and M2
U937 macrophages seemed to express a9 nAChR (B), a10 nAChR (C) and CHRFAMT7A (D).

3.1 Expression of Cholinergic Proteins in Human Macrophages

Western blots were carried out afterwards to further verify the expression of cholinergic
proteins in macrophages. The cholinergic proteins assessed by Western Blot include AChE,
ChAT, BChE, ChT and VAChT. The expression of such proteins is shown in Figure 12 and 13
from THP-1 and U937 differentiated macrophages, respectively. Different positive control
lysates were used for cholinergic proteins. First, IMR-32, a human neuroblastoma whole cell
lysate was used as a positive control for AChE, ChAT and VACHT while 293T, a human kidney
whole cell lysate was used as a positive control for BChE. The red arrows on Figures 12 and 13
indicate the protein’s predicted molecular weight.

AChE has a theoretical molecular weight of 68 kDa, as determined by its protein
sequence (UniProt accession #: P22303). However, the theoretical molecular weight of 68 kDa
does not take into account any protein modifications post-translational modifications, which can
influence the overall weight of the protein and its behaviour in a PAGE-SDS gel. As seen in
Figure 12A and 13A, THP-1 differentiated macrophages did not seem to express AChE, while
U937 macrophages seemed to slightly express AChE. However, the expression of AChE in both
the positive control and the U937 macrophages seemed to be at a lower molecular weight,
suggesting the presence of AChE of a different isoform. Further validation would be required to
verify the expression of AChE in U937 macrophages.

Furthermore, the expression of ChAT was also assessed in the macrophages. Figure

12B,C and 13B,C show the expression of ChAT in THP-1 and U937 macrophages. The
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expression of ChAT in the positive control and both THP-1 and U937 macrophages were at a
lower molecular weight than that of ChAT’s theoretical molecular weights. These lower bands
were present in both ChAT blots (Figure 12B,C and 13B,C), which were generated using two
different primary antibodies for ChAT. The ChAT #1 antibody targeted the human ChAT at the
N-terminal to the mid-protein, while the ChAT #2 antibody targeted the human ChAT at a region
within amino acids 102-351 (UniProt accession #: 28329). Consequently, there is evidence
suggesting the presence of ChAT at a lower molecular weight than predicted in THP-1 and U937
differentiated macrophages.

Figure 12D and 13D demonstrate the expression of BChE in THP-1 and U937
differentiated macrophages, respectively. According to its protein sequence, BChE has a
theoretical molecular weight of 68 kDa (UniProt accession #: P06276). Although a band size
similar to that of the theoretical molecular weight was seen in the positive control, bands of
much lower sizes were expressed in the THP-1 and U937 macrophages. Thus, BChE seemed to
be expressed at the theoretical molecular weight in the positive control while it seemed to be
expressed at a lower molecular weight in the differentiated THP-1 and U937 macrophages. This
band may be due to nonspecific binding or may represent a different isoform of BChE.

ChT expression within the cells is shown in Figure 12E and 13E for THP-1 and U937
differentiated macrophages, respectively. ChT has a theoretical molecular weight of 63 kDa
(UniProt accession #: Q9GZV3). As shown in Figure 12E and 13E, the positive control seemed
to highly express ChT by the thick band near the theoretical molecular weight. While the band
was detected in the positive control, no band appeared in the THP-1 samples (Figure 12E) and in
the U937 samples (Figure 13E). Thus, this suggests that THP-1 and U937 differentiated

macrophages do not express ChT.
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Finally, Figure 12F and 13F demonstrate the expression of VAChT within THP-1 and
U937 differentiated macrophages. As shown in these figures, VAChT seemed to be expressed at
two different molecular weights in both the positive control and the THP-1 and U937

macrophages, suggesting the presence of VAChT within these cells.
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Figure 12. Cholinergic Protein Expression in THP-1 Differentiated Macrophages
The expression of cholinergic protein lysates from THP-1 differentiated Mo, M1 and M2
macrophages was assessed via western blots. The protein lysates in each well are indicated above
each well, with the “+” symbol, signifying the positive control for that gene. IMR32, a human
neuronal cell line, was used as a positive control for AChE, ChAT and VAChT while 293T, a
human embryonic kidney cell line, was used as a positive control for BChE. Western Blots were
repeated 3 times with different protein sample lysates (n = 3). Moreover, the red arrow indicates
the antibody’s predicted molecular weight. All protein samples including the positive controls
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were loaded at identical concentrations of 10 mg into the wells. The Western Blots were auto
exposed on the ChemiDoc Imaging System using Chemiluminescence. The protein AChE (A)
was expressed in the positive control but does not seem to be expressed in any differentiated
THP-1 macrophages. The protein ChAT (B and C) appeared to be expressed in the positive
control as well as in each Mo, M1 and M2 macrophages, although at a different molecular
weight than that of the predicted weight. BChE seemed to be expressed in the positive control at
the theoretical molecular weight whereas in each Mo, M1 and M2 protein lysates, BChE was
expressed at a much lower molecular weight. Additionally, the ChT protein was expressed in the
positive control at the correct predicted molecular weight but did not seem to be expressed by the
THP-1 samples. Finally, VAChT seemed to be expressed at two different molecular weights in
all wells, including at around 75kDa and 48 kDa.
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Figure 13. Cholinergic Protein Expression in U937 Differentiated Macrophages
The expression of cholinergic protein lysates from U937 differentiated Mo, M1 and M2
macrophages was assessed via Western Blots. The protein lysates are indicated above each well,
with the “+” symbol, signifying the positive control for that gene. IMR32, a human neuronal cell
line, was used as a positive control for AChg, ChAT and VAChT while 293T, a human

51



embryonic kidney cell line, was used as a positive control for BchE. Western Blots were
repeated 3 times with different protein sample lysates (n = 3). The red arrow indicates the
antibody’s predicted molecular weight. All protein samples including the positive controls were
loaded at identical concentrations of 10 mg into the wells. The Western Blots were auto exposed
on the ChemiDoc Imaging System using Chemiluminescence. The protein AChE (A) was highly
expressed in the positive control and seemed to be slightly expressed in the differentiated U937
macrophages. The protein ChAT (B and C) appeared to be expressed in each protein lysate, but
at a different molecular weight than that of the predicted weight. BChE seemed to be expressed
slightly at the theoretical molecular weight in the positive control whereas in each Mo, M1 and
M2 protein lysates, BChE was expressed at a much lower molecular weight. Moreover, the ChT
protein was expressed in the positive control at the correct predicted molecular weight but did
not seem to be expressed in the U937 samples. Finally, VAChT seemed to be expressed at two
different molecular weights in the protein lysates, at approximately 75kDa and 48 kDa.

3.2 Cytokine Profiles of Stimulated THP-1 and U937 Macrophages
with 3 Different Silent Agonists and LPS

From our Western Blots and PCR results, we were able to determine that THP-1 and
U937 differentiated macrophages expressed some cholinergic genes and proteins. Thus, we next
assessed whether different nAChR silent agonist (p-CFz diEPP, m-bromo PEP and CONH2
diEPP lodide) influenced immune functions and viability within these cells. Our lab previously
showed that p-CFs diEPP and CONH2 diEPP lodide successfully inhibited some pro-
inflammatory cytokines in human peripheral blood mononuclear cells (PBMCs)!8!, that m-bromo
PEP delayed the onset and reduced the severity of EAE in mouse models, and had an anti-
inflammatory effect in murine bone marrow derived macrophages (BMDM)*. Hence, these
molecules were chosen to be assessed for their anti-inflammatory properties in THP-1 and U937
macrophages. Cultured THP-1 and U937 cells were differentiated into Mo or M1 macrophages
as described in section 2.2. The supernatants were then collected upon stimulation with 100 mM
of silent agonist for 1 hour followed by an 8-hour stimulation with 100 ng/mL of LPS. A vehicle
control group (0.1% DMSO) was included in each analysis, since the silent agonists were diluted

in DMSO prior to the stimulations. Cytokine concentrations were determined via CBAs using the
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BD FACSCanto Il flow cytometer. Outliers were determined by the GraphPad Prism 9 software
using the ROUT outlier test (Q = 1%) and removed from the data set. A power analysis revealed
that a sample size of 10 was necessary for statistical analysis and therefore, this is our sample
size. Sample size represents independent experiments done on different days with different
passages of cells. Data was normalized to the LPS + DMSO control and error bars indicate the
SEM. One-way ANOVAs (multiple comparisons) with Dunnett’s correction were performed to
determine statistical significance (*: P < 0.0332; **: P < 0.0021; ***: P < 0.0002; ****: P <

0.0001). The raw cytokine data without normalization are shown in Appendix A.

3.2.1 THP-1 Macrophages

Cytokine profiles of THP-1 Mo macrophages upon treatment with the vehicle or the
silent agonists (p-CFz diEPP, m-bromo PEP and CONH2 diEPP lodide) in the presence of LPS
were assessed (Figure 14). When comparing to the LPS + DMSO control group, p-CFs diEPP
was the only silent agonist to influence the release of cytokines in THP-1 Mo macrophages.
Although no significant differences were observed in IL-1pB (Figure 14A) and TNF-a (Figure
14D) release, p-CF3 diEPP statistically increased IL-6 secretion (Figure 14B) while inhibiting the
release of 1L-10 (Figure 14C). Overall, the silent agonist p-CFs diEPP had the most effect on
cytokine release in THP-1 Mo cells under such conditions.

Figure 15 demonstrates the effects of silent agonists on LPS-induced cytokine release in
THP-1 M1 macrophages. When comparing with the LPS + DMSO condition, m-bromo PEP
slightly inhibited the release of IL-1p (Figure 15A) while no other silent agonist had any
significant effects on its release. The 3 silent agonists did not influence on IL-6 release (Figure
15B) and IL-10 release (Figure 15C). However, p-CF3z diEPP significantly inhibited the release

of TNF-a (Figure 15D), inhibiting its release by approximately 50%. Taken together, the silent
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agonist p-CFs diEPP had a great effect on the inhibition of TNF-a release while m-bromo PEP

also slightly inhibited IL-1p release in THP-1 M1 macrophages.
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Figure 14. Cytokine Profiles of THP-1 Mo Macrophages Upon Stimulation with LPS and
Various Silent Agonists (N = 10)

THP-1 cells were seeded into 5 different T25 flasks and differentiated into Mo macrophages by
stimulation with 100 ng/mL of PMA for 48 hours. The media was then replaced with PMA-free
media for 24 hours, to allow the cells to rest. Following this incubation, the media was replaced
once more with fresh media for an additional 48 hours. Afterwards, the macrophages were given
fresh media and pre-treated with 100 mM of silent agonists (p-CFs diEPP, m-bromo PEP,
CONH2 diEPP lodide) for 1 hour followed by an 8-hour stimulation with 100 ng/mL of LPS. A
Vehicle control group (0.1 % DMSO only) was also included. Culture supernatants was then
collected, and cytokine concentrations were analyzed via CBAs on the BD FACSCanto Il flow
cytometer. Data was normalized to the LPS + DMSO control and error bars indicate the SEM.
One-way ANOVA statistical tests (multiple comparisons) with Dunnett’s correction were
performed to determine statistical significance (*: P < 0.0332; **: P < 0.0021; ***: P < 0.0002;
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****: P <0.0001). No significant differences were observed in IL-1f (A) and TNF-a (D) release
after treatment with the different silent agonists. However, p-CFs diEPP statistically increased
IL-6 secretion (B) while inhibiting the release of 1L-10 (C).
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Figure 15. Cytokine Profiles of THP-1 M1 Macrophages Upon Stimulation with LPS and
Various Silent Agonists (N=10)

THP-1 cells were seeded into 5 different T25 flasks and differentiated first into Mo macrophages
by stimulation with 100 ng/mL of PMA for 48 hours. The media was then replaced with PMA-
free media for 24 hours, to allow the cells to rest. Following this incubation, media was replaced
with fresh media containing 10 ng/mL of INF-y and 10 pg/mL of LPS for 48 hours, to further
polarize macrophages into M1 macrophages. Afterwards, the M1 macrophages were given fresh
media and pre-treated with 100mM of silent agonists (p-CFs diEPP, m-bromo PEP, CONH2
diEPP lodide) for 1 hour followed by an 8-hour stimulation with 100 ng/mL of LPS. A Vehicle
control group (0.1% DMSO only) was also included. Culture supernatants was then collected,
and cytokine concentrations were analyzed via CBAs on the BD FACSCanto Il flow cytometer.
Data was normalized to the LPS + DMSO control and error bars indicate the SEM. One-way
ANOVAs (multiple comparisons) with Dunnett’s correction were performed to determine
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statistical significance (*: P < 0.0332; **: P < 0.0021; ***: P < 0.0002; ****: P < 0.0001). IL-
1P secretion (A) is inhibited by m-bromo PEP but remains unaffected upon treatment with the
other silent agonists. IL-6 secretion (B) and IL-10 secretion (C) do not seem to be affected by
any of the silent agonists. Lastly, TNF-a secretion is greatly inhibited by p-CF3 diEPP.

3.2.2 U937 Macrophages

Cytokine profiles of U937 Mo macrophages were measured in the conditions previously
described (Figure 16). It is important to note that U937 Mo macrophages did not release
detectable amounts of IL-1p, therefore, this cytokine is not shown in this analysis. The release of
IL-6 (Figure 16A), IL-10 (Figure 16B) and TNF-a (Figure 16C) were not significantly affected
by any of the treatment groups.

Lastly, Figure 17 demonstrates the release of cytokines upon stimulation with the various
silent agonists in the presence of LPS in U937 M1 macrophages. As seen in Mo U937, M1
macrophages did not release detectable amounts of IL-1f. Treatment with m-bromo PEP or
CONH2 diEPP lodide showed significant inhibition in IL-6 release (Figure 17A). The release of
IL-10 (Figure 17B) was shown to be decreased by treatment with p-CFz diEPP. Finally, TNF-a
release (Figure 17C) was shown to be very significantly inhibited by p-CFs diEPP, reducing its
secretion by approximately 50%. Likewise, m-bromo PEP also displayed slight inhibitory effects

in the release of TNF-a. Overall, each silent agonist had inhibitory capabilities for selected

cytokines.
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Figure 16. Cytokine Profiles of U937 Mo Macrophages Upon Stimulation with LPS and
Various Silent Agonists (N = 10)

U937 cells were seeded into 5 different T25 flasks and differentiated into Mo macrophages by
stimulation with 100 ng/mL of PMA for 48 hours. The media was then replaced with PMA-free
media for 24 hours, to allow the cells to rest. Following this incubation, the media was replaced
once more with fresh media for an additional 48 hours. Afterwards, the macrophages were given
fresh media and pre-treated with 200mM of silent agonists (p-CFs diEPP, m-bromo PEP,
CONH2 diEPP lodide) for 1 hour followed by an 8-hour stimulation with 100 ng/mL of LPS. A
Vehicle control group (0.1% DMSO only) was also included. Culture supernatants was then
collected, and cytokine concentrations were analyzed via CBAs on the BD FACSCanto 1l flow
cytometer. Data was normalized to the LPS + DMSO control and error bars indicate the SEM.
One-way ANOVA statistical tests (multiple comparisons) with Dunnett’s correction were
performed to determine statistical significance (*: P < 0.0332; **: P < 0.0021; ***: P < 0.0002;
****: P <0.0001). Overall, IL-6 (A), IL-10 (B) and TNF-a secretion (C) is not affected by any

of the silent agonists.

57



IL-6 B 150 IL-10

>

150

100

%% of [L-6 Serection
% of IL-10 Serection

50

1004

50+

§

%o of TNF-cx Serection

|

. 2 &
CHPC RO O
,XQ L] 96\9 qq\
&S

VR & 5
& S
S N

¢

Figure 17. Cytokine Profiles of U937 M1 Macrophages Upon Stimulation with LPS and
Various Silent Agonists (N=10)

U937 cells were seeded into 5 different T25 flasks and differentiated first into Mo macrophages
by stimulation with 100 ng/mL of PMA for 48 hours. The media was then replaced with PMA-
free media for 24 hours, to allow the cells to rest. Following this incubation, media was replaced
with fresh media containing 10 ng/mL of INF-y and 10 pg/mL of LPS for 48 hours, to further
polarize macrophages into M1 macrophages. Afterwards, the M1 macrophages were given fresh
media and pre-treated with 200mM of silent agonists (p-CFs diEPP, m-bromo PEP, CONH2
diEPP lodide) for 1 hour followed by an 8-hour stimulation with 100 ng/mL of LPS. A Vehicle
control group (0.1% DMSO only) was also included. Culture supernatants was then collected,
and cytokine concentrations were analyzed via CBAs on the BD FACSCanto Il flow cytometer.
Data was normalized to the LPS + DMSO control and error bars indicate the SEM. One-way
ANOVAs (multiple comparisons) with Dunnett’s correction were performed to determine
statistical significance (*: P < 0.0332; **: P < 0.0021; ***: P < 0.0002; ****: P < 0.0001). The
treatments with m-bromo PEP and CONH2 diEPP lodide showed significant inhibition in IL-6
release (Figure 17A). The release of IL-10 (Figure 17B) was shown to be decreased by treatment
with p-CF3 diEPP. Finally, TNF-a release (Figure 17C) was shown to be very significantly
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inhibited by p-CFs diEPP, reducing its secretion by approximately 50%. Likewise, m-bromo PEP
also displayed slight inhibitory effects in the release of TNF-a.

3.3 Cell Counts of THP-1 and U937 Macrophages Treated with 3
Different Silent Agonist in the Presence of LPS

Cell counts were assessed to determine overall viability within the different treatment
groups. Viable macrophages tightly adhere to the flasks or cell plates during culture while dead
macrophages or macrophages undergoing apoptosis typically float in the media. Dividing
macrophages can also detach from their cell culture flasks or plates but the frequency of cell
division in macrophages is low!%®. Hence, the cells counted using DAPI is a good representation
of overall live cells. In this experiment, the adhered macrophages were stained with NucBlue™
Fixed Cell ReadyProbes™ Reagent (DAPI) and counted using the Cytation 5 imaging reader.
The cell counts were normalized to the LPS + DMSO control group and error bars indicate the
SEM.

Normalized cell counts of THP-1 and U937 differentiated macrophages after treatment
with the silent agonists in the presence of LPS was assessed (Figure 18). Due to technical issues
in the initial stages of these experiments, sample sizes of <10 were obtained for the cell counts of
THP-1 Mo (Figure 18A), THP-1 M1 (Figure 18B) and U937 Mo (Figure 18C) macrophages, but
a sample size of 10 was achieved for U937 M1 macrophages (Figure 18D). Multiple comparison
one-way ANOVA’s with Dunnett’s corrections were performed to determine statistical
significance (*: P < 0.0332; **: P < 0.0021; ***: P < 0.0002; ****: P < 0.0001). The results
shown in Figure 18 suggest that the silent agonist stimulations did not result in significant cell

death. However, it is important to note that a very small sample size was obtained for the cell
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counts of U937 Mo macrophages (N = 3), therefore, it is difficult to make concrete conclusions

based on these results.
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Figure 18. Normalized Cell Counts (%) of THP-1 and U937 Macrophages Treated with
Various Silent Agonists and Stimulated with LPS (N =5 - 10)

THP-1 Mo macrophage (A; N =5), THP-1 M1 macrophage (B; N = 9), U937 Mo macrophage
(C, N =3) and U937 M1 macrophage (D, N = 10) treated with silent agonists and stimulated
with LPS were counted using NucBlue™ Fixed Cell ReadyProbes™ Reagent (DAPI) and the
Cytation 5 imaging reader. Cell counts were normalized to the LPS + DMSO control and error
bars indicate the SEM. One-way ANOV As (multiple comparisons) with Dunnett’s correction
were performed to determine statistical significance (*: P < 0.0332; **: P < 0.0021; ***: P <
0.0002; ****: P < 0.0001). This figure suggests that the silent agonist stimulations did not result

in significant cell death.
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3.4 Cytokine Profiles of THP-1 and U937 Macrophages Treated
Acutely with Agonists and Cholinergic Inhibitors in the Presence
of LPS

Our Western Blots and PCR results suggest the presence of various cholinergic genes
within THP-1 and U937 differentiated macrophages. Thus, we further assessed the effect of
acute pharmacological inhibition of cholinergic inhibitors and agonist on cytokine release in
THP-1 and U937 differentiated macrophages. Considering the effectiveness of p-CFz diEPP in
inhibiting the release of pro-inflammatory cytokines (Section 3.2), this silent agonist was also
included in these experiments. Cultured THP-1 and U937 cells were differentiated into Mo or
M1 macrophages as described in section 2.2. Cells were then treated with various conditions
described in section 2.2.2 and table 1 for 5 hours. Cell supernatants were collected, and cytokine
concentrations were determined via CBAs using the BD FACSCanto Il flow cytometer. It is
important to note that U937 Mo macrophages did not release detectable amounts of IL-1p,
therefore, this cytokine is not shown in this analysis. Outliers were determined by the GraphPad
Prism 9 software outlier test and removed from the data set. The cytokine data was normalized
by setting the concentration of each cytokine from the LPS or the LPS + DMSO to 100% and
calculating all other values accordingly. One-way ANOVASs (multiple comparisons) with
Dunnett’s correction were performed to determine statistical significance (*: P < 0.0332; **: P <
0.0021; ***: P < 0.0002; ****: P < 0.0001). The raw cytokine data without normalization are

shown in Appendix B.

3.4.1 THP-1 Macrophages
Cytokine profiles of THP-1 Mo macrophages upon acute treatment with agonists (Ach,

Ch, Nic and p-CFs diEPP) and cholinergic inhibitors (Gal, ML352 and a-NETA) followed by
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stimulation with LPS were assessed (Figure 19). The release of IL-1p (Figure 19A) was
significantly reduced by inhibition of ChT (ML352), inhibition of ChAT (a-NETA) and nAChR
silent agonism (p-CFs diEPP) while IL-6 secretion (Figure 19B) significantly decreased by
inhibition of ChT (ML352). Moreover, I1L-10 release (Figure 19C) was significantly reduced by
ChT inhibition (ML352) and ChAT inhibition (a-NETA). Finally, inhibiting ChT (ML352)
significantly reduced TNF-a release (Figure 19D) by approximately 50%. Overall, inhibiting
ChT resulted in successful inhibition of all 4 cytokines (IL-1p, IL-6, IL-10 and TNF-a) and
showed the most significant inhibition of TNF-a. release.

The cytokine profiles of THP-1 M1 macrophages upon acute treatment of agonists (Ach,
Ch, Nic and p-CF3 diEPP) and cholinergic inhibitors (Gal, ML352 and a-NETA) in the presence
of LPS were additionally assessed (Figure 20). In the presence of LPS, IL-1 secretion (Figure
20A) was significantly inhibited by nAChR silent agonism (p-CF3z diEPP) and by inhibiting
ChAT (a-NETA). On the other hand, IL-6 secretion (Figure 20B) was not significantly
influenced by any of the treatments. Furthermore, IL-10 release (Figure 20C) was reduced by
inhibiting ChT (ML352) and TNF-a secretion (Figure 20D) was significantly inhibited via
treatment with a nNAChR silent agonist (p-CFs diEPP). Conclusively, nAChR silent agonism
treatment successfully inhibited the release of 2 pro-inflammatory cytokines (IL-1p and TNF-a)
while treatments with ChAT and ChT inhibitors resulted in a decrease in IL-1p and IL-10

release, respectively.
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Figure 19. Cytokine Release of THP-1 Mo Macrophages Upon Acute Cholinergic Inhibitor
and Agonist Treatments in the Presence of LPS (N=10)
THP-1 cells were seeded into 6 well plates and differentiated into Mo macrophages by
stimulation with 100 ng/mL of PMA for 48 hours. The media was then replaced with PMA-free
media for 24 hours, allowing the cells to rest. Then, media was replaced with fresh media for an
additional 48 hours. Afterwards, the cell culture media was replaced, and the macrophages were
treated with DMSO (vehicle control), LPS, agonists and/or cholinergic inhibitors (shown in
Table 1) for 5 hours. Culture supernatants were collected, and cytokine concentrations were
analyzed via CBAs on the BD FACSCanto Il flow cytometer. Data was normalized to either the
LPS treated group (columns with different patterns) or the LPS + DMSO treated group (columns
with solid colors). Errors bars indicate the SEM. One-way ANOVAs (multiple comparisons)
with Dunnett’s correction were performed to determine statistical significance (*: P < 0.0332;
** P <0.0021; ***: P < 0.0002; ****; P < 0.0001). IL-1p secretion (A) was significantly
reduced by inhibition of ChT (ML352), inhibition of ChAT (a-NETA) and nAChR silent
agonism (p-CFs diEPP) while IL-6 release (B) was only shown to be significantly reduced by
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inhibition of ChT (ML352). Furthermore, IL-10 release (C) was significantly inhibited by ChT
inhibition (ML352) and ChAT inhibition (a-NETA). Finally, TNF-a release was significantly
reduced by approximately 50% by inhibiting ChT (ML352).
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Figure 20. Cytokine Release of THP-1 M1 Macrophages Upon Acute Cholinergic Inhibitor
and Agonist Treatments in the Presence of LPS (N=10)
THP-1 cells were seeded into 6 well plates and differentiated into macrophages by stimulation
with 100 ng/mL of PMA for 48 hours. The media was then replaced with PMA-free media for 24
hours, allowing the cells to rest. Then, the media was removed, and fresh media supplemented
with 10 ng/mL of INF-y and 10 pg/mL of LPS was added, to polarize the macrophages into M1
macrophages. Afterwards, the cell culture media was replaced, and the macrophages were treated
with DMSO (vehicle control), LPS, agonists and/or cholinergic inhibitors (shown in Table 1) for
5 hours. Culture supernatants were collected, and cytokine concentrations were analyzed via
CBAs on the BD FACSCanto Il flow cytometer. Data was normalized to either the LPS treated
group (columns with different patterns) or the LPS + DMSO treated group (columns with solid
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colors). Errors bars indicate the SEM. One-way ANOVAs (multiple comparisons) with
Dunnett’s correction were performed to determine statistical significance (*: P < 0.0332; **: P <
0.0021; ***: P < 0.0002; ****: P < 0.0001). In the presence of LPS, IL-1p secretion (A) was
significantly inhibited by nAChR silent agonism (p-CFs diEPP) and by inhibiting ChAT (a-
NETA). IL-6 secretion (B) was not significantly influenced by any of the treatments whereas
inhibiting ChT (ML352) successfully inhibited IL-10 release (C). Finally, only treatment with
the NAChR silent agonist (p-CFs diEPP) resulted in a significant inhibition of TNF-o release
from the cells.

3.4.2 U937 Macrophages

Cytokine profiles of U937 Mo macrophages upon acute treatment of agonists (Ach, Ch,
Nic and p-CFs diEPP) and cholinergic inhibitors (Gal, ML352 and a-NETA) followed by
stimulation with LPS were assessed (Figure 21). First, the release of IL-6 (Figure 21A) in the
presence of LPS was significantly reduced after treatment with a NAChR agonist (ACh), a nAChR
agonist (ACh) in the presence of an AChE inhibitor (Gal) and finally, upon treatment with a ChT
inhibitor (ML352). Moreover, I1L-10 secretion (Figure 21B) was shown to be significantly reduced
by inhibiting ChT (ML352). Finally, the release of TNF-a (Figure 21C) was not significantly
affected by any of the treatments. Altogether, inhibiting ChT successfully inhibited the release of
a pro-inflammatory cytokine (IL-6) and an anti-inflammatory cytokine (IL-10) but inhibiting
AChE and treatment with an nAChR agonist only resulted in the inhibition of I1L-6.

The cytokine profiles of U937 M1 macrophages upon acute treatment of agonists (Ach,
Ch, Nic and p-CFs diEPP) and cholinergic inhibitors (Gal, ML352 and a-NETA) in the presence
of LPS were additionally assessed (Figure 22). The release of IL-6 (Figure 22A) was not
significantly influenced by any of the treatments. IL-10 secretion (Figure 22B) was inhibited
following treatment with a nAChR agonist (Ch) and by inhibiting ChT (ML352). Finally, TNF-a
release (Figure 22C) was reduced by approximately 50% after inhibiting ChT (ML352). Overall,
ChT inhibition was the most successful treatment in inhibiting cytokine release (IL-10 and TNF-

a) in acutely treated U937 M1 macrophages.

65



IL-6 IL-10

A B
150 150
g g
& 7]
S 100 2 100
o [*]
7] 7]
o S
’_] 1
= =
< 50 o 50
S =
0 ol == . —L
PO N LD s DRy
& »é‘“'&@“@ *?'Cv"ea“o s"ccfi-‘\ S '»‘é
0@ . QQQ%X \JQ%X?SJ \s‘ \s \?.QGDX ‘QQ";-%XG-
*\) *\’ QC:! A KQ \g
&° o8 3 &
\s \g A%

% of TNF-a Secretion

%
.
/

Figure 21. Cytokine Release of U937 Mo Macrophages Upon Acute Cholinergic Inhibitor
and Agonist Treatments in the Presence of LPS (N=10)

U937 cells were seeded into 6 well plates and differentiated into Mo macrophages by stimulation
with 100 ng/mL of PMA for 48 hours. The media was then replaced with PMA-free media for 24
hours, allowing the cells to rest. Then, media was replaced with fresh media for an additional 48
hours. Afterwards, the cell culture media was replaced, and the macrophages were treated with
DMSO (vehicle control), LPS, agonists and/or cholinergic inhibitors (shown in Table 1) for 5
hours. Culture supernatants were collected, and cytokine concentrations were analyzed via CBAs
on the BD FACSCanto Il flow cytometer. Data was normalized to either the LPS treated group
(columns with different patterns) or the LPS + DMSO treated group (columns with solid colors).
Errors bars indicate the SEM. One-way ANOV As (multiple comparisons) with Dunnett’s
correction were performed to determine statistical significance (*: P < 0.0332; **: P < 0.0021;
***: P < 0.0002; ****: P < 0.0001). The release of IL-6 (A) in the presence of LPS was
significantly reduced after treatment with an nAChR agonist (ACh), with an nAChR agonist
(ACh) in the presence of an AChE inhibitor (Gal) and upon treatment with a ChT inhibitor
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(ML352). IL-10 secretion (B) was significantly reduced by inhibiting ChT (ML352). Finally, the
release of TNF-a (Figure 21C) was not significantly affected by any of the treatments.
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Figure 22. Cytokine Release of U937 M1 Macrophages Upon Acute Cholinergic Inhibitor
and Agonist Treatments in the Presence of LPS (N=10)

U937 cells were seeded into 6 well plates and differentiated into macrophages by stimulation
with 100 ng/mL of PMA for 48 hours. The media was then replaced with PMA-free media for 24
hours, allowing the cells to rest. Then, the media was removed, and fresh media supplemented
with 10 ng/mL of INF-y and10 pg/mL of LPS was added, to polarize the macrophages into M1
macrophages. Afterwards, the cell culture media was replaced, and the macrophages were treated
with DMSO (vehicle control), LPS, agonists and/or cholinergic inhibitors (shown in Table 1) for
5 hours. Culture supernatants were collected, and cytokine concentrations were analyzed via
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CBAs on the BD FACSCanto Il flow cytometer. Data was normalized to either the LPS treated
group (columns with different patterns) or the LPS + DMSO treated group (columns with solid
colors). Errors bars indicate the SEM. One-way ANOVAs (multiple comparisons) with
Dunnett’s correction were performed to determine statistical significance (*: P < 0.0332; **: P <
0.0021; ***: P < 0.0002; ****: P < 0.0001). The release of IL-6 (A) was not significantly
influenced by any of the treatments. IL-10 secretion (B) was inhibited following treatment with
an nAChR agonist (Ch) and by inhibiting ChT (ML352). Finally, TNF-ao release (C) was
reduced by approximately 50% after inhibition of ChT (ML352).

3.5 Cytotoxicity of THP-1 and U937 Macrophages Treated Acutely
with Agonists and Cholinergic Inhibitors in the Presence of LPS

Our data indicate that some agonists and cholinergic inhibitors can modulate the release
of some pro-inflammatory and anti-inflammatory cytokines in the presence of an immune
stimulant like LPS. Thus, we next wanted to confirm that the effects seen from these treatments
on the cytokine profiles was not due to cell death. Therefore, a cytotoxicity test was carried out,
in which LDH released from the treated cells was quantified using a Fluorescent LDH kit. LDH
is an enzyme that is released from the cytosol upon cell death and is a well-established and
reliable assay to detect toxicity. The cells were not stained with DAPI and counted as performed
for the silent agonists experiment because the RNA from the pharmacological-treated
macrophages was isolated to evaluate changes in cell surface markers (discussed below),
therefore we were unable to stain the cells. Figure 23 displays the % cytotoxicity values in THP-
1 and U937-treated Mo and M1 macrophages. Repeated measures one-way ANOVAs (multiple
comparisons) with Dunnett’s correction were performed to determine statistical significance (*:
P <0.0332; **: P < 0.0021; ***: P < 0.0002; ****: P < 0.0001).

The cytotoxicity levels of THP-1 Mo, THP-1 M1, U937 Mo and U937 M1-treated

macrophages (Figure 23) were shown to be none significant in comparison to the LPS or LPS +
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DMSO treated groups. These results therefore suggest that the inhibitory effects and increase in

cytokine release seen by some treatment groups is likely not due to cell death.
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Figure 23. Normalized Cytotoxicity (%) of THP-1 and U937 Macrophages Upon Acute
Cholinergic Inhibitor and Agonist Treatments in the Presence of LPS (N=10)

Upon acute treatments of the THP-1 Mo (A), THP-1 M1 (B), U937 Mo (C) and U937 Mo (D)
differentiated macrophages in the presence of LPS, the supernatants were collected to assess
cytotoxicity of each treatment group. This was completed using a fluorescent LDH assay. The
percent cytotoxicity was calculated by using the fluorescent signals acquired from the Cytation 5.
Cell culture media was used as a negative (blank) control and a total release control (cells left
untreated and lysed through a freeze/thaw cycle) was used as a positive control (100% cell
death). The data was normalized to the untreated control group, which represents 0%
cytotoxicity. The error bars represent the SEM and one-way ANOVAs (multiple comparisons)
with Dunnett’s correction were performed to determine statistical significance (*: P < 0.0332;
**: P <0.0021; ***: P < 0.0002; ****: P < 0.0001). Data was compared to either the LPS
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treated group (columns with different patterns) or the LPS + DMSO treated group (columns with
solid colors). Altogether, in the presence of LPS, the treatment groups do not result in significant
difference in cytotoxicity levels in comparison to the LPS or LPS + DMSO treated groups.

3.6 Cytokine Profiles of THP-1 and U937 Macrophages Treated
Chronically with Agonists and Cholinergic Inhibitors in the
Presence of LPS

Since our acute treatments were successful in inhibiting some cytokines, we further
wanted to assess the effect of chronic pharmacological inhibition on cytokine release in
macrophages and compare these results with those obtained in the acute treatment groups. The
treatment groups included in chronic stimulations are the same as the ones included and
previously described in acute stimulations (see section 3.4). Briefly, cultured THP-1 and U937
cells were differentiated into Mo or M1 macrophages as described in section 2.2. Cells were
additionally treated with DMSO, various agonists or cholinergic inhibitors during the 48-hour
polarization step. Then, the cell culture media was replaced, and cells were treated once again
with the various conditions, in the presence of 10 ng/mL of LPS (described in table 1) for 5
hours. Afterwards, cell supernatants were collected, and cytokine concentrations were
determined via CBAs using the BD FACSCanto Il flow cytometer. It is important to note that
U937 Mo macrophages did not release detectable amounts of IL-1p, therefore, this cytokine is
not shown in this analysis. Outliers were determined by the GraphPad Prism 9 software outlier
test and removed from the data set. The cytokine data was normalized by setting the
concentration of each cytokine from the LPS or the LPS + DMSO to 100% and calculating all
other values accordingly. One-way ANOV As (multiple comparisons) with Dunnett’s correction

were performed to determine statistical significance (*: P < 0.0332; **: P < 0.0021; ***: P <
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0.0002; ****: P < 0.0001). The raw cytokine data without normalization are shown in Appendix

C.

3.6.1 THP-1 Macrophages

Cytokine profiles of THP-1 Mo macrophages upon chronic treatment of agonists (Ach,
Ch, Nic and p-CFs diEPP) and cholinergic inhibitors (Gal, ML352 and a-NETA) followed by
stimulation with LPS were assessed (Figure 24). First, the secretion of IL-1p (Figure 24A) was
reduced by various treatment groups, including treatments inhibiting AChE (Gal), ChT
(ML352) and ChAT (a-NETA) as well as treatment with a nAChR silent agonist (p-CF3
diEPP). IL-6 secretion (Figure 24B) was not shown to be significantly inhibited by any of the
treatment groups. Moreover, IL-10 release (Figure 24C) was significantly reduced upon ChAT
(a-NETA) inhibition. Finally, TNF-a secretion (Figure 24D) was decreased by inhibiting
AChE (Gal) and after treatment with a nAChR agonist (Nic). Overall, the release of cytokines
in chronically treated THP-1 Mo macrophages, more specifically IL-1f, seems to be mostly
controlled by inhibitors of cholinergic proteins and NAChR agonists like p-CF3 diEPP and Nic.

The cytokine profiles of THP-1 M1 macrophages upon chronic treatment of agonists
(Ach, Ch, Nic and p-CFs diEPP) and cholinergic inhibitors (Gal, ML352 and a-NETA) in the
presence of LPS were additionally assessed (Figure 22). First, IL-1p release (Figure 25A) was
significantly reduced upon treatment with a ChAT (a-NETA) inhibitor and a nAChR silent
agonist (p-CFs diEPP), in the presence of LPS. Treatment with a nAChR agonist (Nic) also
showed to increase IL-1P release from the cells. Moreover, the different treatments did not
have significant effects on the release of IL-6 (Figure 25B) and TNF-a (Figure 25D). Finally,
IL-10 secretion (Figure 25C) was significantly reduced by inhibiting ChAT (a-NETA) and

significantly increased by treating with a nAChR agonist (ACh). Altogether, while nAChR
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silent agonism and ChAT inhibition reduced the release of IL-1p, the opposite effect is seen
when treating with a nAChR agonist. Similarly, ChAT inhibition reduced the release of IL-10

whereas treatments with a nAChR agonist resulted in an increase in cytokine release.
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Figure 24. Cytokine Release of THP-1 Mo Macrophages Upon Chronic Cholinergic
Inhibitor and Agonist Treatments in the Presence of LPS (N=10)
THP-1 cells were seeded into 6 well plates and differentiated into macrophages by stimulation
with 100 ng/mL of PMA for 48 hours. The media was then replaced with PMA-free media for 24
hours, allowing the cells to rest. Then, the macrophages were given fresh media and treated with
DMSO, various agonists and/or cholinergic inhibitors for 48 hours. Afterwards, the cell culture
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media was replaced, and the macrophages were treated with DMSO (vehicle control), LPS,
agonists and/or cholinergic inhibitors (shown in Table 1) for 5 hours. Culture supernatants were
collected, and cytokine concentrations were analyzed via CBAs on the BD FACSCanto Il flow
cytometer. Data was normalized to either the LPS treated group (columns with different patterns)
or the LPS + DMSO treated group (columns with solid colors). Errors bars indicate the SEM.
One-way ANOV As (multiple comparisons) with Dunnett’s correction were performed to
determine statistical significance (*: P < 0.0332; **: P < 0.0021; ***: P < 0.0002; ****: P <
0.0001). The secretion of IL-1p (A) was reduced by various treatment groups, including
treatments inhibiting AChE (Gal), ChT (ML352) and ChAT (a-NETA) as well as treatments
with an nAChR silent agonist (p-CFz diEPP). IL-6 secretion (B) was not shown to be
significantly inhibited by any of the treatment groups. Moreover, I1L-10 release (C) was
significantly reduced upon ChAT (a-NETA) inhibition. Finally, TNF-a secretion (D) was
decreased by inhibiting AChE (Gal) and treated with a nAChR agonist (Nic).
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Figure 25. Cytokine Release of THP-1 M1 Macrophages Upon Chronic Cholinergic
Inhibitor and Agonist Treatments in the Presence of LPS (N=10)

THP-1 cells were seeded into 6 well plates and differentiated into macrophages by stimulation
with 100 ng/mL of PMA for 48 hours. The media was then replaced with PMA-free media for 24
hours, allowing the cells to rest. To further polarize into M1 macrophages, the cell culture media
was replaced with fresh media containing 10 ng/mL of INF-y and 10 pg/mL of LPS for 48 hours.
The macrophages were additionally treated with DMSO, various agonists and/or cholinergic
inhibitors during this polarization step. Afterwards, the cell culture media was replaced, and the
macrophages were treated with DMSO (vehicle control), LPS, agonists and/or cholinergic
inhibitors (shown in Table 1) for 5 hours. Culture supernatants were collected, and cytokine
concentrations were analyzed via CBAs on the BD FACSCanto 1l flow cytometer. Data was
normalized to either the LPS treated group (columns with different patterns) or the LPS + DMSO
treated group (columns with solid colors). Errors bars indicate the SEM. One-way ANOVAS
(multiple comparisons) with Dunnett’s correction were performed to determine statistical
significance (*: P < 0.0332; **: P < 0.0021; ***: P < 0.0002; ****: P < 0.0001). IL-1p release
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(A) was significantly reduced by treating with a ChAT (a-NETA) inhibitor and a nAChR silent
agonist (p-CFz diEPP), in the presence of LPS. Treatments with a nAChR agonist (Nic) also
showed to increase IL-1p release from the cells. The different treatments did not have significant
effects on the release of IL-6 (B) and TNF-a (D). Finally, IL-10 secretion (C) was significantly
reduced by inhibiting ChAT (a-NETA) and significantly increased by treating with a nAChR
agonist (ACh).

3.6.2 U937 Macrophages

Cytokine profiles of U937 Mo macrophages upon chronic treatment of agonists or
cholinergic inhibitors followed by stimulation with LPS were assessed (Figure 26). First, the
release of IL-6 (Figure 26A) and IL-10 (Figure 26B) were reduced by different treatment
groups in the presence of LPS, including nAChR agonist (Nic) and silent agonist (p-CF3
diEPP) as well as by inhibiting ChT (ML352). The release of IL-10 was also additionally
inhibited by ChAT inhibition (a-NETA). Finally, TNF-a secretion (Figure 26C) was
significantly reduced by nAChR agonism (Nic) and silent agonism (p-CFs diEPP). Overall,
the release of all 3 cytokines were significantly reduced by treatment with a nAChR agonist
(Nic) and a silent agonist (p-CFs diEPP).

The cytokine profiles of U937 M1 macrophages upon chronic treatment of agonists or
cholinergic inhibitors in the presence of LPS were additionally assessed (Figure 27). This
Figure demonstrates that IL-6 release (Figure 27A) was significantly decreased by ChT
inhibition (ML352) and silent agonism (p-CFs diEPP). Moreover, IL-10 secretion (figure 27B)
was inhibited by nAChR agonist (Nic) and silent agonism (p-CFs diEPP) as well as by
inhibiting ChAT (a-NETA). The release of TNF-a (Figure 27C) on the other hand, was not
shown to be significantly influenced by any of the treatment groups. Taken together, silent
agonism (p-CFs diEPP) demonstrated the most significant effects in the release of IL-10 and

IL-6.
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Figure 26. Cytokine Release of U937 Mo Macrophages Upon Chronic Cholinergic Inhibitor
and Agonist Treatments in the Presence of LPS (N=10)
U937 cells were seeded into 6 well plates and differentiated into macrophages by stimulation
with 100 ng/mL of PMA for 48 hours. The media was then replaced with PMA-free media for 24
hours, allowing the cells to rest. Then, the macrophages were given fresh media and treated with
DMSO, various agonists and/or cholinergic inhibitors for 48 hours. Afterwards, the cell culture
media was replaced, and the macrophages were treated with DMSO (vehicle control), LPS,
agonists and/or cholinergic inhibitors (shown in Table 1) for 5 hours. Culture supernatants were
collected, and cytokine concentrations were analyzed via CBAs on the BD FACSCanto Il flow
cytometer. Data was normalized to either the LPS treated group (columns with different patterns)
or the LPS + DMSO treated group (columns with solid colors). Errors bars indicate the SEM.
One-way ANOV As (multiple comparisons) with Dunnett’s correction were performed to
determine statistical significance (*: P < 0.0332; **: P < 0.0021; ***: P < 0.0002; ****: P <
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0.0001). The release of IL-6 (A) and IL-10 (B) was reduced by different treatment groups in the
presence of LPS, including nAChR agonist (Nic) and silent agonist (p-CF3 diEPP) as well as by
inhibiting ChT (ML352). The release of 1L-10 was also additionally inhibited by ChAT
inhibition (a-NETA). Finally, TNF-a secretion (C) was significantly reduced by nAChR
agonism (Nic) and silent agonism (p-CF3 diEPP).
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Figure 27. Cytokine Release of U937 M1 Macrophages Upon Chronic Cholinergic Inhibitor
and Agonist Treatments in the Presence of LPS (N=10)

U937 cells were seeded into 6 well plates and differentiated into macrophages by stimulation

with 100 ng/mL of PMA for 48 hours. The media was then replaced with PMA-free media for 24

hours, allowing the cells to rest. To further polarize into M1 macrophages, the cell culture media

was replaced with fresh media containing 10 ng/mL of INF-y and 10 pg/mL of LPS for 48 hours.

The macrophages were additionally treated with DMSO, various agonists and/or cholinergic
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inhibitors during this polarization step. Afterwards, the cell culture media was replaced, and the
macrophages were treated with DMSO (vehicle control), LPS, agonists and/or cholinergic
inhibitors (shown in Table 1) for 5 hours. Culture supernatants were collected, and cytokine
concentrations were analyzed via CBAs on the BD FACSCanto |l flow cytometer. Data was
normalized to either the LPS treated group (columns with different patterns) or the LPS + DMSO
treated group (columns with solid colors). Errors bars indicate the SEM. One-way ANOVAs
(multiple comparisons) with Dunnett’s correction were performed to determine statistical
significance (*: P < 0.0332; **: P < 0.0021; ***: P < 0.0002; ****: P < 0.0001). IL-6 release
(A) was significantly decreased by ChT inhibition (ChT) and silent agonism (p-CFs diEPP).
Moreover, IL-10 secretion (B) was inhibited by nAChR agonist (Nic) and silent agonism (p-CF3
diEPP) as well as by inhibiting ChAT (a-NETA). The release of TNF-a (C) was not shown to be
significantly influenced by any of the treatment groups.

3.7 Cytotoxicity of Chronic Stimulations of THP-1 and U937
Macrophages with LPS, Agonists and Cholinergic Inhibitors

Similar to the analysis of cytotoxicity in acute stimulations of THP-1 and U937
macrophages, the cytotoxicity of chronic agonist and cholinergic inhibitor stimulations in THP-1
and U937 macrophages were also carried out. This cytotoxicity test was performed to confirm
that the effects seen from these chronic treatments on the cytokine profiles was not due to cell
death. Thus, LDH release was once again analyzed in these cells using a Fluorescent LDH Kkit.
Figure 28 demonstrate the % cytotoxicity of chronically-treated THP-1 and U937 macrophages
(Mo and M1). Repeated measures one-way ANOV As (multiple comparisons) with Dunnett’s
correction were performed to determine statistical significance (*: P < 0.0332; **: P < 0.0021;
**%: P < 0.0002; ****: P < 0.0001).

After statistical analysis, the cytotoxicity levels of chronically treated THP-1 Mo
macrophages (Figure 28A) were significantly lower in the p-CFs diEPP-treated group in
comparison to the LPS + DMSO group. On the contrary, in THP-1 M1 (Figure 28B), U937 Mo
(Figure 28C) and U937 M1 (Figure 28D) differentiated macrophages, the treatment groups did

not have significant differences in cytotoxicity levels in comparison to the LPS or LPS + DMSO
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treated groups. Overall, in all differentiated THP-1 and U937 macrophages (Mo and M1), p-CFs

diEPP was the only treatment to have significantly lower cytotoxicity in THP-1 Mo

macrophages.
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Figure 28. Normalized Cytotoxicity (%) of THP-1 and U937 Macrophages Upon Chronic
Cholinergic Inhibitor and Agonist Treatments in the Presence of LPS (N=10)
Upon chronic treatments of THP-1 and U937 Mo and M1 differentiated macrophages in the
presence of LPS, the supernatants were collected to assess cytotoxicity of each treatment group.
This was completed using a fluorescent LDH assay. The percent cytotoxicity was calculated by
using the fluorescent signals acquired from the Cytation 5. Cell culture media was used as a
negative (blank) control and a total release control (cells left untreated and lysed through a
freeze/thaw cycle) was used as a positive control (100% cell death). The data was normalized to
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the untreated control group, which represents 0% cytotoxicity. The error bars represent the SEM
and one-way ANOVAs (multiple comparisons) with Dunnett’s correction were performed to
determine statistical significance (*: P < 0.0332; **: P <0.0021; ***: P < 0.0002; ****: P <
0.0001). Data was compared to either the LPS treated group (columns with different patterns) or
the LPS + DMSO treated group (columns with solid colors). The % cytotoxicity in THP-1 Mo
macrophages (A) was shown to be significantly lower in silent agonist-treated (p-CFs diEPP) cells
in comparison to the LPS + DMSO group. In THP-1 M1 (B), U937 Mo (C) and U937 M1 (D)
differentiated macrophages, the treatment groups did not seem to have significant differences in
cytotoxicity levels in comparison to the LPS or LPS + DMSO treated groups.

3.8 Cell Marker Expression of THP-1 and U937 Macrophages Treated
Chronically with Agonists and Cholinergic Inhibitors in the
Presence of LPS

M1 and M2 polarized macrophages have distinguishing features, as previously mentioned
in Section 1.0.2; one of them being their expression of cell markers. It is important to remember
that although some markers are more highly expressed in one phenotype than the other, extreme
polarities are uncommon. M1 macrophages typically have a higher expression of CD80 and
CXCL10. In contrast, M2 macrophages typically have higher expressions of MRC1 (CD206) and
CD163. Other general macrophage / monocyte markers include CCR2, CD14, ITGAM (CD11b)

and CX3CR1.

3.8.1 THP-1 Macrophages
Relative normalized expression of cell markers in THP-1 Mo macrophages upon
chronic treatment of agonists (Ach, Ch, Nic and p-CFs diEPP) and cholinergic inhibitors (Gal,
ML352 and a-NETA) followed by stimulation with LPS for 5 hours were assessed (Figure
29). This figure demonstrates two significant observations in cell marker expression. First,
CCR2 (Figure 29A), expressed by most monocytes and macrophages, is highly expressed in
the control sample not treated with LPS whereas it is significantly lower in the LPS-treated

sample. Likewise, CX3CR1 (Figure 29E), a common macrophage gene, follows a similar
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trend in which the LPS-treated sample had a lower expression of this gene in comparison to
the control (untreated group). The other cell markers did not seem to have significant
differences in expression when treated with the different conditions. Overall, CCR2 and
CX3CR1 are more highly expressed in the untreated group when compared to the LPS-treated
group.

The relative normalized expression of cell markers in THP-1 M1 macrophages upon
chronic treatment of agonists (Ach, Ch, Nic and p-CF3z diEPP) and cholinergic inhibitors
(Gal, ML352 and a-NETA) in the presence of LPS for 5 hours were additionally assessed
(Figure 30). Like THP-1 Mo macrophages, CCR2 (Figure 30A) and CX3CR1 (Figure 30E)
are more significantly expressed in the untreated group in comparison to the LPS-treated
group. Furthermore, CD80 (Figure 30C), a gene more commonly expressed by M1
macrophages, is more highly expressed in the LPS-treated group and hardly expressed in the
untreated group. Overall, while CCR2 and CX3CR1 are more highly expressed in the

untreated group, CD80 is more highly expressed in the LPS-treated group.
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Figure 29. Normalized Expression of Cell Markers in THP-1 Mo Macrophages Upon
Chronic Cholinergic Inhibitor and Agonist Treatments in the Presence of LPS (N=5)
Upon chronic treatments of THP-1 Mo macrophages in the presence of LPS, RNA was extracted
from the cells, quantified using Nanodrop One and transcribed into cDNA. The mRNA expression
of cell markers was determined using the SensiFAST SYBR Lo-ROX Kit and various primers
specific to cell markers. The cell markers assessed include CCR2 (A), CD14 (B), CD80 (C),
CD163 (D), CX3CR1 (E), CXCL10 (F), ITGAM (G) and MRC1 (H). Al NTC and NRTC samples
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had no signal, thus no contamination and genomic DNA was present within the samples. The
relative normalized expression was calculated using the CFX Maestro Software where TBP and
GAPDH expressions served as reference genes. The error bars represent the SEM and one-way
ANOVAs (multiple comparisons) with Dunnett’s correction were performed to determine
statistical significance (*: P < 0.0332; **: P < 0.0021; ***: P < 0.0002; ****: P < 0.0001). Data
was compared to either the LPS treated group (columns with different patterns) or the LPS +
DMSO treated group (columns with solid colors). CCR2 (A) is highly expressed in the control
sample not treated with LPS whereas it is significantly lower in the LPS-treated sample. CX3CR1
(E) follows similar trends in which the LPS-treated sample had a lower expression in comparison
to the control (untreated group). The other cell markers do not seem to have significant differences
in expression when treated with the different treatment groups.
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Figure 30. Normalized Expression of Cell Markers in THP-1 M1 Macrophages Upon
Chronic Cholinergic Inhibitor and Agonist Treatments in the Presence of LPS (N=5)
Upon chronic treatments of THP-1 M1 macrophages in the presence of LPS, RNA was extracted

from the cells, quantified using Nanodrop One and transcribed into cDNA. The mRNA
expression of cell markers was determined using the SensiFAST SYBR Lo-ROX Kit and various
primers specific to cell markers. The cell markers assessed include CCR2 (A), CD14 (B), CD80
(C), CD163 (D), CX3CRL1 (E), CXCL10 (F), ITGAM (G) and MRC1 (H). Al NTC and NRTC
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samples had no signal, thus no contamination and genomic DNA was present within the samples.
The relative normalized expression was calculated using the CFX Maestro Software where TBP
and GAPDH expressions served as reference genes. The error bars represent the SEM and one-
way ANOVAs (multiple comparisons) with Dunnett’s correction were performed to determine
statistical significance (*: P < 0.0332; **: P < 0.0021; ***: P < 0.0002; ****: P < 0.0001).
Data was compared to either the LPS treated group (columns with different patterns) or the LPS
+ DMSO treated group (columns with solid colors). CCR2 (A) and CX3CR1 (E) are more
significantly expressed in the untreated group in comparison to the LPS-treated group. CD80
(C), is more highly expressed in the LPS-treated group and hardly expressed in the untreated

group.

3.8.2 U937 Macrophages

Relative normalized expression of cell markers in U937 Mo macrophages upon chronic
treatment of agonists (Ach, Ch, Nic and p-CF3 diEPP) and cholinergic inhibitors (Gal, ML352 and
a-NETA) followed by stimulation with LPS for 5 hours were assessed (Figure 31). In terms of
statistical significance, no significant changes in surface markers were determined after treatment
with the various conditions. However, CXCL10 (Figure 31E) expression, a gene more highly
expressed by M1 macrophages, seems to be lower in the untreated group in comparison to the
LPS-treated group, but this was not shown to be statistically significant. Overall, no significant
differences in surface marker expression were seen.

The relative normalized expression of cell markers in U937 M1 macrophages upon
chronic treatments of agonists (Ach, Ch, Nic and p-CFs diEPP) and cholinergic inhibitors (Gal,
ML352 and a-NETA) in the presence of LPS for 5 hours were additionally assessed (Figure 32).
CXCL10 expression (Figure 32E) was shown to be significantly higher in the LPS-treated group
in comparison to the untreated group. Moreover, a trend in CD80 expression (Figure 32C), a
gene more highly expressed by M1 macrophages, seems to be present. CD80 expression seems
to be lower in the untreated group in comparison to the LPS-treated groups, but this was not

shown to be statistically significant. Taken together, the only statistically significant observation

85



is the increase of CXCL10 expression in the LPS-treated group in comparison to the untreated

group.
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Figure 31. Normalized Expression of Cell Markers in U937 Mo Macrophages Upon
Chronic Cholinergic Inhibitor and Agonist Treatments in the Presence of LPS (N=5)
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Upon chronic treatments of U937 Mo macrophages in the presence of LPS, RNA was extracted
from the cells, quantified using Nanodrop One and transcribed into cDNA. The mRNA expression
of cell markers was determined using the SensiFAST SYBR Lo-ROX Kit and various primers
specific to cell markers. The cell markers assessed include CCR2 (A), CD14 (B), CD80 (C),
CD163 (D), CXCL10 (E), ITGAM (F), MRC1 (G). All NTC and NRTC samples had no signal,
thus no contamination and genomic DNA was present within the samples. The relative normalized
expression was calculated using the CFX Maestro Software where TBP and GAPDH expressions
served as reference genes. The error bars represent the SEM and one-way ANOVAs (multiple
comparisons) with Dunnett’s correction were performed to determine statistical significance (*:
P <0.0332; **: P <0.0021; ***: P < 0.0002; ****: P < 0.0001). Data was compared to either
the LPS treated group (columns with different patterns) or the LPS + DMSO treated group
(columns with solid colors). No statistically significant changes in cell marker expression were
determined after treatment with the various conditions. However, CXCL10 expression (E), seems
to be lower in the untreated group in comparison to the LPS-treated group, but this was not shown
to be statistically significant.
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Figure 32. Normalized Expression of Cell Markers in U937 M1 Macrophages Upon

Chronic Cholinergic Inhibitor and Agonist Treatments in the Presence of LPS (N=5)
Upon chronic treatments of U937 M1 macrophages in the presence of LPS, RNA was extracted
from the cells, quantified using Nanodrop One and transcribed into cDNA. The mRNA expression
of cell markers was determined using the SensiFAST SYBR Lo-ROX Kit and various primers
specific to cell markers. The cell markers assessed include CCR2 (A), CD14 (B), CD80 (C),
CD163 (D), CXCL10 (E), ITGAM (F), MRC1 (G). All NTC and NRTC samples had no signal,
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thus no contamination and genomic DNA was present within the samples. The relative normalized
expression was calculated using the CFX Maestro Software where TBP and GAPDH expressions
served as reference genes. The error bars represent the SEM and one-way ANOVAs (multiple
comparisons) with Dunnett’s correction were performed to determine statistical significance (*:
P <0.0332; **: P <0.0021; ***: P < 0.0002; ****: P < 0.0001). Data was compared to either
the LPS treated group (columns with different patterns) or the LPS + DMSO treated group
(columns with solid colors). CXCL10 expression (E) is significantly higher in the LPS-treated
group in comparison to the untreated group. CD80 expression (C) seems to be lower in the
untreated group in comparison to the LPS-treated group, but this was not shown to be statistically
significant.
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Discussion

This study set out to investigate the role of the cholinergic system as well as silent
agonism in immune regulation. Our first objective was to determine the presence of cholinergic
genes in human macrophages (THP-1 and U937 cell lines) at the transcript level by PCR and at
the protein level by Western Blot. Both methods were utilized for qualitative analysis to
determine the presence of cholinergic genes and not to quantitively compare expression levels of
the genes. The second aim of this study was to investigate the anti-inflammatory properties of
NAChR silent agonists and various other NAChR agonists and cholinergic inhibitors in human
macrophages stimulated with LPS. The inflammatory responses were measured by assessing
cytokine profiles and immune cell phenotype following stimulation with LPS and treatment with
various conditions. Cytokine profiles were determined using CBAs whereas immune cell
phenotype was studied by assessing cellular markers via g°PCR. To ensure the various treatment
groups did not promote significant cell death, viability and cytotoxicity tests were performed. It
was hypothesized that some, if not most cholinergic proteins would be expressed by human
macrophages and that the nAChR agonists/silent agonists would result in anti-inflammatory
responses whereas cholinergic inhibitors would result in pro-inflammatory responses in LPS-
stimulated human macrophages. Furthermore, it was also hypothesized that agonists that have
anti-inflammatory effects would also decrease the expression of cellular markers more
commonly expressed by pro-inflammatory cells while promoting the expression of cellular
markers expressed by anti-inflammatory cells.

First, the expression of cholinergic gene mMRNA in human macrophages was assessed
through PCR experiments (Figures 8-11). Both THP-1 and U937 differentiated macrophages

seemed to express most cholinergic genes. More specifically, U937 differentiated macrophages
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seemed to express all cholinergic genes assessed (AChE, BChE, ChAT, VAChT) while THP-1
differentiated macrophages seemed to express most (AChE, BChE and VAChT), except for
ChAT. Although not many studies have focused on the presence of BChE mRNA in human
macrophages, its presence has been confirmed in human peripheral blood T lymphocytes®®.
Similarly, previous studies have demonstrated the presence of AChE mRNA in mouse

113

lymphocytes, dendritic cells (DCs), and macrophages* as well as in human blood MNLs,

human leukemic T cell lines and Daubi B cells!!®

. These findings align with our PCR results
where AChE and BChE mRNA seemed to be expressed in both THP-1 and U937 macrophages.
Furthermore, while the presence of ChAT mRNA was not previously detected in murine
peritoneal macrophages using an RT-PCR protocol of 40 amplification cycles!!3, Koarai et al
showed the presence of ChAT mRNA expression in human lung and alveolar macrophages using
an RT-PCR protocol of 45 amplification cycles. Such findings suggest possible very low ChAT
mRNA expression within macrophages*'4. Therefore, although negative results were obtained for
ChAT in THP-1 macrophages, it is possible that these macrophages express very little ChAT
which was not detected with our PCR protocol that was limited to 40 amplification cycles.
Further experiments utilizing digital droplet PCR or targeted Next Generation Sequencing should
be performed to further verify the presence of ChAT in THP-1 macrophages. Finally, according
to a study performed by Fujii et al?®®, human peripheral blood MNLs do not express VAChT
MRNA. Yet, VAChT immunoreactivity in human peripheral blood T and B cells was previously
detected, suggesting the expression of VACHT by at least some immune cells'’. From our

findings, it seems as though THP-1 and U937 differentiated macrophages also express VAChT

MRNA.
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AChE (Figure 8A and Figure 9A) was expressed at two band sizes within U937 and
THP-1 macrophages. This is likely because the AChE primer used could amplify various AChE
mRNA transcript variants according to Primer-BLAST?%, The AChE transcript variant 4 was
expected to generate a product of 997 bp whereas all other AChE transcript variants were
expected to generate a product of 244 bp. The two bands seen within our gels were at
approximately 800 bp and 250 bp, respectively. The 250 bp product seen in our gels was very
close to the predicted product for the multiple variants (expected product of 244 bp). However,
the 800 bp band seen in our gel was smaller than the predicted product for variant 4 (expected
product of 997 bp). Without sequencing the amplified product, we were unable to confirm the
presence of AChE within the macrophages nor determine the specificity of our AChE primer.

Moreover, similar to the AChE mRNA expression, BChE was expressed at two different
band sizes in THP-1 differentiated macrophages (Figure 8B), one at approximately 400 bp and
second at approximately 500 bp. The expression of BChE in U937 macrophages (Figure 9B) was
however only expressed at one band size, close to 400 bp. The expected band size for BChE
according to Primer-BLAST?% is 370 bp. We can therefore conclude that the band seen in the
gels close to the 400 bp length, is likely to be the expected product for BChE amplification.
However, the band close to 500 bp seen in THP-1 macrophages remains unknown. It would be of
interest to isolate the band and sequence it to determine the product. Considering it is very close
to the expected product of 370 bp, it suggests that BChE is present in THP-1 and U937
macrophages.

Furthermore, as previously mentioned, the expression of ChAT mRNA was detected in
U937 macrophages (Figure 9C) but not in THP-1 macrophages (Figure 8C). The predicted band

size for the ChAT primer used was 222 bp. The band seen in the U937 macrophages was slightly
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higher than 200 bp, thus suggesting its presence within U937 macrophages. Although no bands
for THP-1 macrophages were detected by PCR, it is possible that these cells express such low
levels of ChAT which was not detected with a 40-amplification cycle PCR protocol.
Additionally, since the ChAT primer used is specific to one transcript variant, and that ChAT has
multiple transcript variants, it is possible that a different ChAT transcript is present in THP-1a,
macrophages that is not detected with the primer used.

Finally, VAChT mRNA was detected in both THP-1 (Figure 8D) and U937 (Figure 9 D)
macrophages. The band seen for VAChT was close to the predicted band size of 336 bp, once
again suggesting the presence of VAChT in both THP-1 and U937 macrophages. It is important
to remember that for these PCRs, it is not possible to confirm that the bands present within the
gels are indeed ChAT and VAChT amplification without sequencing the product.

In terms of NAChR expression, a7, a9 and 10 nAChR subunit mRNA were assessed in
both THP-1 (Figure 10) and U937 (Figure 11) macrophages. In THP-1 differentiated
macrophages, the a7 nAChR (Figure 10A) seemed to only be expressed in M2 macrophages.
These findings are interesting considering M2 macrophages are deemed anti-inflammatory, and
many studies suggest the role of a7 in such anti-inflammatory processes. It is also possible that
THP-1 Mo and M1 macrophages still express a7 nAChR subunits, but at much smaller
concentrations than M2, lying below the limit of detection. In U937 differentiated macrophages,
a7 nAChR subunit (Figure 11A) does not seem to be present in any of the macrophages as no
amplification bands were detected. These results differ from previous studies demonstrating the

202 and U937 Mo macrophages®®® via

expression of a7 NAChR in both THP-1 Mo macrophages
Western Blots. As described in more detail below, it is possible that the articles previously

published used primers that also amplified the partially duplicated a7 nAChR, called
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CHRFAMT7A whereas the primers used in our experiments were specific to the a7 only. It is also
important to note that nAChR antibodies used in Western Blots are known to have poor
specificity across the different receptor subtypes, which could result in false interpretations. On
the other hand, the a9 NAChR subunit (Figure 10B and Figure 11B) did not seem to be expressed
in any of the differentiated THP-1 macrophages whereas amplification bands of the right product
size were detected in U937 differentiated macrophages. Thus, these results suggest that although
U937 macrophages express the a9 nAChR, the THP-1 macrophages do not. These results
support previous Western Blot findings demonstrating the lack of a9 nAChR in THP-1 Mo
macrophages?®? but its presence in U937 Mo macrophages?®. On the contrary, 10 nAChR
(Figure 10C and Figure 11C) seemed to be expressed by both THP-1 and U937 differentiated
macrophages as seen by the amplification bands present at the predicted band size of 294 bp.
Previous studies assessing a10 nAChR via Western Blot in THP-1 macrophages have not been
previously published to date, however, similar to our findings, the €10 NAChR expression has
been previously reported in U937 Mo macrophages?®.

Lastly, the CHRFAM7A mRNA was additionally assessed unintentionally. During the
initial stages of the PCR experiments, an a7 primer from a previously published paper was used.
After entering the primer sequence into Primer-Blast?®!, the primer was reported to amplify both
CHRFAMTYA and the normal a7 nAChR, both with expected amplification products of 844 bp.
CHRFAMTA is a human-specific fusion gene comprising exons 5-10 of the a7 nAChR protein
coding gene and 5 exons of the FAM?7 fusion sequence resulting in a part-functional o7
NnAChR?%. In fact, previous studies on Xenopus oocytes have demonstrated that CHRFAM7A is
a dominant-negative regulator of a7 nAChR2%2%_Considering the lack of bands in the PCR gels

when using the a7 nAChR-specific primer, the bands seen using the CHRFAM7A primer are
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likely due to the presence of CHRFAMTYA and not a7 nAChR. Thus, THP-1 and U937
differentiated macrophages seem to express CHRFAMT7A. Moreover, since CHRFAMT7A is a
human specific fusion gene and considering its recent emergence in literature, its effect was
likely not considered in preclinical studies. Perhaps most of the a7 data from previous
publications are due to the presence of CHRFAMT7A and not the real a7 nAChR.

To further validate the PCR results obtained, isolating the PCR products and sequencing
them would be a good way to confirm our findings. These experiments would validate whether
the observed band reflects the amplification of our gene of interest. Furthermore, sequencing the
PCR product could allow us to differentiate between transcript variants whose bands are of
similar sizes, like the transcript variants for AChE. We would be able to determine exactly which
transcript variant our cells express and distinguish between the real a7 nAChR and
CHRFAMTYA. Therefore, sequencing the PCR product would be a great way to validate the PCR
results obtained in these experiments. Another method to validate the PCR results obtained is to
use a cell line which has the gene of interest knocked out and perform the same PCR
experiments to verify the lack of amplification. This would confirm the specificity of the primers
for the gene of interest.

The expression of cholinergic genes was additionally assessed via Western Blot (Figures
12-13) which, instead of determining mRNA expression, determines expression at the protein
level. The first cholinergic gene assessed was AChE. AChE has multiple isoforms due to
alternative splicing which includes AChE-S (“synaptic”), AChE-E (“erythrocytic”), and AChE-R
(“readthrough”)'®’. Although these isoforms have a similar catalytic domain, they differ in their
C-terminal domain further influencing solubility and subcellular localization®®. According to

Figure 12A and 13A, THP-1 macrophages do not seem to express AChE whereas U937
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macrophages do seem to express AChE. However, the AChE expression present in both the
positive control and the U937 macrophages is at approximately 30 kDa which is much lower
than the theoretical molecular weight of 68 kDa. Previous studies have reported bands for AChE
to be anywhere from 55 kDa to 80 kDa'88°, Therefore, the band at 30 kDa may result from
unspecific binding, and may not represent the presence of AChE, especially considering the
bands do not fall within the range of AChE bands previously documented in the literature. To
validate our results, cells with conditional knockouts and using another AChE primary antibody
should be performed. These future steps would allow us to confidently determine whether or not
THP-1 and U937 express AChE.

In addition, the expression of ChAT proteins was assessed via Western Blots in both
THP-1 (Figure 12B,C) and U937 (Figure 13B,C) macrophages. Many splice variants for ChAT
exist which includes R-, N- and M-type!®®19t, While the M-type mRNA can produce both a large
(82 kDa) and a small (69 kDa) isoform, the R- and N-types can only produce the small
isoform?®®, The major isoform of human ChAT is often referred to as the common type of ChAT
(cChAT) distributed within the CNS?%82%, An additional ChAT isoform also exists, referred to
as the peripheral type of ChAT (pChAT) more commonly expressed by peripheral neurons and
has an expected molecular weight of 50 kDa'%2. Moreover, evidence of a smaller mRNA splice
variant of 27 kDa exists, which appears to be lacking catalytic activity but may be involved in
regulating the full-length ChAT%, Hence, the various isoforms of ChAT results in differences in
molecular weights and possibly function. From the Western Blot experiments performed, the
expression of ChAT proteins seemed to be present in both THP-1 and U937 macrophages.
Interestingly, the bands obtained using the first ChAT primary antibody (Figure 12B and Figure

13B) were at approximately 40 kDa. This band was further confirmed using a different ChAT
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primary antibody (Figure 12C and Figure 13C), targeting a different epitope than the first ChAT
antibody. Since the band detected using both ChAT antibodies is relatively close to the
molecular weight of pChAT (50 kDa), the isoform present in THP-1 and U937 may be pChAT
or a variant of pChAT with different post-translational modifications. It is also possible that
THP-1 and U937 express the 27 kDa isoform of ChAT, but with added post-translational
modifications that increase its molecular weight.

Furthermore, the expression of BChE protein in both THP-1 (Figure 12D) and U937
(Figure 13D) were assessed via Western Blot. Unlike AChE and ChAT, BChE does not have any
known alternative splicing and has molecular weight of approximately 68 kDa?'°. Moreover, in
addition to the usual BChE (BChE-U) form, more than 60 genetic variations of the BChE gene
have been described to date, with the BChE-K being the most frequent genomic variant?1%2!,
According to Figure 12D and 13D, the positive control (293T) seemed to slightly express BChE
at the theoretical molecular weight of 68 kDa, whereas a smaller molecular weight BChE was
detected in THP-1 and U937 macrophages, at approximately 30 kDa. Since no BChE isoform of
30 kDa have been described to date, the band seen is likely due to nonspecific binding. Thus,
BChE expression in THP-1 and U937 macrophages remain inconclusive as further
experimentation would need to be performed to validate these results.

In addition, the expression of ChT protein was also assessed in THP-1 (Figure 12E) and
U937 macrophages (Figure 13E) via Western Blot. The primer used in the Western Blot
experiments was specific to the high-affinity choline transporter (ChT1). Previous studies have
shown the expression of ChT to be anywhere from 60 to 75 kDa, likely due to differences in
post-translational modifications'®. In terms of the Western Blot results obtained, ChT seemed to

be expressed in the positive control (IMR-32) at the theoretical molecular weight of
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approximately 63 kDa. However, no bands in the THP-1 and U937 macrophages were obtained
suggesting the lack of ChT expression within these cells. Considering ChT is predominantly
expressed in cholinergic neurons, it is not surprising that THP-1 and U937 macrophages do not
express ChT. It is possible that these macrophages possess other choline transporters such as
choline transporter-like proteins (CTLs) which have been shown to be expressed in tissues other
than neuronal tissues. In fact, CTLs have been shown to be expressed in glial and endothelial
cells as well as in various tissues including the tongue, muscle, kidney, heart, lung, testis,
intestine and stomach?'2213, Therefore, future experiments assessing the presence of various
CTLs in THP-1 and U937 macrophages would be of great interest.

Finally, the expression of the VAChT protein was assessed in THP-1 (Figure 12F) and
U937 macrophages (Figure 13F). VAChT is expressed at different molecular weights depending
on whether or not it is glycosylated'*®. The glycosylated VAChT form has been shown to be
expressed at approximately 70 kDa whereas the nonglycosylated form is expressed at 44-55
kDa!%1%7, The VAChT primer used in the Western Blot experiments detected both the
glycosylated and unglycosylated forms of the VAChT proteins. According to Figure 12F and
13F, the positive control (IMR-32) seemed to express VAChT at a molecular weight of 75 kDa
only. Thus, the positive control seemed to only express the glycosylated VAChT form. On the
other hand, THP-1 and U937 macrophages seemed to express VAChHT at two different molecular
weights, one at 75 kDa and the other at 48 kDa. Hence, THP-1 and U937 macrophages seemed
to express both glycosylated and nonglycosylated forms of VAChT. The VAChT antibody used
for these experiments was previously validated in mouse KO experiments®® as well as in mouse

gene knockdown (KD) experiments?**, We can therefore be fairly confident that the bands
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detected were in fact VAChT expression and that THP-1 and U937 macrophages express both
the glycosylated and nonglycosylated forms of VAChT.

In comparison to the cholinergic mMRNA PCR results obtained, the cholinergic protein
Western Blot results are relatively similar. The PCR experiments suggested the presence of
BChE mRNA within THP-1 and U937 macrophages which was further supported by the
presence of BChE protein obtained by Western Blot results, although the bands seen in the
Western Blots are not at the predicted molecular weight. Similarly, VAChT mRNA and protein
was detected in both THP-1 and U937 macrophages by PCR experiments and Western Blots,
respectively. Differences in PCR results and Western Blot results were obtained for AChE and
ChAT. AChE mRNA was detected in both THP-1 and U937 macrophages by PCR, but AChE
protein was only detected in U937 in the Western Blot experiments. Likewise, although the
ChAT protein was detected in THP-1 and U937 macrophages by Western Blot, Ch AT mRNA
was only detected in U937 macrophages. Such findings could be explained by low ChAT mRNA
levels with the macrophages. In addition, ChT was not included in the PCR experiments as the
primers obtained were not specific and resulted in multiple bands within the gel, therefore, ChT
was omitted from the PCR experiments. Finally, nAChR subunits were not assessed by Western
Blot because there are no specific antibodies capable of differentiating between the various
nAChR subunits, especially the homomeric subunits.

In terms of validating the Western Blot results obtained, assessing the antibody
specificity in cells with conditional knockouts could be performed, although available
conditional knockout animals for cholinergic genes is very limited or may not exist. Within the
antibodies used, only the VACHT antibody has been previously validated in knockouts whereas

the antibodies for AChE, BChE, ChAT and ChT have not. Additionally, different antibodies than
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the ones previously used to detect the genes of interest could be utilized to further confirm
findings; ideally, antibodies targeting a different epitope of the protein of interest. Both
validation methods would further confirm our findings and allow us to make concrete
conclusions regarding which cholinergic proteins are present in THP-1 and U937 macrophages.

Next, to evaluate the anti-inflammatory role of silent agonists (p-CFz diEPP, m-bromo
PEP and m-CONH: diEPP lodide), cytokine profiles of stimulated THP-1 and U937 Mo and M1
macrophages were assessed (Figures 14-17). The cultured and differentiated cells were treated
with the silent agonist (100 mM) one hour prior to the 8-hour LPS (100 ng/mL) stimulation. The
1-hour pre-treatment with the silent agonist was chosen based on a previous study in our
laboratory demonstrating cytokine release after 1-hour and 24-hour silent agonist
pretreatment®®’. Ultimately, after 24 hours the anti-inflammatory effect on the silent agonist
seems to diminish*8!, The 8-hour stimulation with LPS was chosen based on preliminary data
demonstrating the reduction of cytokine release after 9 hours of LPS stimulation. Thus, the 8-
hour time point was chosen to study the maximal release of cytokines.

Regarding the THP-1 Mo macrophages (Figure 14), the various silent agonists did not
have significant effects on IL-1 and TNF-a release. However, the release of IL-6 was
significantly higher in the presence of p-CFs diEPP whereas the release of 1L-10 was
significantly lower in the presence of p-CFs diEPP. These results are surprising considering
previous findings have demonstrated the anti-inflammatory effects of p-CFs diEPP whereby this
silent agonist inhibited pro-inflammatory cytokines while having little to no effect on anti-
inflammatory cytokines*'. However, it is important to keep in mind that such findings were
observed in human whole blood and that these are the first studies assessing silent agonism in

THP-1 and U937 macrophages. Additionally, p-CFz diEPP, being o7 and a9 nAChR selective,
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does not have anti-inflammatory effects in THP-1 Mo macrophages since our PCR results
suggested the lack of a7 and a9 nNAChR within these cells.

In THP-1 M1 macrophages (Figure 15), the release of IL-1f secretion was decreased by
m-bromo PEP and TNF-a secretion was strongly inhibited by p-CFs diEPP. A study by Godin et
al., 2020, found that m-bromo PEP protects against autoimmune EAE, ultimately diminishing
immune cell infiltration into the CNS*®, Likewise, m-bromo PEP was shown to decrease
cytokine release from murine bone marrow (BM) cells'®. In addition, as previously mentioned,
p-CF3 diEPP was shown to significantly reduce pro-inflammatory cytokine release!®!. Thus, it is
not surprising that m-bromo PEP and p-CF3z diEPP successfully reduced pro-inflammatory
cytokine release in THP-1 M1 macrophages. However, since the PCR results suggested the lack
of a7 and a9 within these cells, m-bromo PEP and p-CFs diEPP may be acting on a different
nNAChR subunit such as a heteromeric nAChR comprising the a10 subunits. Considering the a7
nAChR subunit was detected in THP-1 M2 macrophages, it is also possible that THP-1 Mo and
M1 macrophages do possess the a7 NAChR, but at a much lower concentration.

Regarding U937 Mo macrophages (Figure 16), the silent agonists did not have a
significant effect on IL-6, IL-10 and TNF-a secretion. While this may imply a lack of drug
efficacy, significant inhibitory effects were observed in U937 M1 macrophages (Figure 17).
Being more pro-inflammatory and classically activated, it is possible that U937 M1 macrophages
have different downstream signaling and display greater inhibitory effects in the presence of a
silent agonist in comparison to Mo macrophages. Likewise, differences in cytokine release after
treatment with the silent agonists in THP-1 Mo macrophages in comparison to the THP-1 M1
macrophages would further suggest that downstream signaling mechanisms may differ between

the two polarized states. In U937 M1 macrophages, treatments with m-bromo PEP and CONH2
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diEPP lodide showed significant inhibition in IL-6 release. Furthermore, the release of 1L-10 was
decreased by treatment with p-CF3z diEPP. Finally, TNF-a release was shown to be inhibited by
m-bromo PEP and even more so by p-CFs diEPP, reducing its secretion by approximately 50%.
As mentioned previously, m-bromo PEP and p-CFz diEPP have been reported in previous studies
to have anti-inflammatory roles in mouse and human cells!®®8!, Thus, the results obtained in
U937 M1 macrophages further confirm the anti-inflammatory effects of p-CFs diEPP and m-
bromo PEP. In addition, to date, not much is known regarding the anti-inflammatory effects of
CONH2 diEPP lodide. Therefore, this study provides initial insights on its anti-inflammatory
role in human macrophages.

Afterwards, to determine the overall viability of THP-1 and U937 macrophages treated
with the various silent agonists, after the incubation with the treatments, the cells were stained
with DAPI and counted using the Cytation 5 Imaging Reader (Figure 18). Viable macrophages
tightly adhere to the surface of the culture plates whereas dead and apoptotic macrophages will
typically float in the media. Thus, macrophage division should not have a significant effect on
cell count during these experiments. To avoid biases, the Cytation 5 Imaging Reader captured 9
different collated pictures of the cells from each well (each treatment group) and counted the
number of stained nuclei in each picture. The cell counts from each treatment group were
normalized to the LPS + DMSO control group to determine any significant differences in cell
count and ultimately cell viability within the treatment groups. According to Figure 18, no
significant differences were observed in the various treatment groups in comparison to the LPS +
DMSO control group in THP-1 and U937 macrophages. Hence, the anti-inflammatory effects of

the silent agonists observed within THP-1 and U937 macrophages is likely not due to cell death.
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Subsequently, to evaluate the effects of acute and chronic pharmacological inhibition on
cytokine release, THP-1 and U937 macrophages were differentiated into Mo or M1 macrophages
and treated with the various conditions described in section 2.2.2. In chronic conditions, the cells
were treated with the various treatment groups during the 48-hour polarization step. The cells
were treated with the various treatment groups first, then stimulated with LPS (10 ng/mL) for 5
hours. The 5-hour stimulation time point was chosen to be able to compare our data to similar
experiments currently being carried out by our collaborators. Originally, 100 ng/mL of LPS
instead of 10 ng/mL was used in the experiments, but in the chronic treatments, 100 ng/mL
resulted in an increase in cell death and the concentration was therefore reduced to 10 ng/mL for
both acute and chronic treatments. Cell supernatants were collected, and cytokine release was
assessed via CBAs. Additionally, it is important to note that U937 macrophages did not release
detectable amounts of IL-1p, thus, this cytokine was not assessed in these cells. Overall, under
acute and chronic pharmacological conditions, ML352, Nic, p-CFs diEPP and a-NETA had the
most significant effects on cytokine release.

First, under acute settings (Figures 19-22), ML352 significantly inhibited all 4 cytokines
in THP-1 Mo macrophages, IL-10 in THP-1 M1 macrophages, IL-6 and IL-10 in U937 Mo
macrophages and finally, IL-10 and TNF-o in U937 M1 macrophages. In contrast, under chronic
treatments (Figures 24-27), ML352 only inhibited IL-1p in THP-1 Mo macrophages, I1L-6 and
IL-10 in U937 Mo macrophages and IL-6 in U937 M1 macrophages. ML352 is a nhoncompetitive
inhibitor of ChT, therefore inhibiting the rate-limiting step in ACh synthesis?'®. Since ACh is
known for its anti-inflammatory properties, mainly by binding to nAChRs?', inhibiting its
synthesis should theoretically increase inflammatory responses. However, our cytokine data

suggest a more anti-inflammatory role. Based on our Western Blot results, ChT did not seem to
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be expressed in THP-1 and U937 macrophages, thus, it is possible that ML352 may have some
off target effects that, in the absence of ChT, promote an anti-inflammatory response. The
potency and specificity of ML352 was studied by Ennis et al.?*®, in which they demonstrated
some off-target interactions of ML352 against 68 G-protein couple receptors, ion channels, and
transporters. In fact, inhibitory effects (12 — 32 % inhibition) in nAChRs and muscarinic M1-M3
receptors were confirmed. The inhibition of nAChRs and muscarinic receptors (MAChRs) have
previously been associated with anti-inflammatory effects in various cell types?”2!8 which may
account for the anti-inflammatory effect observed upon treatment with ML352. In addition, it is
also possible that inhibiting ChT and preventing Ch uptake, increases Ch levels resulting in an
anti-inflammatory effect via Ch binding to nAChRs.

Next, nicotine did not have any significant effects on cytokine release in acute settings,
but under chronic conditions, inhibited TNF-a in THP-1 Mo macrophages, IL-6, IL-10 and TNF-
a in U937 Mo macrophages and IL-10 in U937 M1 macrophages. Nicotine also significantly
increased IL-1B in THP-1 M1 macrophages. Therefore, under chronic treatments, nicotine
displayed both pro-inflammatory effects (by the increase of IL-1p release and inhibition of anti-
inflammatory cytokine (IL-10)) and anti-inflammatory effects (by the inhibition pro-
inflammatory cytokines). Nicotine is a major constituent of cigarette smoke, capable of
suppressing inflammatory responses and attenuating the symptoms of EAEY221 |_jkewise,
many studies have shown the inhibitory effects of TNF-a release from mononuclear cells while
also increasing secretion of 1L-10%%°. The cytokine data obtained in THP-1 macrophages are
similar to such findings in which TNF-a was significantly reduced in THP-1 Mo macrophages
whereas IL-10 release seemed to be higher, although not statistically significant. Interestingly,

AlQasrawi et al.?? also showed that although nicotine has anti-inflammatory effects in nicotine
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pre-treated cells, in LPS pre-stimulated cells, the administration of nicotine has opposite effects,
heightening inflammatory cytokine release. Thus, such findings would explain why inhibitory
effects are only seen in chronic treatments and not in acute treatments.

Moreover, treatments of p-CFs diEPP showed very significant inhibitory effects in
cytokine release from acutely and chronically treated macrophages. More specifically, under
acute conditions, p-CF3 diEPP significantly inhibited the release of IL-1 in THP-1 Mo
macrophages and IL-1p and TNF-a in THP-1 M1 macrophages. Similarly, under chronic
conditions, p-CFs diEPP significantly inhibited IL-1f from both THP-1 Mo and M1
macrophages. In chronic treatments, p-CFs diEPP also inhibited I1L-6, IL-10 and TNF-a in U937
Mo macrophages as well as IL-6 and IL-10 in U937 M1 macrophages. Hence, p-CFs diEPP
displayed anti-inflammatory properties by inhibiting various pro-inflammatory cytokines, which
seems to be more pronounced in cells treated chronically with p-CFs diEPP. As previously
mentioned, studies have shown the anti-inflammatory effects of p-CFs diEPP®, therefore its
ability to inhibit various pro-inflammatory cytokines was not surprising. However, the inhibitory
effects in IL-10 release in U937 macrophages was surprising considering previous studies have
demonstrated that p-CF3 diEPP, while able to inhibit pro-inflammatory cytokines, has little to no
effect on anti-inflammatory cytokines'®!. Such findings were observed in human whole blood:;
thus, it is possible that p-CF3z diEPP can inhibit most cytokines in U937 macrophages. In fact,
human whole blood differs from U937 macrophages as it contains many other cells than simply
macrophages, such as red blood cells, various other white blood cells (granulocytes, T and B
cells, etc.) and platelets. Thus, it is possible that p-CFz diEPP inhibits IL-10 release in
macrophages but its increase in whole blood, is likely due to the presence of other cell types such

as T cells.
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The effects of p-CF3 diEPP treatment from acutely and chronically treated macrophages
differ from the silent agonist experiments previously described where cells were pre-treated with
p-CFs diEPP for 1-hour, followed by an 8-hour LPS stimulation. The differences in cytokine
release observed could be due to many factors including LPS concentration, silent-agonist
pretreatment, and treatment time. First, acutely and chronically treated macrophages were only
stimulated with 10 ng/mL of LPS whereas in the silent agonist experiments, 100 ng/mL of LPS
was used to stimulate the cells. This change in LPS concentration, as mentioned above, was due
to increased cell death seen in chronically treated macrophages. The differences in LPS
concentration can influence immune cell phenotype, as THP-1 and U937 cell lines polarize into
M1 macrophages in the presence of LPS. It is possible that an increase in LPS concentration can
lead to increased polarization and ultimately, differences in cytokine profiles. Second, during the
silent agonist experiments, the macrophages were pre-treated for 1-hour with the silent agonists
whereas in the acute and chronic treatments, the macrophages were not. Hence, the silent agonist
pre-treatment may influence the release of cytokines from the cells. Finally, the treatment time of
the silent agonist differed. In the silent agonists experiment, the macrophages were treated with
p-CFs diEPP for a total of 9 hours, whereas in acute and chronic experiments, the cells were
treated with p-CFs diEPP for 5 hours and 48 hours + 5 hours, respectively. Thus, the various
treatment times of p-CFs diEPP could also have an influence on overall cytokine release.

The acute and chronic treatment of a-NETA in THP-1 and U937 was additionally
assessed. a-NETA is a commercially available ChAT inhibitor, capable of inhibiting ChAT at
93% inhibition??* while have little to no effect on AChE and BChE. ChAT is the enzyme
responsible for ACh synthesis, thus its inhibition would result in a reduction of ACh production

and overall, an increase in immune responses®®?. Therefore, a more pro-inflammatory effect is
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expected in cells treated with a-NETA. Our cytokine data suggests both a pro-inflammatory and
anti-inflammatory effect in THP-1 and U937 macrophages. In acute treatments, o-NETA
inhibited the release of IL-1p and IL-10 in THP-1 Mo macrophages as well as IL-1f3 in THP-1
M1 macrophages. In chronic treatments, a-NETA inhibited the release of IL-1p in THP-1 Mo
and M1 macrophages while also significantly inhibiting IL-10 release in all cells. Additionally,
a-NETA also seemed to increase TNF-a in all macrophages, though this was not shown to be
statistically significant. Therefore, although inhibition of ChAT resulted in anti-inflammatory
effects by inhibiting IL-1p in THP-1 macrophages, it also had pro-inflammatory effects by
increasing the release of TNF-a and by also inhibiting the release of IL-10. Thus, the net
outcome of a-NETA treatments remains unclear.

Finally, all other acute and chronic treatment groups (ACh, Gal and Ch) did not have
much of an effect on cytokine release in comparison to the other treatment groups described
above. First, ACh was assessed to determine its effect as an agonist to AChRs, both in the
presence and absence of an AChE inhibitor, Gal. ACh is known for its anti-inflammatory role,
mainly by binding to the a7 nAChR and preventing the release of pro-inflammatory cytokines?!°,
Gal was used to prevent the breakdown of ACh by AChE, further increasing anti-inflammatory
responses. However, our cytokine data only show slight anti-inflammatory effects in the
presence of ACh and Gal. In ACh-only treated macrophages, IL-6 release was inhibited in
acutely treated U937 Mo macrophages whereas IL-10 release was increased in chronically
treated THP-1 M1 macrophages. In the presence of both ACh and Gal, IL-6 release was once
again inhibited in acutely treated U937 Mo macrophages whereas TNF-a was inhibited in
chronically treated THP-1 Mo macrophages. Lastly, in Gal-only treated macrophages, the only

significant effect was the inhibition of IL-1p in chronically treated THP-1 Mo macrophages.

107



Since many studies have demonstrated ACh’s anti-inflammatory properties, ACh was expected
to have greater anti-inflammatory effects than those observed, especially in the presence of an
ACNhE inhibitor. Considering our Western Blot and PCR results suggest the presence of BChE in
THP-1 and U937 macrophages, it is possible that BChE is further degrading ACh, decreasing its
ability to bind to AChRs and overall, reducing its anti-inflammatory capabilities. Therefore, in
future studies, a BChE inhibitor should also be included to ensure no ACh is being degraded.
Furthermore, the lack of a7 NAChR mRNA observed in the THP-1 and U937 macrophages could
influence the overall anti-inflammatory effect of ACh within these cells, especially considering
many studies suggest ACh’s anti-inflammatory effect is produced by binding to the a7
subunit!>>161.189.218 Finally, though ACh is capable of binding a7 nAChRs and produce anti-
inflammatory effects, it may also bind mAChRs and induce pro-inflammatory effects. Hence, the
inflammatory effect observed upon ACh treatment may depend on which receptor it interacts
with.

The treatment of another AChR agonist, Ch, was additionally assessed in acute and
chronic treatments in THP-1 and U937 macrophages. Similar to ACh, Ch did not have
significant effects on cytokine release. In fact, according to our cytokine data, Ch only inhibited
IL-10 in U937 M1 macrophages, thus having a more pro-inflammatory effect in these cells.
These results were unexpected since, in various studies, Ch has been shown to bind to the a7
nAChR and produce anti-inflammatory effects??2-2%4, As previously described for ACh, the lack
of a7 nAChR mRNA observed in the THP-1 and U937 macrophages could also influence the
overall anti-inflammatory effect of Ch within these cells. Interestingly, a study also demonstrated
that Ch at a concentration of 50 mM had the most significant effect on TNF-a release in human

whole blood and 1mM in human macrophages. Therefore, future studies with high Ch treatments
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could be implemented to further assess Ch’s anti-inflammatory roles in THP-1 and U937
macrophages*®.

Afterwards, the cytotoxicity of THP-1 and U937 macrophages treated with acute (Figure
23) and chronic (Figure 28) pharmacological treatments was assessed. After incubation with the
various treatments, the collection of cell supernatant required for cytokine profiling was also
used in an LDH cytotoxicity assay. The LDH measurements from each sample were analyzed
using a fluorescent LDH cytotoxicity assay and the fluorescence was measured using the
Cytation 5 imaging reader. Upon cell death, LDH is released from the cells and is therefore a
good representation of overall cellular cytotoxicity. According to Figure 23, no significant
differences in cytotoxicity were observed in comparison to the LPS + DMSO control group in
acute treatments of THP-1 and U937 macrophages. However, in chronic treatments (Figure 28),
the cytotoxicity levels of THP-1 Mo treated with p-CFs diEPP was significantly lower in
comparison to the LPS + DMSO group. The decrease in cytotoxicity in p-CFz diEPP could
account for some of its anti-inflammatory effect previously described. Overall, in all
differentiated THP-1 and U937 macrophages (Mo and M1), p-CF3z diEPP was the only treatment
to have significantly lower cytotoxicity in THP-1 Mo macrophages. Hence, the anti-
inflammatory effects of the acute and chronic pharmacological treatments observed within THP-
1 and U937 macrophages is likely not due to cell death.

Lastly, the relative normalized expression (normalized to LPS or LPS + DMSO group) of
cell markers in THP-1 and U937 macrophages upon chronic treatments of agonists (Ach, Ch, Nic
and p-CFs diEPP) and cholinergic inhibitors (Gal, ML352 and a-NETA) in the presence of LPS
were additionally assessed (Figures 29-32). To determine the mRNA expression of cell markers,

RNA was isolated from the treated/stimulated macrophages and a gPCR with primers targeting
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various markers were utilized. As previously discussed, M1 and M2 polarized macrophages have
distinguishing features, one of them being their expression of cell markers. M1 macrophages
typically have higher expression of CD80, and CXCL10. On the contrary, M2 macrophages
typically have a higher expression of MRC1 (CD206) and CD163. Other general macrophage /
monocyte markers include CCR2, CD14, ITGAM (CD11b) and CX3CRL1.

Amongst the cell markers assessed, only CCR2, CD80, CX3CR1 and CXCL10 showed
significant effects upon the various chronic pharmacological treatments. First, CCR2, a
monocyte / macrophage marker, was more highly expressed in the untreated group of THP-1 Mo
and M1 macrophages, in comparison to the LPS treated group. These results were unexpected
considering, as a monocyte / macrophage marker, it was not expected to be significantly
influenced by LPS. However, a study by Phillips et al. showed that THP-1 undifferentiated cells
express very high levels of CCR2 which is diminished upon THP-1 differentiation into
macrophages??®. Since LPS is known to polarize THP-1 macrophages into a more M1 state,
perhaps its further differentiation promotes more macrophage-like features and reduces CCR2
levels. In addition, a study by Parker et al. also found that activation of the TLR4 (by LPS) in
THP-1 monocytes, down-regulated CCR2 expression??. Such findings align with our CCR2
expression data which demonstrates the reduction of CCR2 expression upon LPS treatments in
THP-1 macrophages.

Secondly, the expression of CD80 and CXCL10 were shown to be significantly lower in
most of the untreated group in comparison to the LPS-treated group. Considering both markers
are generally more expressed by M1 macrophages and that LPS is often used to polarize the
macrophages into an M1 state, it is not surprising that CD80 expression increases upon LPS

treatment.
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Lastly, the expression of CX3CR1 was assessed and was significantly higher in the
untreated groups of THP-1 Mo and M1 macrophages, in comparison to the LPS group. It is also
important to note that U937 derived macrophages failed to express detectable amounts of
CX3CR1 mRNA. The increase in CX3CRL1 expression in THP-1 macrophages was once again
not expected to be significantly influenced by LPS. As not many studies have focused on
CX3CR1 expression and LPS, the reason for this effect remains unclear. Although, Montague et
al. suggested a novel interaction between CX3CR1 and CCR2 in monocytes and its role in a
model of pain??’. Perhaps the increase in CCR2 expression previously described, also leads to the
increase in CX3CR1 expression.

The expression level of cell markers was expected to be significantly different in some
treatment groups in comparison to the LPS / LPS + DMSO control group, however this was not
the case. Since treatment groups like nicotine, ML352, p-CF3 diEPP and a-NETA inhibited
cytokine release in the differentiated macrophages, it was hypothesized that they would have also
altered cell marker levels. For example, since p-CFs diEPP showed anti-inflammatory properties
by inhibiting cytokines, it was expected that p-CFs diEPP would increase anti-inflammatory
markers (M2) and decrease pro-inflammatory markers (M1). However, based on the data
obtained, the altered cytokine secretion seen is likely due to direct effects of agonists and
cholinergic inhibitors on cytokine secretion, and not due to changes in polarization state.
Interestingly, one study demonstrated that nicotine dose-dependently induced M2 macrophage
polarization in vitro starting at 2 pg/mL for 24 hours in resting macrophages®?°. However, in
Mycobacterium avium subspecies paratuberculosis (MAP)-infected macrophages, nicotine did
not have significant effects on cell markers and did not induce M2 macrophage polarization®%°.

Therefore, it would be of interest to study the treatment groups both in the presence and the
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absence of LPS to further confirm their ability to induce macrophage polarization. In addition,
since LPS is known to induce M1 macrophage polarization in THP-1 and U937 cells, it would be
interesting to stimulate the cells with another immune stimulant that is not commonly used for
macrophage polarization.

Our initial proposal to study cell surface markers was to use fluorescent antibodies
against the cell markers of interest and quantify the expression levels using flow cytometry.
However, the differentiated macrophages were very strongly adhered to the culture plates
making them extremely difficult to remove, even with trypsin. Since most of the cell markers of
interest are cell surface receptors, scraping the cells would result in significant damage to the cell
surface markers, affecting our overall results. Thus, we decided to quantify the cell markers
using gPCRs. If perhaps a new strategy to remove the macrophages safely from the plates was
determined, it would be of interest to validate our results using fluorescent antibodies and the
flow cytometer. Additionally, another method to quantify and validate the results obtained by

gPCR would be via Western Blot.
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Conclusion

Taken together, this study provides insights on various cholinergic proteins (AChE,
BChE, ChT, ChAT, VAChT, nAChRs) expressed by THP-1 and U937 macrophages. This study
also reports for the first time the anti-inflammatory effects of NAChR silent agonism (p-CF3
diEPP, m-bromo PEP, m-CONHg> lodide) in LPS-stimulated THP-1 and U937 differentiated
macrophages. Furthermore, our findings demonstrate anti-inflammatory and pro-inflammatory
effects of various nNAChR agonist (Ach, Ch, Nic and p-CFs diEPP) and cholinergic inhibitors
(Gal, ML352 and a-NETA) in LPS-stimulated THP-1 and U937 macrophages. More
specifically, nicotine, ChT inhibition and silent agonism seems to have the most significant anti-
inflammatory effect whereas ChAT inhibition seems to have the most significant pro-
inflammatory effect in the differentiated macrophages. While the chronic pharmacological
treatments were not shown to significantly influence cell marker expression, further optimization
will allow for a better interpretation.

Despite findings obtained in this study, much work is still required. Our Western Blot and
PCR data should be further validated in conditional knock-out cells to validate primer and
antibody specificity. Furthermore, once experiments assessing cell marker expression in the
presence of pharmacological treatment has been optimized, future studies investigating
intracellular signaling events in the presence of the pharmacological treatments should be carried
out. This would provide further insights on how exactly the pharmacological treatments
influence cytokine release from the cells. The results presented in this study provides further
insights on the functional role of the cholinergic system within immune cells and reveal the

potential of NAChR silent agonism for pharmacological treatment of auto-immune diseases.
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Appendix A. Raw Cytokine Data of THP-1 and U937 Macrophages Treated with the Silent

Appendices

Agonists in the Presence of LPS

IL-1B
Treatment Mean (ng/mL)
THP-1 Mo THP-1 M1 U937 Mo U937 M1
DMSO 0.0 0.0 N/A N/A
LPS + DMSO 155.2 197.2 N/A N/A
LPS + p-CF3 diEPP 169.0 189.1 N/A N/A
LPS + m-bromo PEP 146.6 161.3 N/A N/A
LPS + CONH2 lodide 163.3 1904 N/A N/A
TNF-o
Treatment Mean (ng/mL)
THP-1 Mo THP-1 M1 U937 Mo U937 M1
DMSO 1.4 0.0 4.7 0
LPS + DMSO 4361.4 7571.6 21914.9 22736.1
LPS + p-CF3 diEPP 2563.3 2955.7 17479.1 10477.3
LPS + m-bromo PEP 4985.2 8201.7 23163.6 20723.4
LPS + CONH2 lodide 3584.4 6367.2 22066.1 19290.5
IL-10
Treatment Mean (ng/mL)
THP-1 Mo THP-1 M1 U937 Mo U937 M1
DMSO 0.1 0.0 54.2 31.6
LPS + DMSO 46.8 45.8 2520.5 3167.4
LPS + p-CF3 diEPP 37.8 43.9 2093.9 2751.8
LPS + m-bromo PEP 39.9 45.2 2307.2 2533.4
LPS + CONH2 lodide 43.4 44.8 2115.5 2346.0
IL-6
Treatment Mean (ng/mL)
THP-1 Mo THP-1 M1 U937 Mo U937 M1
DMSO 0.0 0.0 8.9 0.0
LPS + DMSO 1402.1 2775.0 9445.7 10614.6
LPS + p-CF3 diEPP 1543.1 2646.9 7739.1 9491.5
LPS + m-bromo PEP 1420.0 2815.4 7761.9 8985.5
LPS + CONH2 lodide 1273.4 2606.8 7697.1 8106.2
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Appendix A. Raw Cytokine Data of THP-1 and U937 Macrophages Treated Acutely with
Agonists and Cholinergic Inhibitors in the Presence of LPS

IL-18
Treatment Mean (ng/mL)
THP-1 Mo THP-1 M1 U937 Mo U937 M1
Control 29 0.0 N/A N/A
LPS 154.5 130.8 N/A N/A
LPS + ACh 170.1 150.7 N/A N/A
LPS + ACh + Gal 162.7 150.4 N/A N/A
LPS + Gal 150.8 131.4 N/A N/A
LPS + Ch 151.6 143.5 N/A N/A
LPS + Nic 165.4 149.6 N/A N/A
LPS + ML352 125.7 133.3 N/A N/A
LPS + DMSO 172.9 159.1 N/A N/A
LPS + p-CF3 diEPP 150.6 145.1 N/A N/A
LPS + a-NETA 130.7 123.1 N/A N/A
TNF-a
Treatment Mean (ng/mL)
THP-1 Mo THP-1 M1 U937 Mo U937 M1
Control 0.1 0.4 321.8 16.7
LPS 2730.2 2510.3 3308.8 483.1
LPS + ACh 3722.9 3599.0 3085.0 422.5
LPS + ACh + Gal 2964.8 2976.9 2837.6 531.3
LPS + Gal 2185.5 2966.8 3064.5 766.4
LPS + Ch 2799.1 2775.0 2855.8 489.9
LPS + Nic 2710.3 3182.0 2673.1 361.6
LPS + ML352 1385.2 1502.3 2202.8 144.9
LPS + DMSO 3349.5 3139.3 2962.5 692.3
LPS + p-CF3 diEPP 2950.9 2006.0 3173.7 743.7
LPS + a-NETA 3424.5 2998.5 3530.6 989.2
IL-10
Treatment Mean (ng/mL)
THP-1 Mo THP-1 M1 U937 Mo U937 M1
Control 2.1 4.5 72.1 80.7
LPS 80.9 220.3 1159.4 443.9
LPS + ACh 89.4 212.8 1154.5 412.6
LPS + ACh + Gal 98.0 239.7 994.0 397.6
LPS + Gal 81.7 193.8 1153.8 438.3
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LPS + Ch 73.7 208.5 1010.3 399.8
LPS + Nic 83.4 221.2 970.0 340.5
LPS + ML352 58.5 174.2 852.0 300.1
LPS + DMSO 72.9 178.4 1007.6 430.3
LPS + p-CF3 diEPP 82.3 2145 898.6 428.6
LPS + o-NETA 54.2 151.9 941.7 451.5
IL-6
Treatment Mean (ng/mL)
THP-1 Mo THP-1 M1 U937 Mo U937 M1

Control 1.4 0.0 0.1 1.6
LPS 490.4 454.7 456.9 1155

LPS + ACh 466.7 486.6 378.6 93.2
LPS + ACh + Gal 469.5 471.7 355.3 102.0
LPS + Gal 457.0 439.3 394.1 147.4
LPS + Ch 474.9 445.7 393.3 100.2
LPS + Nic 520.3 485.4 322.3 102.7
LPS + ML352 349.7 338.4 261.9 74.8
LPS + DMSO 507.4 445 4 368.3 97.5
LPS + p-CFs diEPP 470.3 492.7 398.0 122.8
LPS + a-NETA 483.7 414.7 439.0 131.0

Appendix B. Raw Cytokine Data of THP-1 and U937 Macrophages Treated Chronically
with Agonists and Cholinergic Inhibitors in the Presence of LPS

IL-1B
Treatment Mean (ng/mL)
THP-1 Mo THP-1 M1 U937 Mo U937 M1

Control 0.1 15.8 N/A N/A
LPS 216.6 111.8 N/A N/A
LPS + ACh 226.0 133.1 N/A N/A
LPS + ACh + Gal 189.4 125.4 N/A N/A
LPS + Gal 182.6 117.0 N/A N/A
LPS + Ch 230.6 137.9 N/A N/A
LPS + Nic 250.0 145.7 N/A N/A
LPS + ML352 200.3 122.2 N/A N/A
LPS + DMSO 202.2 109.4 N/A N/A
LPS + p-CFs diEPP 162.0 88.7 N/A N/A
LPS + a-NETA 136.2 68.4 N/A N/A
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TNF-a

Treatment Mean (ng/mL)
THP-1 Mo THP-1 M1 U937 Mo U937 M1
Control 0.1 0.0 39.3 18.7
LPS 5828.5 4856.1 3230.0 3184.7
LPS + ACh 5159.8 5497.7 2796.4 2808.9
LPS + ACh + Gal 5249.6 4147.0 3111.9 3310.7
LPS + Gal 5234.2 4575.2 3218.1 3420.6
LPS + Ch 4664.4 5322.7 2797.9 2695.7
LPS + Nic 4360.9 3439.2 2535.5 2242.7
LPS + ML352 3925.3 4036.8 2774.0 2109.2
LPS + DMSO 4419.2 4072.8 2672.7 22475
LPS + p-CFs diEPP 3886.9 4227.3 1553.4 1448.1
LPS + o-NETA 49475 4214.2 2936.0 2718.7
1L-10
Treatment Mean (ng/mL)
THP-1 Mo THP-1 M1 U937 Mo U937 M1
Control 2.2 0.3 51.4 89.7
LPS 146.0 136.4 787.6 865.8
LPS + ACh 153.4 173.2 702.9 866.1
LPS + ACh + Gal 146.5 157.3 685.3 839.3
LPS + Gal 151.8 164.0 680.6 904.8
LPS + Ch 136.8 155.8 644.9 790.8
LPS + Nic 136.0 162.5 542.3 678.7
LPS + ML352 128.0 133.3 598.3 778.4
LPS + DMSO 183.8 134.0 697.5 818.7
LPS + p-CFs diEPP 209.9 152.4 432.1 555.2
LPS + a-NETA 114.7 67.9 536.4 660.1
IL-6
Treatment Mean (ng/mL)
THP-1 Mo THP-1 M1 U937 Mo U937 M1
Control 0.0 6.5 1.8 0.8
LPS 1111.9 371.9 377.6 244.2
LPS + ACh 1046.4 390.9 338.8 247.2
LPS + ACh + Gal 966.8 387.8 355.0 252.4
LPS + Gal 966.2 365.7 331.3 250.6
LPS + Ch 1025.5 391.1 322.0 245.8
LPS + Nic 1070.8 322.3 270.8 212.4
LPS + ML352 930.5 369.6 241.1 185.9
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LPS + DMSO 972.2 372.8 303.6 238.6
LPS + p-CF; diEPP 1127.5 445.7 226.0 178.9
LPS + a-NETA 863.5 404.8 337.6 225.8
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