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Abstract
The Regulation of T Helper Cells by Adrenergic Agonists and The Role of Nitric Oxide

Fadi Touma

We have previously found that nebivolol inhibits the cytokines of T helper 1 and T
helper 17 cells which are linked to autoimmunity and in turn supports nebivolol’'s
candidacy as a therapeutic of autoimmune diseases such as multiple sclerosis. In this
thesis, | aimed to confirm the inhibitory role of nebivolol on T helper cells and explore
whether these effects are mediated by nitric oxide induction. The findings of this thesis
show that nebivolol inhibited the cytokine production of T helper 17 and T helper 1 cells
in samples of human peripheral mononuclear cells. | also found that these effects were
not mediated by nitric oxide and its predominant signaling pathway. Instead, a low level
of nitric oxide was produced during adrenergic signaling and helped to stabilize T helper
17 and T helper 1 cells. Finally, nebivolol, which has not been investigated before on
human immune cells, represents a promising immunomodulatory adrenergic drug that
can help to mitigate the symptoms of autoimmune diseases without inducing cell death

or altering nitric oxide levels.
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CHAPTER I: Introduction

Preamble

The regulation of T helper (Th) cell responses has been the focus of researchers
aiming to manage autoimmune diseases and abnormal immune reaction. Studies on
human and mice Th cells showed that the dysregulation of different subsets of Th cells
is associated with various diseases such as atopic dermatitis, rheumatoid arthritis and
multiple sclerosis (MS) (Fletcher et al. 2010; Raphael et al. 2015; Esaki et al. 2016;
Yasuda et al. 2019; Leipe et al. 2020). Different regulatory mechanisms occur in the
body to ensure that Th cells are functional and self-tolerant including the two-signal
activation and transcriptional networks of Th cells. However, some Th cells with
aberrant responses escape the central and peripheral checkpoints and proliferate to
cause autoimmune disorders. Therefore, to prevent autoimmunity or mitigate the
symptoms, we need to investigate other regulatory mechanisms to manage the immune
responses of Th cell subsets. In this thesis, | explored two regulatory mechanisms: one
lies in the intersection between the sympathetic nervous system and adaptive immunity
and the other depends on nitric oxide (NO) gas. These mechanisms are poorly
understood in Th cells especially in human samples. However, they could provide

promising therapeutics when better explored and understood.

1.1. T Cells Development, Activation and Differentiation

The main cellular components of adaptive immunity include T cells and B cells.
These cells are unique for having antigen receptors which are essential for the
specificity of immune responses (Dzierzak and Bigas 2018). The nomenclature of these
cells comes from their site of development where T cells develop in the thymus and B
cells develop in the bone marrow (Crisan and Dzierzak 2016). While B cells differentiate
into antibody-producing plasma cells, T cells differentiate into different effector cells with
various functions that direct and regulate the adaptive immune responses (Crisan and
Dzierzak 2016). This has made T cells the focus of the research aiming to investigate
and examine the regulation of the adaptive immune system which is the core of this

thesis.



Naive Th cells emerge from the thymus having TCR complexes and CD4
coreceptors spanning their plasma membrane (Ma et al. 2016). The activation of Th
cells requires coordinated interactions between molecules occurring on Th cells and the
antigen presented on a major histocompatibility complex class Il (MHC-II) molecule of
an antigen presenting cell (APC) (Santamaria et al. 2018). The presentation of an
antigen on an MHC-Il molecule is necessary for the TCR complex to recognize the
pathogen, and this process is carried out by APCs (Santamaria et al. 2018).
Theoretically, all cell types can serve as APCs. However, few types such as
macrophages, B cells and dendritic cells, function primarily to present antigens to Th
cells and are referred to as specialized APCs (Kashem et al. 2017). After recognizing
the antigens and internalizing them, APCs present those antigens on MHC-Il molecules
for the Th cells. From this point forward, the TCR complex of Th cells will carry over the
activation process. Notably, a TCR alone is not able to initiate the activation of Th cells
(Call et al. 2002; Kuhns and Davis 2012). Instead, an assembly of many parts besides
TCR is needed for the signal transduction across the plasma membrane of Th cells and
are called collectively as TCR complex (Kuhns and Davis 2012). In addition, for Th cells
to become fully activated, a ligation between costimulatory molecules on APC
(CD80/CD86) and Th cells (CD28) is needed and without it the activation will be stalled
(Harding et al. 1992). The requirement of binding CD3/CD4 and CD28 with molecules
on APCs ensures that Th cells are fully activated only when there is a non-self-antigen
and this process is referred to as two-signal activation. The consequences of CD3 and
CD28 ligation explain the rationale behind using anti-CD3 and anti-CD28 antibodies to

activate Th cells in vitro as was followed in this thesis.

Despite the inherent endogenous central and peripheral mechanisms to induce
self-tolerance, some autoreactive T cells manage to escape all checkpoints. The failure
of the central and peripheral immunogenic tolerance mechanisms and the following
release of self-reactive T-cells to the periphery results in unwanted proinflammatory
responses and T-cell mediated autoimmune disorders, such as rheumatoid arthritis and
MS (Cheng and Anderson 2018). Autoimmune diseases are a diverse group of chronic

disorders caused by autoreactive T cells that recognize self-antigens and initiate
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abnormal immune responses targeting a specific organ or many organ systems within
the host (Anaya 2012). Several autoimmune disorders are linked to the dysregulation of
Th cells which requires a better understanding of their activation, differentiation and
regulation in order to discover new ways to treat the patients. There are also numerous
immuno-modulatory drugs on the market that suppress autoimmunity and improve
quality of life of the patients. One of the main findings from my thesis is a drug that may

be useful for suppressing Th cell activation.

Activated Th cells differentiate into different effector cells with various functions
depending on the type of antigen and the cytokine present in the milieu of Th cells. The
differentiation of Th cells is directed by two signals: the first comes from the TCR
ligation by the compatible antigen, and the second results from the binding of milieu
cytokines to their receptors and their downstream signalling (Schmitt and Ueno 2015;
Gagliani and Huber 2017). These signals upregulate the expression of genes needed
for Th cells to commit to a certain subset lineage and to proliferate and perform the
unique effector functions of this subset (lllustration 1) (Gagliani and Huber 2017;
Saravia et al. 2019). A main highlight of Th cell differentiation is the activation of
transcription factors whose activities are linked to specific subsets of Th cells and
therefore named maijor transcription factors. These factors are necessary for lineage
commitment as they induce survival and morphological changes and upregulate the
expression of genes and coactivators specific to a certain lineage, while repressing the
genes associated with alternate lineages (Hwang 2005; Usui et al. 2006; Fang and Zhu
2017). In addition, they can upregulate the production and release of cytokines
necessary for the immune responses of the associated Th cell subset (Jogdand et al.
2016; Tripathi et al. 2017; Saravia et al. 2019). There are still some questions to be
answered regarding the transcriptional networks of different Th subsets where it was
shown that they could be regulated by other factors besides the antigen type and the

milieu cytokines.



1.2. T Helper Cell Subsets

Following the differentiation of Th cells into different subsets, they perform unique
effector functions such as the generation of cytokines and chemokines specifically
suited to face the invading pathogen (Saravia et al. 2019). Although we have a better
understanding of Th cell subsets than any time before, some concepts such as the
factors that regulate the functions of Th cells or make them dysregulated, still need to
be studied and clarified. It is immensely beneficial to study the different Th cell subsets
given their significant contribution to the immune responses in different contexts.
However, | will focus on Th1 and Th17 cell subsets because these are the most
prominent subsets whose dysregulation is associated with autoimmunity and

immunoregulation and autoimmunity are the focus of this thesis

1.2.1. Th1 cell subset and IFNy

Th1 was the first subset to be identified based on cytokine production in 1986
(Mosmann et al. 1986). Th1 cells, in a healthy state, initiate immune responses against
intracellular viral and bacterial pathogens (Szabo et al. 2000; Zhang et al. 2014a; Zhu
2015), and were shown to be involved in diabetes Type |, Crohn’s disease and several
autoimmune disorders (Abbas et al. 1996; Romagnani 2000; Hoyer et al. 2009). For a
naive Th cell to differentiate into Th1 subset, IL-12 and IFNy cytokines must be present
in the immediate milieu (lllustration 1) (Frucht et al. 2001; Lighvani et al. 2001; Afkarian
et al. 2002). Downstream of cytokine receptors, transducer and activator of transcription
(STAT) family proteins become activated to induce the major transcription factors. In the
case of Th1, IL-12 and IFNy activate STAT4 and STAT1 proteins, respectively which, in
turn, activate T-bet; the major transcription factor of Th1 cells (Szabo et al. 2000;
Afkarian et al. 2002; Zhang et al. 2014b). Following the activation of T-bet, the cells
differentiate into Th1 cell subset and produce IFNy and tumor necrosis factor-a (TNFa)
cytokines to face viral and bacterial pathogens in addition to the proliferative IL-2
cytokine (Afkarian et al. 2002; Christie and Zhu 2014).

IFNy cytokine regulates the differentiation of Th1 cells in an autocrine manner
because it is released by Th1 cells and direct their differentiation and proliferation
4



(Afkarian et al. 2002). IFNy is a type Il interferon cytokine which is predominantly
produced by Th1 subset, and its downstream signalling leads to transcriptional
regulation of the genes involved in the immune response (Schroder et al. 2004;
Pennock et al. 2013). This cytokine binds to CD119 and IFNyR2 receptors and results
in the augmentation of macrophage activation and the expression of MHC molecules
and antigen processing components in addition to supressing the Th17 and Th2 cell
subsets (Bach et al. 1997; Frucht et al. 2001; Swanson et al. 2001; Usui et al. 2006;
Murphy and Weaver 2016). Although released by different cell subsets such as CD8+
cytotoxic T cells, and natural killer (NK) cells (Young 1996; Bach et al. 1997), Th1 cells
remain the paramount producers of IFNy in the context of adaptive immune response
(Frucht et al. 2001; Sen 2001). Therefore, measuring the levels of IFNy in cell cultures
has been a commonly used in vitro technique to infer the degree of activation and

function of Th1 subset as was followed in this thesis.

1.2.2. Th17 cell subset and IL-17A

In 2005, the Th17 cell subset was identified as a subset distinct from Th1 and
Th2 subsets and associated with autoimmunity (Harrington et al. 2005). The
differentiation of Th17 cells was found to be suppressed by IFNy and IL-4 the major
cytokines of Th1 and Th2 cell subsets, respectively. However, committed Th17 cells
were unaffected by the cytokines of Th1 and Th2 (Harrington et al. 2005). Th17 cells
initiate immune responses against fungi and extracellular pathogens (lvanov et al.
2006a; Zielinski et al. 2012), and their dysregulation can result in proinflammatory
autoimmune diseases, such as MS (Kotake et al. 1999; Tzartos et al. 2008;
Brucklacher-Waldert et al. 2009; Durelli et al. 2009). Cytokines such as IL-6, IL-23, and
transforming growth factor-B (TGF-B) in the immediate milieu of naive Th cells are
required for Th17 lineage commitment (lllustration 1) (Ivanov et al. 2006a; Zielinski et al.
2012). The downstream signaling of IL-6 and IL-23 cytokines results in the activation of
STATS3 proteins which in turn activate the major transcription factor of Th17 namely the
receptor-related orphan receptor-yt (ROR-yt) (Yosef et al. 2013; Jogdand et al. 2016;
Tripathi et al. 2017). TGF- signaling leads to the activation of SMAD2 and SMAD3
proteins which also transduce the activation signal to ROR-yt transcription factor

5



(Ivanov et al. 2006a; Zhou et al. 2008; Yosef et al. 2013). Interestingly, TGF-3 could
lead to the upregulation of Foxp3, the major transcription factor of Tregs, which
antagonizes ROR-yt in the absence of IL-6, and IL-23 cytokines that inhibit Foxp3 (Zhou
et al. 2008). These findings demonstrate the intricacy of Th cell differentiation which is

necessary for specific immune responses.

The transcription factor ROR-yt directs the differentiation into Th17 lineage and
induces the expression of IL-17A IL-17F and IL-22 which are the signature cytokines of
Th17 and play a key role to combat fungal, intracellular and extracellular bacterial
infections (lvanov et al. 2006a; Yosef et al. 2013). In murine T cell, ROR-yt deficiency
resulted in the loss of Th17 cells and weakened autoimmunity (Ilvanov et al. 2006b).
This finding not only shows the significance of Th17 cells in autoimmunity and the role
of ROR-yt in Th17 differentiation, but also features the transcriptional network of Th17
cells as a therapeutic target to treat autoimmunity (Stadhouders et al. 2018). This
direction is still under investigation and requires more clinical research under
physiological conditions besides in vitro experiments. Although minor amounts of IL-17A
is produced by CD8* T cells, neutrophils, and innate lymphoid cells 3s (ILC3s), Th17
cells are its predominant producers making the levels of this cytokine an indicator of
Th17 cells’ occurrence and function (Liang et al. 2007; Tesmer et al. 2008; Matsuzaki
and Umemura 2018). IL-17A is a proinflammatory cytokine which binds to IL-17AR
receptor to induce the expression of antimicrobial peptides and other proinflammatory
cytokines to kill pathogens and initiate inflammation (Abbas et al. 1996; Gu et al. 2013;
Murphy and Weaver 2016; Matsuzaki and Umemura 2018). A recent study shows that
IL-17A exerts a negative feedback on Th17 cells by inducing the production of IL-24
cytokine which in turn inhibits the activity of Th17 cell (Chong et al. 2020). Nonetheless,
measuring IL-17A in cell culture supernatants remains a standard method to evaluate
the occurrence and function of Th17 cells given that it's mainly produced by this cell

subset.

The prominent proinflammatory features of Th1 and Th17 cell subsets and their

main cytokines have made them the focus of preventative health research (Raphael et
6



al. 2015). Despite the active investigation of Th cell subsets, we still need to know more
about their regulation, which is essential to manage the morbidities associated with their
dysregulation such as in autoimmune diseases. In this thesis, | was aiming to discover
novel regulatory mechanisms of Th cell subsets in order to suggest efficient therapeutic
approaches. Moreover, since IFNy and IL-17A cytokines have pathogenic roles in
autoimmune diseases and can be expressed by different immune cells, regulating the
levels and signaling pathways of these cytokines regardless of the producing cells is
equally important for therapeutic developments. For example, inhibiting the production
or signaling of IL-17A cytokine using antibodies reduced the symptoms of autoimmune
diseases such as psoriasis, rheumatoid arthritis and MS (van den Berg and Mclnnes
2013; Patel et al. 2013; Burkett and Kuchroo 2016). The samples of peripheral blood
mononuclear cells (PBMCs) used in this study contain many immune cell types that
could produce IFNy and IL-17A such as NK cells and CD8" cells (Kleiveland 2015). This
could help us investigate the regulation of these cytokines at the level of peripheral
white blood cells (WBCs) in the blood besides the regulation of Th1 and Th17 cell

subsets since Th cells form 50% or more of PBMCs (Kleiveland 2015).

1.3. Immunoregulation by adrenergic signaling

The first immunomodulatory scheme that | will discuss is the adrenergic signaling
in immune cells. This scheme represents the interaction between the immune system
and the autonomous sympathetic nervous system which releases catecholamines that
are sensed by adrenergic receptors (also known as adrenoceptors ARs) (Kohm and
Sanders 2001; Eisenhofer and Lenders 2018). Catecholamines are neurotransmitters
and hormones such as dopamine, epinephrine, and norepinephrine that function to
maintain homeostasis in the nervous system and the body (Eisenhofer and Lenders
2018). The actions of catecholamines result in the activation of the sympathetic nervous

system which is responsible for the “fight or flight” reaction of the body.

ARs belong to the guanine nucleotide-binding G protein—coupled receptor
(GPCR) superfamily and are divided into a1, a2, 1, B2, and B3 subtypes. While a1 ARs
are coupled to stimulatory Gq proteins that activate the phospholipase C enzyme, a2

7



ARs are coupled to inhibitory Gi proteins which inactivate adenylyl cyclase (Wang 2012;
Bylund 2013). However, a1 and a2 ARs are mainly expressed in the smooth muscle
cells and central nervous cells, respectively, suggesting that they do not contribute to
the regulation of T cells (Wang 2012; Bylund 2013). On the other hand, the 3 subtypes
differ from a ARs in their signaling and occurrence. 1 and B2 ARs activate the Gs-
adenylyl cyclase which stimulates the cyclic adenosine monophosphate (cCAMP) leading
to the activation of protein kinase A (PKA) (lllustration 2) (Hieble 2009; Bylund 2013;
Ciccarelli et al. 2017). B1 ARs are mainly found in the heart and kidney, whereas (32 are
distributed throughout the body specifically in the smooth muscle cells of the lungs.
Given that B3 ARs were discovered recently as compared to 31 and 2 ARs, there have
been a debate on their functions and occurrence. However, our current knowledge of 3
ARs is that they are expressed in the adipose cells and can couple to both inhibitory

and stimulatory G proteins (Moens et al. 2010).

There is evidence from human and murine models that 2 ARs are expressed in
the immune cells and predominantly in T cells (Kohm and Sanders 2001; Ross et al.
2018; Wu et al. 2018). Interestingly, studies shows that B2 ARs are expressed in Th1
and Th17 cells which pose many questions regarding their role in regulating Th cell
functions (Ramer-Quinn et al. 1997; Sanders et al. 1997a; Kohm and Sanders 2001;
McAlees et al. 2011; Sanders 2012; Carvajal Gonczi et al. 2017). If these receptors are
capable of initiating a specific and differential regulation of Th cells, many agonistic and
antagonistic adrenergic drugs which are readily available and cleared for safety and

side effects could be tested in clinical trials and used as immunomodulatory drugs.

Early studies deduced some functions of B2 ARs on T cells before having the
technology to measure the expression of these receptors on T cells. These studies
showed that the activation of adenylyl cyclase and production of cAMP in T cells were
elevated by using a 32 adrenergic agonists such is isoproterenol and this effect was
reversed using an antagonist such as propranolol (Makman 1971; Melmon et al. 1974,

Bach 1975). B2-adrenergic signaling was shown to induce murine DCs to produce IL-6



cytokine promoting Th17 differentiation (Manni et al. 2011), and inhibit the production of
IL-12 cytokines to decrease the differentiation into Th1 cells (Sonnenfeld et al. 1992).
The standard method to study the adrenergic signaling in immune cells has been
to use ligands such as agonists or antagonists and observe the alterations in cytokine
production and gene expression. There is a dichotomic understanding of the adrenergic
ligands being considered either agonists or antagonists. By definition, f AR-antagonists
block the signaling from ARs and do not affect cAMP levels or the internalization of 3
AR. In contrast, B AR-agonists trigger the adrenergic signaling to increase cAMP levels
in the cells and B AR internalization. This conviction was challenged after revealing that
there is a specific type of agonism called the biased agonism. GPCRs signal through
two pathways: the first through the Ga and Gy proteins and the second through G
protein-coupled receptor kinase (GRK)/B-arrestin pathway (lllustration 2) (Lefkowitz and
Shenoy 2005). Full B2- adrenergic agonists simultaneously trigger the two
aforementioned pathways whereas biased or inverse agonists only activate one
pathway (T. Andresen 2011). The G-protein-mediated signaling results in the activation
and elevation of cAMP and PKA whereas the B-arrestin-mediated signaling leads to the
activation of MAPKs and extracellular signal-regulated kinases (ERKSs) (Barlic et al.
2000; DeFea et al. 2000). In addition, the B-arrestin-mediated signaling regulates the
cAMP levels in the cytosol by desensitization the G-protein-mediated signaling and
initiates antiapoptotic signaling (Revankar et al. 2004; Lefkowitz and Shenoy 2005).
This paradigm of B2 AR signaling adds a level of complexity to adrenergic
immunoregulation and paves the way for new adrenergic agonists to be investigated as

immunomodulatory drugs.

Although our current knowledge implies that adrenergic signaling could indirectly
regulate the immune responses of different Th cell subsets by acting on other cells
including APCs such as macrophages and dendritic cells, the direct effects of
adrenergic signalling on Th cells is poorly understood. There have been few studies that
assessed the direct effect of adrenergic signaling on Th cells and their findings were
contradicting. For example: cytokine production of Th1 was shown to be significantly
inhibited by triggering f2-adrenergic signaling using norepinephrine (NE) (Ramer-Quinn
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et al. 1997; Sanders et al. 1997b; McAlees et al. 2011). In two publications, Huang et al,
induced catecholamines production by lymphocytes and found that lymphocyte-derived
catecholamines inhibit Th1 cell differentiation (Huang et al. 2015a; Huang et al. 2015b).
In murine cell cultures of Th1/Th2, terbutaline, a specific f2-adrerenrgic agonist,
suppressed Th1 cells, leading to less IFNy (Sanders et al. 1997a; Agarwal and Marshall
2000). In contrast, in another study, NE increased the IFNy production by differentiated
Th1 cells (Swanson et al. 2001). Similarly, the f2-adrenergic blocker, propranolol, used
in experimental autoimmune encephalomyelitis (EAE) rats, resulted in an increased IL-
17 and Th17 cell frequency in male rats (Vujnovic et al. 2019). In contrast, propranolol
led to a decrease in the number of Th17 cells in EAE rats (Pilipovi¢ et al. 2019).
Moreover, our lab found that terbutaline increased IL-17A cytokine levels in samples of
PBMCs (Carvajal Gonczi et al. 2017). Nonetheless, there is a general conviction that
the adrenergic signaling in immune cells leads to exacerbating the inflammation and

increases the production of IL-17A cytokines although it may still inhibit IFNy.

1.4. Nebivolol as an immunomodulatory drug

The immunomodulatory roles of adrenergic drugs used to treat cardiovascular
diseases or asthma were investigated by researchers in order to use them to treat
autoimmunity. These drugs represent interesting candidates for immunotherapy given
that their B AR signaling is well tested and understood in various tissues, and their
safety is confirmed since they are already approved for clinical use. For example:
albuterol, an asthma drug, was found to improve the clinical outcome of glatiramer
acetate-based therapy of MS (Khoury et al. 2010). However, more research is needed
to study different candidates belonging to different types of agonists and antagonists
given that most ligands used in in-vitro experiments are full agonists or full antagonists
such as isoproterenol and propranolol, respectively. Here, we are studying nebivolol
which is an adrenergic drug used to treat hypertension (Ignarro 2008). Nebivolol
mitigates hypertension symptoms by inducing a vasodilation in blood vessels in a nitric
oxide (NO)-dependent mechanism (Broeders et al. 2000; Angulo et al. 2010). It was
considered to be a selective 31 and 32 AR blocker or antagonist given that it does not

increase the levels of cCAMP in the cytosol. However, nebivolol was shown to increase
10



the B AR internalization similarly to B AR agonists (Pauwels et al. 1989; Pauwels et al.
1991; Frazier et al. 2011). In a study evaluating its signaling, nebivolol was revealed as
an inverse or biased agonist of 2 AR, and likely f1 AR, that activates the GRK/§-
arrestin pathway only without inducing the G-protein-mediated signaling (Erickson et al.
2013). Given this, we would expect nebivolol to be different from other agonists as a
result of its unique signaling pathway which could provide a novel mechanism to
regulate the immune cells. To our knowledge, nebivolol has never been studied as an
immunomodulatory drug or explored as a possible autoimmunity therapeutic drug which

is one reason | studied it more in the thesis.

Interestingly, our group recently discovered for the first time that nebivolol inhibits
the production of IL-17A and IFNy in samples of human PBMCs (Figure S 9
unpublished data). An adrenergic agonist capable of suppressing two prominent
proinflammatory cytokines being IL-17A and IFNYy is precisely what is needed to treat
autoimmune diseases characterized by elevated levels of these cytokines. Therefore, in
my thesis | performed a study to further understand how nebivolol is regulating the
immune cells and whether its regulatory mechanism is mediated by NO. It is well known

that NO is an important immunomodulatory agent as | will present in the next section.

1.5. Nitric oxide regulation of Th cells

Considering that nebivolol is known to increase nitric oxide signalling in cardiac
cells, the second immunomodulatory scheme to be discussed is the NO signaling in
immune cells. Autoimmunity and pathogenic inflammation are associated with elevated
NO levels (MacMicking et al. 1997; Sarchielli et al. 1997; Bogdan 2001). Furthermore,
during inflammation, high levels of NO are produced (Bogdan et al. 2000; Coleman
2001) and contribute to the progression of many diseases such as asthma (Kharitonov
et al. 1994), rheumatoid arthritis (Mclnnes et al. 1996) and MS (Sarchielli et al. 1997). In
the following section, | will describe NO, its synthesis and signaling in addition to its

relationship with Th cells.
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NO is a highly reactive, short-lived free radical that is the smallest signaling
molecule known and has various molecular targets (Bogdan 2001). Moreover, NO was
shown to be a key messenger and regulatory molecule in neurotransmission (O’Dell et
al. 1991; Schuman and Madison 1991), vascular contractility (Rapoport et al. 1983;
Forstermann et al. 1986), gene transcription (Khan et al. 1996; Gudi et al. 1999) as well
as in pathogenesis and inflammation (MacMicking et al. 1997; Bogdan 2001).

NO is synthesized in different cell types by a family of enzyme isoforms called
the nitric oxide synthases (NOSs). There are three isoforms that have been identified:
neuronal NOS (nNOS/NOS1), inducible (iNOS/NOS2) and endothelial NOS
(eNOS/NOS3). All NOS isoforms bind the calcium-modulated protein calmodulin and
contain haem. The generation of NO by all NOS requires a substrate of L-arginine, co-
substrates of molecular oxygen (O?) and reduced nicotinamide-adenine-dinucleotide
phosphate (NADPH), and cofactors of flavin adenine dinucleotide (FAD), flavin
mononucleotide (FMN), and (6R-)5,6,7,8-tetrahydro- L-biopterin (BH4). (Crane et al.
1998; Alderton et al. 2001). Notably, the generation of NO from L-arginine occurs in two
steps where NOS hydroxylates L-arginine to produce N -hydroxy-L-arginine which
remains bound to NOS which then oxidizes it to produce NO and L-arginine (Illustration
3) (Noble et al. 1999; Stuehr et al. 2001). This explains the use of N>-Monomethyl-L-
arginine acetate salt (L-NMMA) as a general NOS inhibitor in many studies aiming to

block the generation of NO and it will be used in my thesis as well.

The different NOS isoforms are expressed in different cell types and at different
rates under different conditions of health and disease. INOS only was showed to be
expressed in the immune cells such as macrophages and T cells and to play a role in
inflammation and septic shock (Férstermann and Sessa 2012; Bogdan 2015). Given
that INOS is involved in inflammation and regulates the immune system through multiple
intracellular mechanisms (Forstermann 2000; Salvemini et al. 2003), it is necessary to

understand the regulation of different Th cell subsets by iINOS.

The NO formed by NOS isoforms can modulate the cellular signaling by targeting
many proteins and enzymes in the producing cells or neighbouring cells (reviewed in
12



(Guzik et al. 2003)). The predominant signaling pathway of NO occurs through the
activation of soluble guanylyl cyclase (sGC) and the following generation of cyclic
guanosine monophosphate (cGMP) (Rapoport et al. 1983; Furchgott et al. 1984;
Forstermann et al. 1986; Knowles et al. 1989; Garthwaite 1991; Fischer et al. 2001).
The synthesis of the second messenger cGMP leads to the recruitment and activation
of protein kinase G (PKG), phosphodiesterases (PDEs), and cyclic nucleotide-gated
channels (lllustration 3) (Derbyshire and Marletta 2012). Other nonclassical signaling
mechanisms of NO includes the induction of significant post-translational protein
modification through the nitration of Tyr or S-nitrosylation of Cys thiol groups (Martinez-
Ruiz et al. 2011). Furthermore, NO-mediated S-nitrosylation was shown to modulate the
activation and function of sGC which highlights a remarkable relationship that is still
under investigation (Beuve et al. 2016). S-nitrosylation was shown to negatively
regulate the development of T cells. For example: a lymphocyte deficiency,
lymphopenia, was developed in mice lacking the denitrosylase glutathione/S-
nitrosoglutathione reductase (GSH/ GSNOR) which reverses S-nitrosylation, and the
condition was improved by deleting the INOS gene (Yang et al. 2010; Anand et al.
2014). In addition, NO becomes inactivated when it reacts with superoxide anion (O2)
and this reaction generates oxidant peroxynitrite (ONOO-) which results in oxidative
damage and DNA breakage (lllustration 3) (Lee et al. 2003; Mikkelsen and Wardman
2003; Ridnour et al. 2004). Thus, NO can modulate the immune cells besides other cell
types and in the following section, | will explore how Th cells affect NOS expression and

NO release as well as how NO regulate the Th cells and their cytokines.

1.5.1. Reciprocal Modulation between NO and Th cells

A reciprocal modulation between Th cells and NO has been observed in various in
vitro studies using mouse or human samples (Pahan and Mondal 2012). The
modulation occurs in one direction when cytokines released by Th cells regulate the
expression of NOS genes or NO production, and in another direction when the released
NO by Th cells or other immune cells modulate the proliferation and cytokine production
of Th cells.
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A- Th cells regulate NO

The IFNy cytokine was shown to be sufficient to effectively induce the transcription
of INOS gene in many cell types including Th cells, macrophages and glial cells (Stuehr
and Marletta 1987; Xiong et al. 1996; Jovanovic et al. 1998; Saha and Pahan 2006).
IFNYy is believed to induce the INOS gene transcription and hence the NO production
through STAT1 transcription factor which becomes activated following the binding of
IFNYy to its receptor and phosphorylating Janus kinases (JAK2) (Xie et al. 1993;
Kitamura et al. 1996; Dell’'Albani et al. 2001). On the other hand, the effect of IL-17A
cytokine on the transcription of NOS genes and NO production is still under debate.
Jovanovic et al. found that IL-17 alone has no effect on the levels of NO and iNOS gene
in human PBMCs and macrophages (Jovanovic et al. 1998). However, IL-17 was shown
to induce the transcription of INOS in murine chondrocytes, endothelial cells and
fibroblasts (Miljkovic et al. 2003; Miljkovic et al. 2005). Furthermore, a positive
correlation between IL-17A and NO was observed in the PBMCs of patients with
Inflammatory bowel diseases (Rafa et al. 2013). It is suggested that IL-17 induces the
expression of INOS by inducing a phosphorylation of Src, Ras and TRAF6 proteins
which activate NF-kB and MAPKs which in turn activate AP-1 (Miljkovic and Trajkovic
2004; Yang and Yuan 2018). In addition, binding IL-17 to its receptors activates JAK1/2
which leads to iINOS upregulation through STAT1 (Miljkovic and Trajkovic 2004).
Nonetheless, in a study evaluating the effects of circulating IL-17 in plasma on cerebral
endothelial cells, IL-17 was shown to suppress NO production in a Rho-kinase-
dependent inhibitory phosphorylation of eNOS (Faraco et al. 2018). The regulation of
NO production and iNOS transcription by Th cells is a complex process as it depends
on the cell type and occurs on the transcriptional levels. Therefore, more studies are
needed to address this topic in various cell types and under nonpathological conditions
especially that NO is a potent mediator of inflammation and central biological

processes.

B- NO regulates Th cells
The NO production in the immune system alters the function and stability of Th
cells, which consequently modulates the immune responses (Liew 1995; Kolb and Kolb-
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Bachofen 1998; van der Veen 2001). However, there are divergent findings regarding
the role of NO on different Th cell subsets (Bauer, Jung, Tsikas, Stichtenoth, C. Frdlich,
et al. 1997; van der Veen et al. 1999) suggesting that NO can both enhance and
suppress Th cell functions (Liew 1995). There are few studies discussing the effect on
NO on Th1 and Th17 cells. Instead, most studies evaluate the NO- mediated regulation
of other cell types which will eventually modulate the development of Th1 and Th17
cells (Bogdan 2015). Although this approach provides a valuable knowledge regarding
the immunomodulatory mechanisms of NO on Th cell development, understanding the
direct effects of NO on Th cells will help to develop therapeutics to combat morbidities
associated with T cell dysregulation. In the following section | will review the current
knowledge regarding the direct as well as the indirect NO-mediated regulation of Th

cells.

Exogenous NO applied by the NO donor S-nitroso-N-acetyl-penicillamine (SNAP)
treatment on naive murine Th cells enhanced the development of Th1 cells, whereas
fully committed Th cells remained unaffected (Niedbala et al. 1999). These types of
donor chemicals are used for research because they slowly release NO, since NO can
not be used directly as a reagent due to its short half-life. The Th1 master transcription
factor, T-bet, was suppressed in T cells using gemfibrozil which is a drug that inhibits
iINOS expression and NO production meaning that NO induces the development of Th1
cells (Pahan et al. 2002; Xu et al. 2006; Dasgupta et al. 2007; Jana et al. 2007). There
is more evidence suggesting an inhibitory role of NO on Th1 cells. NO was shown to
regulate the development of murine Th1 cells indirectly by suppressing the synthesis of
their driving cytokine IL-12 in APCs such as macrophages and dendritic cells (Huang et
al. 1998; Xiong et al. 2004). Moreover, In cultures of human PBMCs, NO directly
reduced the proliferation of Th1 cells and IFNy release in a time-dependent manner
(Macphail et al. 2003). The reduction of IFNy cytokine following the NO treatment was
linked to the inhibition of Th1 cells proliferation regardless of the cytokine (Xiong et al.
1996). Accordingly, the number of murine cells expressing T-bet transcription factor
were reduced by NO under mycobacterial infection (Pearl et al. 2012). In contrast, the

treatment of human Th cells with exogenous NO inhibited the cytokine secretion of
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activated Th1 cells especially IFNy (Bauer, Jung, Tsikas, Stichtenoth, J.C. Frolich, et al.
1997). NO donor reduced IFNy cytokine in human Th cells in a dose-dependent manner
where it had no effects on IFNy cytokine levels at low doses (Obermajer et al. 2013)
whereas the NO donor GSNO at intermediate levels had no effect on IFNy (Singh et al.
2018). While there are divergent findings regarding the role of NO on Th1 cells and

IFNy cytokine, the findings regarding Th17 cells seem to be more consistent.

In human and murine samples, exogeneous NO suppressed the proliferation and
function of Th17 cells (Niedbala et al. 2011). This suppression was shown to be due to
the NO-mediated inhibition of the expression of the transcription factor aryl hydrocarbon
receptor (AHR) which enhances the development Th17 cells (Niedbala et al. 2011).
Accordingly, EAE mice lacking iINOS had higher levels of AHR expression and
developed more severe MS conditions as a result of the increase in Th17 cells and IL-
17A cytokine levels (Niedbala et al. 2011). However, the AHR-dependent explanation of
the NO-mediated inhibition of Th17 cells and IL-17 cytokine was challenged when the
aforementioned findings could not be replicated and the AHR expression was not
significantly different between wild type and iNOS-knockout mice (Xue et al. 2018). The
alterations in the expression of INOS and AHR were found to be synchronous but there

is not a causal relationship between them (Wheeler et al. 2013).

An alternative explanation for the NO-mediated inhibition of Th17 cells and IL-17
cytokine depends on the tyrosine nitration by NO of many proteins especially the ROR-
yt (Xiong et al. 2004; Yang et al. 2013). The NO donor, S-nitrosoglutathione (GSNO),
improved the MS conditions in EAE mice by suppressing the release of IL-17 from Th17
cells and this suppression was shown to be due to the inhibition of the phosphorylation
of STAT3 and the expression ROR-yt in Th cells (Nath et al. 2010; Singh et al. 2018).
Accordingly, the increased expression of INOS in naive T cells, negatively regulates the
differentiation of Th17 cells by nitrating ROR-yt (Yang et al. 2013; Zhang et al. 2013).
Moreover, the NO donor SNAP inhibited IL-17 cytokine production and release in Th17
cells in a dose-dependent manner (Yang et al. 2013), and this inhibition was due to
reduced ROR-yt binding and activation of IL-17 promoter (Xiong et al. 2004; Yang et al.
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2013). The nitration of specific tyrosine residues affects the structure and function of
many proteins and transcription factors in Th cells which in turn modulates the immune
response (Ji et al. 2006; Prasad et al. 2007; Cheng et al. 2018). For example the
nitration of tyrosine residue in IKBa resulted in its dissociation from NF-kB (Yakovlev et
al. 2007), and the nitration of the p65 protein inhibited its binding and activation of NF-
kB (Khan et al. 2006)

Despite the inhibitory role of NO on Th17 cells and IL-17 cytokine, NO was
shown to affect Th17 cells differently depending on the dose. In cultures of human Th
cells, NO reduced the release of IL-17A at high concentrations, whereas it augmented
IL-17A at lower concentrations, where the concentrations refer to the donor chemical
(Obermajer et al. 2013). Thus, low NO levels induce the stability and function of Th17
cells in human Th cells (Obermajer et al. 2013). In contrast, high NO levels induce cell
death in isolated mice Th cells (Brline et al. 1999; Kiang et al. 2008) and result in
modifications of endogenous proteins (de Vera et al. 1996; Thomas et al. 2004).
Notably, there is not a universal definition of low and high NO doses to be used in vitro.
Instead, researchers opt to use a gradient of NO donor concentrations to infer the
different effects of varying NO levels. Although this concept complicates the translation
of the in vitro findings into clinical studies using human patients, these studies still

provide interesting insights into the effects of different NO levels on the immune cells.

Most studies evaluating the effects of NO on the immune cells were performed in
vitro on murine cells (Liew 1995; van der Veen 2001). Notably, there are profound
differences in the regulation and function of NO between mice and humans
(Schneemann and Schoedon 2002; Fang 2004; Schneemann and Schoeden 2007).
Although researchers have been using murine and rodent models to study different
aspects of the immune systems, humans have evolved to tolerate lower levels of NO as
compared to mice and rats which forms a barrier to translate NO experimental findings
in mice and rats into human studies (Garcia-Ortiz and Serrador 2018). Moreover, the
main enzyme responsible for NO production is INOS which releases large amounts of
NO, whereas human cells mainly depend on the constitutive NOS enzymes given the
low-level of NO they tolerate (Garcia-Ortiz and Serrador 2018). All in all, it is necessary
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to study the immunomodulatory roles of NO in human T cells in order to recruit it to face

autoimmunity.

1.6. The adrenergic signaling and the role of NO

Given the significance of the adrenergic signalling and NO in Th cell regulation,
the involvement of NO in Th cell adrenergic signaling can strengthen our understanding
of Th cell regulation by adrenergic drugs and support their candidacy as
immunomodulatory agents. A relationship between adrenergic signaling and NO was
described in different tissues and experimental models. For example, propranolol, a f2-
adrenergic antagonist, reduced the NO generation in embryonic stem cells (Sharifpanah
et al. 2014), whereas isoproterenol, a f2-adrenergic agonist, increased the iINOS
activity and NO release in human umbilical vein endothelial cells (Yao et al. 2003).
Accordingly, the therapeutic effects of nebivolol are associated with the induction of NO
release, increased expression of NOS2 mRNA and activation of the NO pathway in
endothelial cells (Kuroedov et al. 2006; Ladage et al. 2006; Angulo et al. 2010; Chien et
al. 2013; Mose et al. 2015). These findings suggest that the stimulation or blocking of
adrenergic receptors can modulate the NO levels. However, the adrenergic-mediated
regulation of NO in Th cells is poorly understood. In murine macrophages and human
monocytes, isoproterenol was found to regulate Th cells and NO production differently
depending on the inflammatory stimulus (Szelenyi et al. 2006). The full B2-adrenergic
agonist increased the expression of NO and proinflammatory cytokines such as TNFa
and IL-12 with protein kinase C (PKC)-activating phorbol myristyl acetate (PMA),
whereas it decreased their expression with lipopolysaccharide (LPS) (Szelenyi et al.
2006). This dual modulation by isoproterenol was explained using the kinase pathway
where it increases MAPK phosphorylation in cells treated with PMA, and decreases
ERK1/2 and p38 activation in LPS-treated cells (Szelenyi et al. 2006). nebivolol's
biased agonism leads to the activation of MAPKs and ERK1/2 as well as the
desensitization of cAMP and PKC (Lefkowitz and Shenoy 2005; Erickson et al. 2013).
Therefore, | hypothesized that nebivolol can increase the production of NO in human

PBMCs by its unique signaling pathway. Moreover, the nebivolol-mediated NO
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production is expected to explain the inhibition of IL-17A and IFNy cytokine production
in activated PBMCs.

1.7. Conclusion

Despite the significance of NO and 2ARs in modulating the immune responses, the
effects of 32-adrenergic biased agonists on the expression and release of NO in Th
cells are yet to be discovered. In this thesis, | aimed to confirm the unpublished findings
regarding the effects of nebivolol on the function and stability of Th1 and Th17 cell
subsets. | also investigated the effects of different NO donor concentrations on the
functions of Th1 and Th17 in samples of human PBMCs. The evaluation of Th1 and
Th17 cell stability and function will be performed by measuring their hallmark cytokines,
IFNy and IL-17A, as well as the gene expression of their master transcription factors, T-
bet and ROR-vyt, all respectively. Finally, | evaluated the NO-inducing ability of nebivolol
and whether its effects on Th cells are mediated by the NO pathway. This was achieved
by measuring the Th cells’ main cytokines following the inhibition of the NOS enzymes
and the blocking or induction of the cGMP pathway which is the main signaling pathway
of NO. In addition, the NOS2 gene expression was measured following the nebivolol

treatment.

My thesis was the first to investigate the link between B2ARs and NO in Th1 and
Th17 cells in samples of human PBMCs. The modulation of NO expression in Th cells
by nebivolol will be immensely valuable to manage autoimmunity and inflammation
especially that these pathological conditions are associated with increased
proinflammatory cytokines and NO production. Nebivolol is already approved for safe
use for cardiovascular disease, suggesting that it can be further explored for possible

off-label use in autoimmunity.
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lllustration 1: T helper 1 and T helper 17 cell activation and differentiation: The
differentiation of Th cells is initiated by two routes: 1) The T cell receptor (TCR) and
coreceptor (CD4) recognition of a peptide antigen presented on a major
histocompatibility complex MHC Il of an antigen presented cell (APC). 2) The binding of
milieu cytokines to their receptors induces a signaling pathway to activate specific
transducer and activator of transcription (STAT) proteins besides other protein in order
to upregulate master transcription factors of the corresponding Th cell subset, T-bet for
Th1 cells and RORyt for Th17 cells. Following the differentiation of Th cells, they
release cytokines characteristic of the Th cell subset. The cytokines target many cell
types and induce different proinflammatory responses (Pennock et al. 2013; Huang et
al. 2015b; Murphy and Weaver 2016). Created using Biorender with the
acknowledgement of Anna Lazaratos.
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lllustration 2: Adrenergic signaling: the adrenergic signaling occurs through two
intracellular pathways namely the cAMP pathway and the GRK/B-arrestin pathway.
Abbreviations used include: NFkB: nuclear factor-kB, CREB: cAMP response element-
binding protein, (Pennock et al. 2013; Murphy and Weaver 2016). Created using

Biorender with the acknowledgement of Akiko Iwasaki, PhD (content expert) Ruslan
Medzhitov, PhD (content expert).
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lllustration 3: Nitric oxide synthesis and signalling. Nitric oxide synthases generate
nitric oxide from a substrate of L-arginine and co-substrates of molecular oxygen (O?)
and reduced nicotinamide-adenine-dinucleotide phosphate (NADPH). The generation of
nitric oxide involves the creation of an intermediate product of Nw-hydroxy-L-arginine
which remains bound to the NOS enzyme before being converted into nitric oxide and
citrulline. NO signals predominantly though the soluble guanylyl cyclase (sGC) which
activated cyclic guanosine monophosphate (cGMP). cGMP activated protein kinase G
(PKG) and multiple phosphodiesterase. Nitric oxide can also bind anion superoxide to
form oxidant peroxynitrite (ONOQO") which leads to DNA breaks and cell death. Finally,
through S-nitrosylation, nitric oxide can induce modifications of multiple targets within
the cell. The illustrations demonstrate the drugs that were used throughout this thesis to
investigate the role of nitric oxide in immunoregulation. The drugs included: nitric oxide
donor S-Nitroso-N-acetyl-DL-penicillamine (SNAP), general nitric oxide synthase
inhibitor: NG-Methyl-L-arginine acetate (L-NMMA), cGMP analogue 8-Bromoguanosine
3',5"-cyclic monophosphate sodium (Br-cGMP) and cGMP inhibitor 1H-
[1,2,4]0Oxadiazolo[4,3-a]quinoxalin-1-one (ODQ). Created using Biorender.
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CHAPTER II: Materials and Methods
2.1. PBMCs Activation and Drug Treatment

Peripheral blood mononuclear cells (PBMCs) which contain T cells and other white
blood cells, were isolated from venous blood according to a standard protocol
(Freundlich and Avdalovic 1983). The blood was drawn from six healthy human
participants by a licenced phlebotomist after an informed, signed consent was obtained.
The participants were interviewed prior to drawing blood to confirm the criterion of
healthy state by self-reporting of their health condition. The exclusion criteria included
chronic illness, recent vaccination, hormonal treatment or autoimmune diseases. The
study was approved by the Concordia University Research Ethics committee (certificate
30009292). Up to twelve heparinized vacutainer tubes (BD, Franklin Lakes, NJ, USA)
were drawn and processed using ficoll-hypaque (GE healthcare, Mississauga, ON,
Canada) density gradient centrifugation techniques to isolate the layer of PBMCs
(Tabatabaei Shafiei et al. 2014).

PBMCs were incubated for 24 hours at 37° in media which contained 10% heat-
inactivated fetal bovine serum (FBS; Wisent Inc., Montreal, QC, Canada) in Roswell
Park Memorial Institute (RPMI 1640) medium supplemented with 1mM penicillin with
streptomycin, and 2mM glutamine (Wisent Inc. QC, Canada). Following the 24-hour
incubation time, 0.5 x 108 PBMCs were cultured in RPMI 1640 medium supplemented
with 10% FBS in a round bottom 96 well culture plate (VWR, Mississauga, ON, Canada)
at a concentration of 2.5 x 108 cell/ml. The viability check and count of PBMCs was
performed before culturing the cells using trypan (Trypan Blue Solution, 15250061,
Gibco™, Waltham, MA, US) and an automated cell counter (Countess™ 3 FL,
Invitrogen™, Carlsbad, CA, USA). The activation of PBMCs was achieved by adding
cell culture grade anti-CD3 (clone OKT3) and anti-CD28 antibodies (clone CD28.2)
(eBioscience, San Diego, CA, USA) in soluble format at 0.1 mg/mL each. This activation
technique was followed by studies using PBMCs as a model as well as our recent work
at Dr. Darlington’s lab (Macphail et al. 2003: 1; Wahle et al. 2005; Carvajal Gonczi et al.
2017)
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The in vitro drug treatments included the adrenergic agonist nebivolol at 10-°M
(Nebivolol hydrochloride, N1915, Sigma Aldrich), the NO donor SNAP used at
concentrations of 10uM, 25uM, 50uM, 100uM and 250uM (S-Nitroso-N-acetyl-DL-
penicillamine, N3398, Sigma Aldrich, Mississauga, ON, Canada), the NOS2 inhibitor
1400W at 0.2uM (1400W dihydrochloride, W4262, Sigma Aldrich, Mississauga, ON,
Canada), and the selective inhibitor of NO-sensitive soluble guanylyl cyclase (sGC)
oDQ at 10uM (1H-[1,2,4]Oxadiazolo[4,3-a]quinoxalin-1-one, 03636, Sigma Aldrich,
Mississauga, ON, Canada). Nebivolol, SNAP, 1400W, and ODQ are dimethyl sulfoxide
(DMSO)-soluble and require an organic solvent control group which was included at a
matching dilution and referred to afterwards as DMSO vehicle control. Other in vitro
drug treatments included the cell permeable analog of cyclic guanosine 3":5'-
monophosphate (cGMP) Br-cGMP at a concentration of 100uM (8-Bromoguanosine
3',5"-cyclic monophosphate sodium salt, B1381, Sigma Aldrich, Mississauga, ON,
Canada), and the general NOS inhibitor L-NMMA at a final concentration of 500uM
(NG-Methyl-L-arginine acetate salt, M7033, Sigma Aldrich, Mississauga, ON, Canada).
Both Br-cGMP and L-NMMA are water-soluble and do not require an organic solvent

control group.

2.2. Enzyme-linked Inmunosorbent Assay (ELISA)

To measure cytokines, cell culture supernatants were collected after four days of
incubation at 96-hour time point. The cytokines were measured with a sandwich
enzyme-linked immunosorbent assay (ELISA), according to the manufacturer's
instructions for human IFNy (BD Bioscience, San Jose, CA, USA) and human IL-17A
(Invitrogen™, Carlsbad, CA, USA).

2.3. Quantitative real-time polymerase chain reaction (QRT-PCR)

After six days of incubation, a total RNA extraction was performed on cells collected
from four biological replicates of each condition (approximately 2x10° cells) using spin
columns according to the manufacturer’s protocol (PureLink™ RNA Mini Kit,
12183018A Invitrogen™, Carlsbad, CA, USA). The total RNA was measured and

verified for chemical and protein contamination using a spectrophotometer (NanoDrop™
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2000c, ThermoScientific™), and then used to create a cDNA library using reverse
transcription kit according to the manufacturer’s protocol (iScript™ Reverse
Transcription Supermix, 1708841, BioRad, Hercules, CA, US). The cDNA was then
used in a TagMan analysis of MRNA expression using TagMan-recommended
inventoried assays for the NOS2 gene, the major transcription factors of Th1 (TBX2 or
T-bet) (Szabo et al. 2000) and Th17 (RAR Related Orphan Receptor C, Rorc) (lvanov et
al. 2006a) and the reference gene (HPRT1) [Gene IDs: NOS2: Hs01075527, TBX2:
Hs00203436-m1, Rorc: Hs01076112, HPRT1: Hs02800695_m1, respectively] (Applied
Biosystems, Foster City, CA, US). The gene expression of NOS2, TBX2, and Rorc was
normalized to the expression of the reference gene HPRT1 and expressed as a relative
expression where the fold increase was denoted as (274¢T) and ACT was calculated

using the formula: ACT = CTtarget gene) — CTuprr1-

2.4. Statistical Analysis:

Due to the small sample size and the differential response of different subjects and
given the importance of interindividual variability in immune regulation, we found that it
will be more informative to present the figures of key phenomena in two formats, pooled
and individual figures. The pooled figures were plotted using the aggregate data from
different subjects whose cells were treated for the same condition and expressed as
means + SEM (the number of subjects or participants (n) was provided in the individual
figure panel and associated legend). On the other hand, the individual figures were
plotted using the data from the three biological replicates for every subject and
expressed as means + SEM (the participant code (LCR) was provided in the individual
figure panel and associated legend). In cases of contradictory responses from different
subjects, only the individual figures were provided as the pooled figure doesn’t depict
the observed phenomenon. Microsoft® Excel for Mac Version 16.49 was used to
calculate the means and SEM and normalize the cytokine concentrations from the
ELISA plates’ fluorescence readings as well as the gene expression levels from qRT-
PCR plates’ fluorescence readings. GraphPad Prism Version 9 software was used to
plot the figures and analyze the data using Student’s t test (two-tailed) and 1-way and 2-

way analysis of variance (ANOVA) with correction for multiple comparisons using
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Bonferroni method, where appropriate, with P < 0.05 considered as significant (P 0.05
(ns), 0.0332 (*), 0.0021 (**), 0.0002 (***), <0.0001 (****)).
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CHAPTER IlI: Results

3.1. Nebivolol downregulates the IL-17A and IFNy cytokines in samples of

human PBMCs

To determine the in vitro effects of the biased adrenergic agonist, nebivolol, on the
function of Th1 and Th17 subsets within samples of human PBMCs, the levels of IL-17A
and IFNy cytokines were measured using sandwich ELISA on the culture supernatants
collected after 4 days of incubation with the drug. In terms of the IL-17A cytokine
response, the nebivolol treatment of activated human PBMCs resulted in a reduction of
61.40% (P<0.0001) in the pooled data as compared to the positive control of activated
PBMCs, (Figure 1). The nebivolol-induced inhibition of IL-17A cytokine was consistent
across the different subjects that were included in the study where | observed a
decrease of 54.56% (P<0.0001) in LCR288, 51.56% (P<0.0001) in LCR289, 72.24%
(P<0.0001) in LCR293, and 60.41% (P<0.0001) in LCR294, all compared to the positive
control of activated PBMCs (Figure 2 A-D). Moreover, the observed effect of nebivolol
was specific to the drug since the DMSO vehicle control of nebivolol did not cause a
change in the levels of IL-17A cytokine as compared to the positive control in the pooled
data (P=0.7991) (Figure 1) nor in all four subjects (P>0.9999, P=0.7237, P=0.0797,
P>0.9999 for LCR288, LCR289, LCR293 and LCR294,respectively) (Figure 2 A- D).
Thus, nebivolol considerably downregulates IL-17A cytokine levels in all samples of
human of PBMCs which supports its candidacy as an immunomodulator agent to
mitigate the symptoms of autoimmune diseases characterized by high IL-17 cytokine

profile.

On the other hand, the levels of the IFNy cytokine were reduced in the pooled data
as compared to the positive control upon treatment with nebivolol (P<0.0001) (Figure 3).
However, the subjects responded differently to nebivolol (Figure 4). While LCR288 and
LCR289 had a reduction in IFNy levels compared to the positive control of 46.2% and
50.3% respectively (Figure 4 A, B), LCR294 had a slight increase of 23.5% (P=0.0273)
in IFNy levels (Figure 4 D), whereas the IFNy cytokine levels were unchanged for
LCR293 (P=0.7051) (Figure 4 C). The DMSO vehicle control of nebivolol did not change
the levels of IFNy.
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Figure 1: The fold change of IL-17A cytokine concentration as compared to the positive
control of activated PBMCs with anti-CD3 and anti-CD28 antibodies (Act). The
conditions include No Act: negative control, Act: positive control, Act+Neb: activated
PBMCs treated with 10uM of nebivolol, Act+Neb Vh: activated PBMCs treated with the
vehicle control of nebivolol which is DMSO. The significance was calculated using the
pooled data from all subjects (n=4). P= 0.05 (no symbol), 0.0332 (x), 0.0021 (xx),
0.0002 (xxx), <0.0001 (xxxx).
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Figure 2: The individual data fold change from Figure 1 data, of IL-17A cytokine
concentration as compared to the positive control of activated PBMCs with anti-CD3
and anti-CD28 antibodies (Act) in individual subjects encoded by an LCR code. The
conditions include No Act: negative control, Act: positive control, Act+Neb: activated
PBMCs treated with 10uM of nebivolol, Act+Neb Vh: activated PBMCs treated with the
vehicle control of nebivolol which is DMSO. The significance was calculated using the
data from the biological replicates of every subject (n=3). P= 0.05 (no symbol), 0.0332
(%), 0.0021 (xx), 0.0002 (xxx), <0.0001 (xxxx).
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Figure 3: The fold change of IFNy cytokine concentration as compared to the positive
control of activated PBMCs with anti-CD3 and anti-CD28 antibodies (Act). The
conditions include No Act: negative control, Act: positive control, Act+Neb: activated
PBMCs treated with 10uM of nebivolol, Act+Neb Vh: activated PBMCs treated with the
vehicle control of nebivolol which is DMSO. The significance was calculated using the
pooled data from all subjects (n=4). P= 0.05 (no symbol), 0.0332 (%), 0.0021 (xx),
0.0002 (xxx), <0.0001 (sxxx).
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Figure 4: The individual data fold change from Figure 3, of IFNy cytokine concentration
as compared to the positive control of activated PBMCs with anti-CD3 and anti-CD28
antibodies (Act) in individual subjects encoded by an LCR code. The conditions include
No Act: negative control, Act = positive control, Act+Neb= activated PBMCs treated with
10uM of nebivolol, Act+Neb Vh= activated PBMCs treated with the vehicle control of
nebivolol which is DMSO. The significance was calculated using the data from the
biological replicates of every subject (n=3). P= 0.05 (no symbol), 0.0332 (%), 0.0021

(%), 0.0002 (xxx), <0.0001 (sxsx).



all subjects which makes the effects on IFNy levels that were mentioned above specific
to nebivolol. In a previous data set that | worked on with a larger sample size, nebivolol
significantly decreased IFNy (Figure S 9), thus the general conclusion is that nebivolol
can suppress the cytokine in most participants. Therefore, nebivolol’s biased agonism
downregulates IFNy and IL-17A cytokine levels in human PBMCs which further

supports the investigation of nebivolol as an immunomodulatory agent.

3.2. NO donor regulates the concentrations of IL-17A and IFNy in a dose-

dependent manner

Nebivolol has been used as an adrenergic drug to lessen hypertension through
dilating the blood vessels in a NO-dependent mechanism (Angulo et al. 2010; Erickson
et al. 2013). Therefore, to determine whether the immunomodulatory effects of nebivolol
are mediated by NO, | investigated the in vitro effects of NO on the regulation of Th cells
and the production of IL-17A and IFNy in human PBMCs. Different concentrations of the
NO donor SNAP were added to samples of PBMCs from three subjects (n=3) and
incubated for four days. Following the incubation time, the cell culture supernatant was
collected and used to measure the concentrations of IL-17A and IFNy cytokines using
Sandwich ELISA. Overall, a gradual decrease in IL-17A and IFNy cytokines was
observed with increased concentration of SNAP across all individual subjects and in the
pooled data (Figure SFigure 6,Figure 7Figure 8). In the rest of this section, the effects of

the different SNAP concentrations will be described.

SNAP concentration of 10uM: the lowest SNAP concentration (10uM) did not

change the levels of the IL-17A cytokine in the pooled data as compared to the positive

control of activated PBMCs (Figure 5). However, this dose of SNAP resulted in varied
IL-17A responses across different subjects (Figure 6). The levels of IL-17A cytokine
were unchanged for LCR293 and LCR289. However, LCR294 showed an increase of
18.7% in IL-17A cytokine levels as compared to the positive control (P<0.05) (Figure 6
A, B, C). Similarly, the pooled data for IFNy cytokine showed that IFNy cytokine was
unchanged compared to the positive control (P>0.05) following the treatment with 10uM
of SNAP (Figure 7). The IFNy response to the lowest SNAP dose was consistent across
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all subjects where no change was observed as compared to the positive control in
LCR289, LCR293 and LCR294. Overall, the data shows that the lowest dose of SNAP
used in this thesis does not affect the levels of IFNy and IL-17A cytokines and

demonstrates that PBMCs can tolerate low amounts of exogenous NO.

SNAP concentration of 25uM: Following the treatment with a higher dose of SNAP,

the levels of IL-17A cytokines in the pooled data were reduced by 12.1% as compared
to the positive control (P<0.05) (Figure 5). However, this dosage of SNAP, resulted in
no change of IL-17A cytokine levels in LCR289 and LCR293, whereas only LCR294
showed a reduction of 10.1% in IL-17A levels as compared to the positive control
(P=0.0239) (Figure 6 A, B, C). For the IFNy cytokine levels, no change was observed
following the SNAP (25uM) treatment in the pooled data as compared to the positive
control (Figure 7). However, one subject, LCR289, had a reduction of 35.9% (P=0.0014)
in IFNy cytokine levels (Figure 8 A) as compared to the positive control whereas the
IFNy cytokine levels for the other subjects, LCR293 and LCR294, remained unchanged
following the same treatment (Figure 8 B, C). This data shows that with higher SNAP
dosage, the levels of IL-17A and IFNy are starting to decrease which suggests an

immunoinhibitory role of NO.

SNAP concentration of 50uM: When the SNAP concentration increased to become

50uM, the levels of IL-17A and IFNy cytokines were reduced in the pooled data where |
observed a reduction of 23% (P<0.0001), and 32% (P<0.0001) for IL-17A and IFNy as
compared to the positive control, respectively (Figure S5Figure 7). However, the inhibition
of IL-17A and IFNy was not consistent across all individual subjects. In terms of IL-17A
cytokine levels, a reduction of 21% (P<0.05) for LCR293 and 31% (P<0.001) for
LCR294 was observed as compared to the positive control whereas there was a trend
of decrease of 17% in LCR289, (Figure 6 A, B, C). Similarly for IFNy cytokine, LCR289
had a reduction of 40%, (P=0.0004), and LCR294 had a reduction of 34.98%
(P=0.0019) whereas LCR293 had a trend of decrease of 22% (Figure 8 A, B, C). This
data further suggests an inhibitory role of higher NO dosages on Th cells within samples

of human PBMCs. Given the observed reduction in IL-17A and IFNy cytokine levels
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following the nebivolol treatment, a NO-mediated mechanism would require a significant

induction of NO synthesis and signaling.

SNAP concentrations of 100uM and 250uM: Given the aforementioned observations

with increasing SNAP dosage, it is expected that the highest SNAP concentrations of
100uM and 200uM will bring about a significant reduction in IL-17A and IFNy cytokine
levels, as compared to the positive control of activated PBMCs. Following the treatment
with 100uM of SNAP, | observed a decrease of 46% (P<0.0001) and 53% (P<0.0001) in
the pooled averaged data for IL-17A and IFNy cytokines, respectively (Figure 5Figure
7). The SNAP-induced inhibition for IL-17A and IFNy cytokines was consistent across
all individual subjects. LCR293 showed a reduction of 60.86% (P<0.0001) for IL-17A
cytokine and 43% (P=0.0001) for IFNy cytokine (Figure 6BFigure 8B). LCR294 had a
decrease of 59% (P<0.0001) for IL-17A cytokine and 64.72% (P<0.0001) for IFNy
cytokine (Figure 6CFigure 8C). Lastly, LCR289 showed a reduction of 19.83%
(P=0.0265) for IL-17A cytokine and 51% (P<0.0001) for IFNy cytokine. Similarly,
following the treatment with 250uM of SNAP, a reduction of IL-17A and IFNy cytokine
levels was observed in the pooled data and across all individual subjects. The levels of
IL-17A cytokine dropped by 78% in the pooled averaged data of all subjects as
compared to the positive control (P<0.0001) (Figure 5). There was a reduction in the IL-
17A cytokine levels of 67% in LCR289 (P<0.0001) (Figure 6 A), 81.88% in LCR293
(P<0.0001) (Figure 6 B), and 86% in LCR294 (P<0.0001) all compared to the positive
control of activated PBMCs (Figure 6 C). The levels of IFNy cytokine, on the other hand,
were reduced in the averaged pooled data by 69% (P<0.0001) (Figure 7) and across all
subjects by 70% (P<0.0001) in LCR 289 (Figure 8 A),74% (P<0.0001) in LCR293
(Figure 8 B), and 64% (P<0.0001) in LCR294 all compared to the positive control
(Figure 8 C). Thus, high levels of exogenous NO result in a considerably significant
reduction of IL-17A and IFNy cytokines which suggests a cytotoxic effect of high NO

levels on immune cells in samples of human PBMCs.
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Figure 5: The fold change of IL-17A cytokine concentration as compared to the positive
control of activated PBMCs with anti-CD3 and anti-CD28 antibodies (Act). The
conditions include Act: positive control, and the NO-donor S-Nitroso-N-acetyl-DL-
penicillamine (SNAP) that is used at final concentrations of 10uM, 25uM, 50uM, 100uM
and 250pM. The DMSO vehicle control of SNAP are insignificant and negated from this
figure to better depict the effects of the drug. The significance was calculated using the
pooled data from all subjects (n=3). P= 0.05 (no symbol), 0.0332 (%), 0.0021 (xx),
0.0002 (xxx), <0.0001 (sxxx).
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Figure 6: The individual data fold change from figure 5 data of IL-17A cytokine concentration as compared to the positive
control of activated PBMCs with anti-CD3 and anti-CD28 antibodies (Act) in individual subjects encoded by an LCR code.
The conditions include Act: positive control, and the NO-donor S-Nitroso-N-acetyl-DL-penicillamine (SNAP) that is used at
final concentrations of 10uM, 25uM, 50uM, 100uM and 250uM. The DMSO vehicle control of SNAP are insignificant and
negated from this figure to better depict the effects of the drug. The significance was calculated using the data from the
biological replicates of every subject (n=3). P= 0.05 (no symbol), 0.0332 (%), 0.0021 (xx), 0.0002 (xxx), <0.0001 (sxxx).
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Figure 7: The fold change of IFNy cytokine concentration as compared to the positive
control of activated PBMCs with anti-CD3 and anti-CD28 antibodies (Act). The
conditions include Act: positive control, and the NO-donor S-Nitroso-N-acetyl-DL-
penicillamine (SNAP) that is used at final concentrations of 10uM, 25uM, 50uM, 100uM
and 250uM. The DMSO vehicle control of SNAP are insignificant and negated from this
figure to better depict the effects of the drug. The significance was calculated using the
pooled data from all subjects (n=3). P= 0.05 (no symbol), 0.0332 (%), 0.0021 (xx),
0.0002 (xxx), <0.0001 (sxxx)
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Figure 8: The individual data fold change from figure 7 of IFNy cytokine concentration as compared to the positive control
of activated PBMCs with anti-CD3 and anti-CD28 antibodies (Act) in individual subjects encoded by an LCR code. The
conditions include Act: positive control, and the NO-donor S-Nitroso-N-acetyl-DL-penicillamine (SNAP) that is used at final
concentrations of 10uM, 25uM, 50uM, 100uM and 250uM. The DMSO vehicle control of SNAP are insignificant and
negated from this figure to better depict the effects of the drug. The significance was calculated using the data from the
biological replicates of every subject (n=3). P= 0.05 (no symbol), 0.0332 (%), 0.0021 (%x), 0.0002 (xxx), <0.0001 (sesxx).
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3.3. Different NOS isoforms affect the nebivolol-induced regulation of IL-17A

and IFNy cytokines

The inhibitory effects of nebivolol are similar to those of high exogenous NO dosage.
Therefore, to investigate whether the effects of nebivolol are mediated by NO induction,
| evaluated the NO-inducing ability of nebivolol. First, | evaluated the effects of NOS
enzymes on activated PBMCs as well as on nebivolol-treated PBMCs by using two
NOS inhibitors: L-NMMA which is a general inhibitor of all NOS isoforms and 1400W
which is a selective NOS2 inhibitor. The use of different inhibitors could help to

understand whether other isoforms of NOS are involved in Th regulation.

The treatment of activated PBMCs with L-NMMA resulted in a reduction of 18% in
the levels of IL-17A cytokine as compared to positive control of activated PBMCs
(P=0.0003) (Figure 9). The L-NMMA-induced reduction of IL-17A cytokine levels was
variable across individual subjects. While the level of IL-17A was not changed in
LCR289 following the L-NMMA treatment of activated PBMCs (Figure 10 A), a reduction
of 18% (P=0.0362) in LCR293 (Figure 10 B), and 23% (P=0.0052) in LCR294 (Figure
10 C) was observed. Upon supplementing nebivolol-treated PBMCs with L-NMMA,
further inhibition of 11% was observed in IL-17A cytokine level in the pooled averaged
data (P=0.0279) (Figure 9). This effect was consistent with the individual data of
LCR293 and LCR294 where a reduction of 12% (P=0.0264) (Figure 10 B) and 10%
(P=0.0314) (Figure 10 C) was observed in comparison with nebivolol-treated PBMCs.
However, treating nebivolol-treated PBMCs with L-NMMA did not change the levels of
IL-17A in LCR289 (Figure 10 A). This data suggests that blocking NO production does
not counteract the nebivolol-induced inhibition of IL-17A cytokine and therefore NO

cannot explain the nebivolol’s effects on IL-17A cytokine.

The IFNy cytokine response of LCR289 was excluded because the DMSO vehicle
control of nebivolol added to L-NMMA-treated cells resulted in a significant change of
10.95% (P=0.0158) of IFNy cytokine levels as compared to PBMCs treated with L-
NMMA only (Figure S 1) which impaired our ability to deduce the effects of L-NMMA on
PBMCs treated with nebivolol. The two participants, LCR293 and LCR294, whose cells
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were treated with L-NMMA, had contrasting responses in terms of IFNy cytokine level
which made the presentation of pooled data uninformative as mentioned above.
Treating activated PBMCs with L-NMMA led to a trend of decrease in IFNy cytokine
levels by 28% in LCR293 (Figure 11 A) whereas no change was observed in IFNy
levels in LCR294 (Figure 11 B). Similarly. treating nebivolol-treated activated PBMCs
with L-NMMA led to varying effects on individual subjects. The levels of IFNy cytokine
following the treatment of nebivolol-treated PBMCs with L-NMMA were unchanged in
LCR293 and increased by 44% in LCR294 (P=0.0024) (Figure 11 A, B). In conclusion,
due to the small sample size and the varying observations regarding the IFNy response,
| could not draw a conclusion about the outcome of blocking all NOS isoforms. Lastly,
the nebivolol vehicle control of DMSO did not change the levels of IL-17A and IFNy
cytokines which validates that the effect of L-NMMA with nebivolol were due to the

drugs only.

Although the use of a general NOS inhibitor such as L-NMMA helps to understand
the role of NO on Th cells and adrenergic signalling, a better understanding of the
specific contribution of NOS2 isoform was needed. NOS2 enzyme is the only isoform
that leads to the synthesis of large amounts of NO as compared with other isoforms.
Given that nebivolol leads to an inhibition of IL-17A and IFNy cytokines that is
comparable with the inhibition induced by high doses of exogenous NO, NOS2 activity
could explain the suggested NO-mediated immunoregulation of nebivolol. Because the
IL-17A cytokine response of PBMCs treated with 1400W was opposing in different
subjects, | did not aggregate the data from different participants to better depict the
effects of 1400W in individual subjects. LCR294 was excluded from this analysis
because the DMSO vehicle control of 1400W resulted in a significant change in IL-17A
levels as compared to the positive control of activated PBMCs (P=0.0002) (Figure S 2).
In LCR289, the levels of IL-17A cytokine were unchanged following the treatment of
activated PBMCs with 1400W (Figure 12 A) as well as following the 1400W treatment of
nebivolol-treated PBMCs. Contrarily, in LCR293, 1400W led to an increase of 35.37%
(P=0.0047) in IL-17A cytokine (Figure 12 B),
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Figure 9: The fold change of IL-17A cytokine concentration as compared to the positive
control of activated PBMCs with anti-CD3 and anti-CD28 antibodies (Act). The
conditions include Act: positive control, Act+L-NMMA: activated PBMCs supplemented
with 500uM of NOS inhibitor N®-Monomethyl-L-arginine acetate salt (L-NMMA), Act+Neb:
activated PBMCs treated with 10uM of nebivolol, Act+L-NMMA+Neb: activated PBMCs treated
with 500uM of L-NMMA and 10uM of nebivolol, and Act+L-NMMA+Neb Vh: activated
PBMCs treated with 500uM of L-NMMA and the DMSO vehicle control of nebivolol. The
significance was calculated using the pooled data from all subjects (n=3). P= 0.05 (no
symbol), 0.0332 (x/#), 0.0021 (xx/##), 0.0002 (sxx/#H), <0.0001 (sxsx/HHHE).
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Figure 10: The individual data fold change from Figure 9, of IL-17A cytokine concentration as compared to the positive
control of activated PBMCs with anti-CD3 and anti-CD28 antibodies (Act) in individual subjects encoded by an LCR code.
The conditions include Act: positive control, Act+L-NMMA: activated PBMCs supplemented with 500uM of NOS inhibitor
NC-Monomethyl-L-arginine acetate salt (L-NMMA), Act+Neb: activated PBMCs treated with 10uM of nebivolol, Act+L-
NMMA+Neb: activated PBMCs treated with 500uM of L-NMMA and 10uM of nebivolol, and Act+L-NMMA+Neb Vh:
activated PBMCs treated with 500uM of L-NMMA and the DMSO vehicle control of nebivolol. The significance was
calculated using the data from the biological replicates of every subject (n=3). P= 0.05 (no symbol), 0.0332 (x/#), 0.0021

(xx/itH), 0.0002 (ssx/ttitt), <0.0001 (xssex/titH).
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Figure 11: The individual data fold change of IFNy cytokine concentration as compared
to the positive control of activated PBMCs with anti-CD3 and anti-CD28 antibodies (Act)
in individual subjects encoded by an LCR code. The conditions include Act: positive
control, Act+L-NMMA: activated PBMCs supplemented with 500uM of NOS inhibitor N©
Monomethyl-L-arginine acetate salt (L-NMMA), Act+Neb: activated PBMCs treated with
10uM of nebivolol, Act+L-NMMA+Neb: activated PBMCs treated with 500uM of L-
NMMA and 10uM of nebivolol, and Act+L-NMMA+Neb Vh: activated PBMCs treated
with 500uM of L-NMMA and the DMSO vehicle control of nebivolol. The significance
was calculated using the data from the biological replicates of every subject (n=3). P=
0.05 (no symbol), 0.0332 (x/#), 0.0021 (xx/##), 0.0002 (sssx/#HE), <0.0001 (sesscx/#HHHE).
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Figure 12: The individual data fold change of IL-17A cytokine concentration as
compared to the positive control of activated PBMCs with anti-CD3 and anti-CD28
antibodies (Act) in individual subjects encoded by an LCR code. The conditions include
Act: positive control, Act+1400W: activated PBMCs supplemented with 0.2uM of NOS2
inhibitor 1400W dihydrochloride (1400W), Act+1400W Vh: activated PBMCs treated
with the DMSO vehicle control of 1400W. Act+Neb: activated PBMCs treated with 10uM
of nebivolol, Act+1400W+Neb: activated PBMCs treated with 0.2uM of 1400W and
10uM of nebivolol, and Act+1400W Vh+Neb: activated PBMCs treated with 10uM of
nebivolol and the DMSO vehicle control of 1400W. The significance was calculated
using the data from the biological replicates of every subject (n=3). P= 0.05 (no symbol),
0.0332 (x/#), 0.0021 (xx/##), 0.0002 (sxx/#H), <0.0001 (sesesx/HHHE).
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Figure 13: The individual data fold change of IFNy cytokine concentration as compared
to the positive control of activated PBMCs with anti-CD3 and anti-CD28 antibodies (Act)
in individual subjects encoded by an LCR code. The conditions include Act: positive
control, Act+1400W: activated PBMCs supplemented with 0.2uM of NOS2 inhibitor
1400W dihydrochloride (1400W), Act+1400W Vh: activated PBMCs treated with the
DMSO vehicle control of 1400W. Act+Neb: activated PBMCs treated with 10uM of
nebivolol, Act+1400W+Neb: activated PBMCs treated with 0.2uM of 1400W and 10uM
of nebivolol, and Act+1400W Vh+Neb: activated PBMCs treated with 10uM of nebivolol
and the DMSO vehicle control of 1400W. The significance was calculated using the
data from the biological replicates of every subject (n=3). P= 0.05 (no symbol), 0.0332
(x/#), 0.0021 (sx/HE), 0.0002 (seses/dHE), <0.0001 (seseses/HHHHE).
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whereas the added 1400W to nebivolol-treated PBMCs resulted in a decrease of 8.76%
(P=0.0378<0.05) in IL-17A cytokine level. For LCR289 and LCR293, the DMSO vehicle
control of 1400W and nebivolol did not cause a significant change in IL-17A cytokine
levels (Figure 12 A, B) which relates the changes seen previously are the due to the
drugs only. Due to the small sample size and varied IL-17A response to 1400W, | could

now draw a conclusion regarding the role of NOS2 enzyme in IL-17A regulation.

For the IFNy cytokine response to 1400W, | observed varied responses of different
subjects. LCR289 was excluded because the DMSO vehicle control of 1400W led to a
significant change in IFNy cytokine level (P=0.0298) as compared to the positive control
of activated PBMCs (Figure S 3). The contrasting responses of LCR293 and LCR294
necessitated the presentation of figures from individual subjects. While the treatment
with 1400W did not change the IFNy cytokine levels in LCR293 (Figure 13 A), LCR294
had an increase in IFNy cytokine level of 36.39% (P=0.0328<0.05) (Figure 13 B).
Similarly, when adding 1400W to nebivolol-treated PBMCs, the IFNy cytokine levels
dropped by 29.79% (P=0.0048<0.05) in LCR293 (Figure 13 A) but increased by 36.50%
(P=0.0377<0.05) in LCR294 (Figure 13 B). The vehicle DMSO control of 1400W and
nebivolol for LCR293 and LCR294 did not result in a significant change in IFNy cytokine
levels (Figure 13 A, B) which means that results discussed above are specific to the
drugs used. Nonetheless, the varied IFNy response to 1400W prevented me from
drawing a conclusion regarding the role of NOS2 enzyme in IFNy regulation. In
conclusion, the data resulting from blocking NOS isoforms does not support my
hypothesis of NO-mediated regulation of Th cells by nebivolol. Instead, it shows that the
NO produced during adrenergic signaling is required to stabilize Th17 cells similarly to
the findings of Obermajer et al. (Obermajer et al. 2013).

3.4. Nebivolol regulates IL-17A and IFNy cytokine levels independently from the
cGMP-cGK signalling pathway
To explore the role of the cGMP-cGK pathway in the nebivolol-induced effects in
Th cells, an analogue and inhibitor of the cGMP pathway were used to treat activated
PBMCs and nebivolol-treated activated PBMCs. The cGMP analogue, Br-cGMP, did not
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change the IL-17A cytokine levels in activated PBMCs as compared to the positive
control in the pooled data (Figure 14). This effect of Br-cGMP on IL-17A cytokine levels
was consistent across all individual subjects where no change was observed in LCR289
(Figure 15 A), LCR293 (Figure 15 B), or LCR294 (Figure 15 C). Moreover, treating
PBMCs with nebivolol and Br-cGMP did not change the levels of IL-17A cytokine levels
as compared to nebivolol-treated PBMCs in the pooled data (Figure 14). Similarly for
individual subjects, supplementing nebivolol-treated PBMCs with Br-cGMP did not
change the levels of IL-17A in LCR289 (Figure 15 A), LCR293 (Figure 15 B) or LCR294
(Figure 15 C). Although the effects of Br-cGMP on IL-17A cytokine levels were similar
increasing trends across all participants, none of these responses reached statistical
significance which hinders my ability to state the role of cGMP signaling in IL-17A

regulation.

Regarding the IFNy cytokine response to Br-cGMP, we observed that different
subjects had contrasting responses. While LCR289 and LCR293 had a decreased IFNy
cytokine levels of 30% and 35% (P=0.0185<0.05), respectively, upon treating their
PBMCs with Br-cGMP as compared to the positive control of only activated PBMCs
(Figure 16 A, B), the levels of IFNy cytokine did not change for LCR294 (Figure 16 C).
Moreover, adding Br-cGMP to nebivolol-treated PBMCs did not change the levels of
IFNy in LCR289, LCR293 and LCR294 as compared to nebivolol-treated PBMCs
(Figure 16 A, B, C). This data shows that cGMP signaling pathway does not explain the
nebivolol-mediated regulation of IL-17A and IFNy cytokine levels nor does it support the

involvement of NO in this regulation, contrarily to my hypothesis.

In terms of the IL-17A cytokine response to ODQ, two participants were excluded
from the analysis because the DMSO vehicle control of ODQ resulted in a significant
change in IL-17A cytokine levels in LCR289 (P=0.0003) (Figure S 4 A), and LCR294
(P=0.0005) (Figure S 4 B). Treating activated PBMCs from LCR293 with ODQ had no
effect on levels of IL-17A as compared to the positive control of activated PBMCs .
Similarly, adding ODQ to nebivolol-treated PBMCs did not change the levels of IL-17A

cytokine as compared to activated PBMCs treated with nebivolol (Figure 17). This data
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confirms that the cGMP signaling pathway does not explain IL-17A cytokine response to

nebivolol.

For IFNy response to ODQ, the different subjects included in the study had
considerably different responses which necessitates the presentation of their individual
data. The IFNy cytokine response of LCR289 was excluded given that the vehicle
control of ODQ caused a significant change in IFNy cytokine levels (P=0.0456) (Figure
S 5). When treating their PBMCs with ODQ, LCR293 was unaffected (Figure 18, A)
whereas LCR294 had an increase of 124.88% (P=0.0004) (Figure 18, B), all compared
to the positive control of activated PBMCs. Adding ODQ to nebivolol-treated PBMCs did
not change the levels of IFNy cytokine as compared to PBMCs treated with nebivolol
only in LCR293 (Figure 18, A), and LCR294 (Figure 18, B).

3.5. The Gene Expression Results from the RT-qPCR

The RT-gPCR TagMan gene expression assay is a novel technique in our lab which
needed a long time of optimization and troubleshooting. Given the short amount of time,
we were able to obtain gene expression results from 5 participants. Unfortunately, not
all the data obtained was reliable. Therefore, we established a set of criteria for
exclusion including: 1- a standard error of the mean higher than 25% for the positive
control of activated PBMCs or the nebivolol-treated PBMCs, 2- a significant change of
gene expression in the DMSO vehicle control of nebivolol as compared to the positive
control. These criteria were in line with our ELISA criteria and other literature using gene

exp ression assays.
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Figure 14: The fold change of IL-17A cytokine concentration as compared to the
positive control of activated PBMCs with anti-CD3 and anti-CD28 antibodies (Act). The
conditions include Act: positive control, Act+Br-cGMP: activated PBMCs supplemented
with 100uM of 8-Bromoguanosine 3',5'-cyclic monophosphate sodium salt (Br-cGMP),
Act+Neb: activated PBMCs treated with 10uM of nebivolol, Act+Br-cGMP+Neb:
activated PBMCs treated with 100uM of Br-cGMP and 10uM of nebivolol, and Act+Br-
cGMP+Neb Vh: activated PBMCs treated with 100uM of Br-cGMP and the DMSO
vehicle control of nebivolol. The significance was calculated using the pooled data from
all subjects (n=3). P=0.05 (no symbol), 0.0332 (%), 0.0021 (xx), 0.0002 (xxx), <0.0001

().
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Figure 15: The individual data fold change from Figure 14, of IL-17A cytokine concentration as compared to the positive
control of activated PBMCs with anti-CD3 and anti-CD28 antibodies (Act) in individual subjects encoded by an LCR code.
The conditions include Act: positive control, Act+Br-cGMP: activated PBMCs supplemented with 100uM of 8-
Bromoguanosine 3',5'-cyclic monophosphate sodium salt (Br-cGMP), Act+Neb: activated PBMCs treated with 10uM of
nebivolol, Act+Br-cGMP+Neb: activated PBMCs treated with 100uM of Br-cGMP and 10uM of nebivolol, and Act+Br-
cGMP+Neb Vh: activated PBMCs treated with 100uM of Br-cGMP and the DMSO vehicle control of nebivolol. The
significance was calculated using the data from the biological replicates of every subject (n=3). P= 0.05 (no symbol),

0.0332 (%), 0.0021 (xx), 0.0002 (xxx), <0.0001 (sxxx%x).
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Figure 16: The individual data fold change of IFNy cytokine concentration as compared to the positive control of activated
PBMCs with anti-CD3 and anti-CD28 antibodies (Act) in individual subjects encoded by an LCR code. The conditions
include Act: positive control, Act+Br-cGMP: activated PBMCs supplemented with 100uM of the cGMP analogue 8-
Bromoguanosine 3',5-cyclic monophosphate sodium salt (Br-cGMP), Act+Neb: activated PBMCs treated with 10uM of
nebivolol, Act+Br-cGMP+Neb: activated PBMCs treated with 100pM of Br-cGMP and 10uM of nebivolol, and Act+Br-
cGMP+Neb Vh: activated PBMCs treated with 100uM of Br-cGMP and the DMSO vehicle control of nebivolol. The
significance was calculated using the data from the biological replicates of every subject (n=3). P= 0.05 (no symbol),
0.0332 (%), 0.0021 (x), 0.0002 (sxx), <0.0001 (sexxx).
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Figure 17: The individual data fold change of IL-17A cytokine concentration as
compared to the positive control of activated PBMCs with anti-CD3 and anti-CD28
antibodies (Act) in an individual subject encoded by LCR293. The conditions include
Act: positive control, Act+ODQ: activated PBMCs supplemented with 10uM of 1H-
[1,2,4]Oxadiazolo[4,3-a]lquinoxalin-1-one (ODQ), Act+ODQ Vh: activated PBMCs
treated with the DMSO vehicle control of ODQ. Act+Neb: activated PBMCs treated with
10uM of nebivolol, Act+ODQ+Neb: activated PBMCs treated with 10uM of ODQ and
10uM of nebivolol, and Act+ODQ Vh+Neb: activated PBMCs treated with 10uM of
nebivolol and the DMSO vehicle control of ODQ. The significance was calculated using
the data from the biological replicates of the subject (n=3). P= 0.05 (no symbol), 0.0332
(%), 0.0021 (xx), 0.0002 (xxx), <0.0001 (sxxx).
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Figure 18: The individual data fold change of IFNy cytokine concentration as compared
to the positive control of activated PBMCs with anti-CD3 and anti-CD28 antibodies (Act)
in an individual subjects encoded by LCR codes. The conditions include Act: positive
control, Act+ODQ: activated PBMCs supplemented with 10uM of 1H-
[1,2,4]Oxadiazolo[4,3-a]lquinoxalin-1-one (ODQ), Act+ODQ Vh: activated PBMCs
treated with the DMSO vehicle control of ODQ. Act+Neb: activated PBMCs treated with
10uM of nebivolol, Act+ODQ+Neb: activated PBMCs treated with 10pM of ODQ and
10uM of nebivolol, and Act+ODQ Vh+Neb: activated PBMCs treated with 10pM of
nebivolol and the DMSO vehicle control of ODQ. The significance was calculated using
the data from the biological replicates of every subject (n=3). P= 0.05 (no symbol),
0.0332 (%), 0.0021 (x), 0.0002 (xx), <0.0001 (sxxx).

For the TBX2 gene expression, which is the major transcription factor of Th1, the
experiment was performed on the cDNA isolated from four participants, LCR178,
LCR288, LCR289 and LCR294. None of the results of these experiment made it to the
final stages. The DMSO vehicle control of nebivolol in LCR178 resulted in significant
decrease of TBX2 gene expression of 38.35% (P=0.0054<0.05) as compared to the
positive control of activated PBMCs (Figure S 6 A). In LCR289, the SEM of the positive
control and nebivolol-treated PBMCs reached 45.45% and 34.07%, respectively (Figure
S 6 B). In LCR288, the SEM for the positive control condition was 40.39% and the SEM
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for the DMSO vehicle control of nebivolol was 41.15%. Although the vehicle control of
nebivolol caused 113.26% increase TBX2 gene expression, the large SEM values for
the (Act) and (Act+Neb Vh) prevented the effect of the vehicle control from reaching
statistical significance (Figure S 6 C). Finally, in LCR294, the SEM of the positive
control and nebivolol-treated cells was 61.65% and 57.32%, respectively. Given these
findings, the results of TBX2 gene expression for all subjects were excluded from the

study.

The major transcription factor of Th17, Rorc, was also measured in the DNA
isolated from five subjects’ PBMCs. Only one subject’s data, LCR253, was considered
for not meeting any exclusion criterion mentioned above. In LCR253, treating activated
PBMCs with nebivolol resulted in 35% in Rorc gene expression as compared to the
positive control (Figure 19). The Rorc gene expression results for LCR178 were
excluded because the vehicle control of nebivolol caused a significant decrease in gene
expression of 56% (P=0.0004) (Figure S 7 A). LCR289 was also excluded because the
positive control and nebivolol-treated PBMCs had a SEM of 57.96% and 26.04%,
respectively (Figure S 7 B). Lastly, LCR288’s positive control had SEM of 29.19%
(Figure S 7 C), and LCR294 had a SEM of 46.03% for the positive control and 81.81%

for the nebivolol condition (Figure S 7 D) which led to their exclusion from the study.

The NOS2 gene expression was measured in the cDNA of five subjects. Two
subjects only, LCR178 and LCR253, were considered given that they did not meet any
of the criteria mentioned above. Upon treatment with nebivolol, we observed a decrease
in NOS2 gene expression by 49% (P=0.0246) in LCR178 (Figure 20 A), and by 1% in
LCR253 (Figure 20 B) as compared to the positive control of activated PBMCs. In both
subjects, the DMSO vehicle control of nebivolol did not cause a significant change in
NOS2 gene expression (Figure 20 A, B). The excluded subjects included LCR289,
LCR294, and LCR288 (Figure S 8 A-C). The positive control had a SEM of 67.58% in
LCR289 (Figure S 8 A), 58% in LCR294 (Figure S 8 B), and 28% in LCR288 (Figure S 8
C). In addition, LCR294 and LCR288 had a SEM for the nebivolol-treated condition of
64% and 51% respectively (Figure S 8 B, C). Even though the nebivolol treatment in
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LCR288 led to an increase of 268% (P=0.0183<0.05) of NOS2 gene expression and the
SEM of the positive control and nebivolol conditions cannot undermine the effect seen,
we opted for following our exclusion criteria and listing the figure of this subject under
supplementary figures (Figure S 8 C). However, due to its importance, | used the

findings from this subject’s experiment in the discussion.
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Figure 19: The gene expression of Rorc gene normalized by the expression of the
reference gene HPRT1 as compared to the positive control of activated PBMCs with
anti-CD3 and anti-CD28 antibodies (Act). The conditions include No Act: negative
control, Act: positive control, Act+Neb: activated PBMCs treated with 10uM of nebivolol,
Act+Neb Vh: activated PBMCs treated with the vehicle control of nebivolol which is
DMSO. The significance was calculated using the technical replicates (n=3) of the
biological replicate (n=1) from every subject. P= 0.05 (no symbol), 0.0332 (%), 0.0021
(%x), 0.0002 (xxx), <0.0001 (xxxx).
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Figure 20: The gene expression of NOS2 gene normalized by the expression of the reference gene HPRT1 as compared
to the positive control of activated PBMCs with anti-CD3 and anti-CD28 antibodies (Act). The conditions include No Act:
negative control, Act: positive control, Act+Neb: activated PBMCs treated with 10uM of nebivolol, Act+Neb Vh: activated
PBMCs treated with the vehicle control of nebivolol which is DMSO. The significance was calculated using the technical

replicates (n=3) of the biological replicate (n=1) from every subject. P= 0.05 (no symbol), 0.0332 (%), 0.0021 (xx), 0.0002
(%x%x), <0.0001 (%xxx).
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CHAPTER IV: Discussion

Human PBMCs were adopted for this study because the inclusion of other cell types
besides CD4* T cells in the cell culture is more relatable to the physiological state where
multiple white blood cell types are present in the bloodstream. Since the study aims to
evaluate the B2AR-mediated NO release in human cells, PBMCs will serve as a better
model than isolated Th cells because they contain lymphocytes, monocytes, and
dendritic cells which respond to NO (Kleiveland 2015; Garcia-Ortiz and Serrador 2018)
and B2-adrenergic agonists (Szelenyi et al. 2006; Garcia-Ortiz and Serrador 2018; Gao
et al. 2019) and mediate the modulation of Th cells. This will take our in vitro study a
step forward to better elaborate the outcomes of adrenergic drugs and NO on human Th
cells.

Nebivolol was found to significantly inhibit IL-17A cytokine production in all
samples without reducing the levels of the master transcription factor of Th17 cells
ROR-yt (Figure 1, Figure 2, Figure 19). In addition, the trypan counts performed on
nebivolol-treated PBMCs showed that the cells viability was unaffected. This shows that
nebivolol negatively regulates the function of Th17 cells in a mechanism independent
from the transcriptional regulation. Interestingly, the biased agonism of nebivolol
activates the GRK/B-arrestin pathway which desensitizes the cAMP-mediated signaling
(Lefkowitz and Shenoy 2005). Previous findings show that the stimulatory effect of
selective B2 AR agonists such as terbutaline were cAMP-mediated (Carvajal Gonczi et
al. 2017). Given that the use of 32 AR blockers such as propranolol reduced the viability
of Th17 cells (Pilipovi¢ et al. 2019), nebivolol provides a new tool to reduce the levels of
IL-17A cytokines like a B2 AR blocker while maintaining the stability of Th17 cells
through the induction of the antiapoptotic B-arrestin signaling. To further confirm this
conclusion, a blockage of the B-arrestin pathway needs to be performed on nebivolol-
treated PBMCs to reveal whether the nebivolol-mediated inhibition of Th17 is occurring

through this pathway.
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On the other hand, the effects of nebivolol on the IFNy cytokine production
showed an interindividual variability. While two subjects had a significant inhibition of
IFNy cytokine following the nebivolol treatment (Figure 4 A, B), one subject had an
increased IFNy levels. (Figure 4 D), and another subject was unaffected (Figure 4 C).
Despite the small sample size, the interindividual variability alludes to a potential role of
the genetic background specific to each subject since all other experimental variables
were fixed. In a previous study | worked on, a large sample size confirmed that nebivolol
significantly inhibited IFNy (Figure S 9). The nebivolol-mediated inhibition of IFNy can
be explained with the desensitization of the cAMP pathway through the B-arrestin
signaling. However, the contrasting results of the other subjects shows that there are
other confounding variables contributing to the nebivolol-mediated regulation of Th1
cells. In conclusion, in samples of human PBMCs, the nebivolol-mediated 32 AR biased
agonism has inhibitory effects on Th17 cells and variable or suppressive effects on Th1

cells.

Another question that remains to be answered is related to the involvement of the
NO signaling pathway in nebivolol-mediated signaling, especially that the activation of
ERK1/2 through B-arresting increases NO production (Erickson et al. 2013). The results
of the gene expression experiments showed that the NOS2 gene expression was
reduced following the nebivolol treatment in one subject (Figure 20 A) and unaffected in
another (Figure 20 B). In contrast, a subject whose PBMCs had a significant decrease
of both IL-17A and IFNy cytokines following the nebivolol treatment showed a significant
increase of approximately 2 folds in NOS2 gene expression (Figure S 8 C). Due to the
differential results of NOS2 gene expression and the possibility of other NOS isoforms
such as NOS3 involvement in nebivolol-mediated Th cell regulation, | explored the role

of NO using compounds inhibiting NOS isoforms or the cGMP signaling pathway.

Although the effects of NO donors on human PBMCs as well as in other cell
types were examined in other studies (Korhonen et al. 2008; Obermajer et al. 2013). |
needed to evaluate the effects of exogenous NO on human PBMCs in our experimental

settings which will make our discussion of the NO-mediated regulation of Th cells more
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consistent. The lowest dose of the NO donor SNAP (10uM) resulted in a slight
insignificant increase in IFNy and IL-17A cytokine levels (Figure 5,Figure 6, Figure
7,Figure 8). Moreover, an increasing inhibition of IFNy and IL-17A cytokine was
observed with higher NO donor doses suggesting a negative relationship between
exogenous NO and IL-17A and IFNy cytokine production (Figure 5,Figure 6, Figure
7,Figure 8). While these findings are in agreement with recent studies (Obermajer et al.
2013), they challenge the dogma that NO suppresses Th17 cell (Niedbala et al. 2011;
Wheeler et al. 2013; Xue et al. 2018). The high exogenous NO is suggested to induce
apoptotic oxidative damage and DNA breakage through the generation of (ONOO")
(Lee et al. 2003; Mikkelsen and Wardman 2003; Ridnour et al. 2004). However, lower
doses of exogenous NO could induce the c-GMP-PKG signaling pathway leading to
enhanced IL-17A and IFNy cytokine production. Although the induction of IL-17A and
IFNy cytokines was not evident in my data, a lower NO donor dosage could show a

pronounced enhancement of these cytokines.

NO plays opposite roles during the nebivolol-mediated regulation of Th1 and
Th17 cells. The nebivolol-mediated inhibition of IL-17A was exacerbated by blocking
NOS2 (Figure 12 B) as well as all NOS isoforms (Figure 9, Figure 10 B, C). Thus, the
NO released in samples of human PBMCs during adrenergic signaling induced the
stability of Th17 cells. Although both inhibitors similarly reduced the level of IL-17A in
nebivolol-treated PBMCs which suggests a main contribution of the NOS2 isoform,
blocking all NOS isoforms reduced the levels of IL-17A significantly in activated PBMCs
(Figure 9, Figure 10 B, C) whereas, NOS2 blockage had variable outcomes from no
change to induction of IL-17A (Figure 12 A, B). While this confirms the stabilizing role of
NO on Th17 cells, the NOS isoform responsible for NO production is still ambiguous
because of the varied response to NOS2 inhibitor and the small sample size. Moreover,
since high NO levels inhibit Th17 cells and reduce IL-17A cytokine levels, the NO levels
released during adrenergic signaling are suggested to be low. Measuring the NO output
would also be informative to know how much relative NO was released by the cells, this

can be achieved with a Greiss assay or measuring nitrite and nitrates.
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In contrast, the effects of NOS blockade on the IFNy cytokine responses of
nebivolol-treated cells were varied depending on the subject and its unique response to
nebivolol. Unlike IL-17A cytokine response, treating PBMCs with NOS inhibitors had no
effect on the IFNy levels except for one subject that had an increased IFNy cytokine
following the inhibition of NOS2 (Figure 11, Figure 13). Furthermore, blocking all NOS
isoforms resulted in no change in samples unaffected by nebivolol (Figure 11 A),
whereas the samples that had a nebivolol-mediated increase in IFNy had a significant
increase in IFNy cytokine levels following NOS inhibition (Figure 11 B). However, using
NOS2 inhibitors on nebivolol-treated cells had different outcomes. In samples that were
unaffected with nebivolol, NOS2 inhibition resulted in a significant reduction in IFNy
(Figure 13 A), whereas samples that had higher IFNy following nebivolol treatment
experienced a significant increase in IFNy (Figure 13 B). This suggests that the NO
produced by NOS2 enzyme had a bidirectional effect on Th1 cells depending on their
response to adrenergic signaling. Despite the observed significance of NOS enzymes in
nebivolol-mediated regulation of Th1 cells, the small sample size prevented me from
drawing a conclusion regarding the exact role of NOS enzyme isoforms during

adrenergic signaling.

To better understand the signaling pathway through which NO is modulating Th
cells and their adrenergic signaling, | investigated the cGMP-cGK signaling pathway
which is the predominant pathway for NO. The cGMP signaling was induced using 8-
bromoguanosine 3',5'-cyclic monophosphate (Br-cGMP) which is cell-permeable
analogue of cGMP that activates cGMP-dependent protein kinase. This analogue is
reported to be more resistant to hydrolysis than cGMP and to mimic NO donors in its
effects (Zimmerman et al. 1985). Additionally, a partial blockage of the cGMP pathway
was performed using ODQ which is a selective cell-permeable inhibitor of sGC which is
responsive to NO. While it would have been optimal to use knockout mice to evaluate
this pathway, inhibitors drugs can still reveal interesting trends even if they don’t reach

statistical significance.
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The induction of cGMP signaling did not change the levels of IL-17A cytokine in
activated PBMCs as well as in nebivolol-treated PBMCs of all subjects (Figure 14,
Figure 15). However, | observed a slight increase of IL-17A cytokine that did not reach
statistical significance following the treatment with cGMP analogue in all subjects. This
resembles the stimulatory effects on IL-17A cytokines that were observed with the
lowest does of the NO donor SNAP (Figure 5) and suggests a stimulatory role of cGMP
signaling in Th17 cells. Nonetheless, a higher dose of cGMP analogue needs to be
used in order to validate this conclusion. Accordingly, blocking cGMP signaling did not
change the levels of IL-17A cytokine in activated PBMCs as well as in nebivolol-treated
PBMCs (Figure 17). In addition, the cGMP inhibition led to a slight decrease of IL-17A
cytokine that did not reach statistical significance which is in accordance with the

findings obtained by inducing cGMP signaling (Figure 17).

The induction of cGMP signaling did not change the levels of IFNy cytokine
levels in nebivolol treated PBMCs (Figure 16). However, it reduced the level of IFNy
cytokine in the activated PBMCs of one subject only (Figure 16 B). cGMP inhibition did
not affect the level of IFNy cytokine in nebivolol-treated PBMCs (Figure 18 A, B) and
increased the level IFNy cytokine in the activated PBMCs of one subject only (Figure
18 B). Although these findings show that the cGMP signaling inhibits Th1 cells, a larger
sample size can help to confirm this conclusion. Nonetheless, based on my findings and
the observed trends, | suggest that there is a reciprocal modulation of Th1 and Th17
cells by the cGMP signaling pathway. This means that the cGMP signaling pathway
induces Th17 cells yet inhibits Th1 cells. Interestingly, if this modulation was shown to
be evident in a larger sample size with varying doses of cGMP analogue and inhibitor,
the cGMP signaling pathway can be recruited to finetune Th cell subsets during

autoimmune diseases characterized Th1 or Th17 aberrant responses.

Notably, ODQ blocks the generation of cGMP without inactivating the NO present
in the samples which does not impair NO from inducing alternative signaling. Therefore,
the insignificant findings of this thesis following the use of cGMP inhibitor and analogue

allude to an alternative pathway induced by NO. The findings of this thesis, shows that
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NO is produced samples of PBMCs during adrenergic signaling, and the produced NO
signals in cGMP-independent pathway. Moreover, the nebivolol-mediated modulation of
Th1 and Th17 cells is occurring through a mechanism independent from NO. However,
NO is produced at low levels during biased adrenergic signaling and acts on Th cells to

stabilize or inhibit them.

Finally, it is noteworthy that most studies discussing the NO-mediated regulation
of Th cells were performed in murine cells such as mice, which nictitates more studies
in human samples. The contribution of NOS isoforms as well as the roles of NO
released are different between humans and mice suggesting that the constitutive eNOS
in humans is the isoform responsible for the NO functions observed with iNOS in mice
(Reiling et al. 1996; Nagy et al. 2003; Ibiza et al. 2006; Garcia-Ortiz and Serrador
2018). This thesis examined a small sample size which might be insufficient to draw
enough conclusions regarding the NO-mediated regulation of Th cells by adrenergic
signaling. Therefore, | recommend examining the gene expression of eNOS and

considering a larger sample size in future studies.

In conclusion, the biased 32 AR agonist, nebivolol, inhibits the production of the
proinflammatory cytokine IL-17 in all samples of human PBMCs whereas it inhibits IFNy
cytokine release in most samples. While this thesis does not confirm a direct
relationship between NO release and the biased adrenergic agonism, it shows that the
level of NO released during adrenergic signaling is minimal and it helps to stabilize Th1
and Th17 cells. Therefore, nebivolol can be explored further to be used as an
immunomodulatory therapeutic to mitigate the symptoms of MS and other T cell-
mediated autoimmune diseases which are characterized by high IL-17A and IFNy
cytokine levels (van den Berg and Mclnnes 2013; Patel et al. 2013; Burkett and
Kuchroo 2016).
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Appendix A

Supplementary Figures
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Figure S 1: The fold change of IFNy cytokine concentration as compared to the positive
control of activated PBMCs with anti-CD3 and anti-CD28 antibodies (Act) in an
individual subject encoded by LCR289. The conditions include Act: positive control,
Act+L-NMMA: activated PBMCs supplemented with 500uM of NOS inhibitor N©-
Monomethyl-L-arginine acetate salt (L-NMMA), Act+Neb: activated PBMCs treated with
10uM of nebivolol, Act+L-NMMA+Neb: activated PBMCs treated with 500uM of L-
NMMA and 10uM of nebivolol, and Act+L-NMMA+Neb Vh: activated PBMCs treated
with 500uM of L-NMMA and the DMSO vehicle control of nebivolol. The significance
was calculated using the data from the biological replicates of the subject (n=3). P= 0.05
(no symbol), 0.0332 (x/#), 0.0021 (xx/##), 0.0002 (ssx/#HE), <0.0001 (sesexx/HHHE).
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Figure S 2: The fold change of IL-17A cytokine concentration as compared to the
positive control of activated PBMCs with anti-CD3 and anti-CD28 antibodies (Act) in an
individual subject encoded by LCR294. The conditions include Act: positive control,
Act+1400W: activated PBMCs supplemented with 0.2uM of NOS2 inhibitor 1400W
dihydrochloride (1400W), Act+1400W Vh: activated PBMCs treated with the DMSO
vehicle control of 1400W. Act+Neb: activated PBMCs treated with 10uM of nebivolol,
Act+1400W+Neb: activated PBMCs treated with 0.2uM of 1400W and 10uM of
nebivolol, and Act+1400W Vh+Neb: activated PBMCs treated with 10uM of nebivolol
and the DMSO vehicle control of 1400W. The significance was calculated using the
data from the biological replicates of every subject (n=3). P2 0.05 (no symbol), 0.0332
(%), 0.0021 (xx), 0.0002 (xxx), <0.0001 (xxxx).
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Figure S 3: The fold change of IFNy cytokine concentration as compared to the positive
control of activated PBMCs with anti-CD3 and anti-CD28 antibodies (Act) in an
individual subject encoded by LCR289. The conditions include Act: positive control,
Act+1400W: activated PBMCs supplemented with 0.2uM of NOS2 inhibitor 1400W
dihydrochloride (1400W), Act+1400W Vh: activated PBMCs treated with the DMSO
vehicle control of 1400W. Act+Neb: activated PBMCs treated with 10uM of nebivolol,
Act+1400W+Neb: activated PBMCs treated with 0.2uM of 1400W and 10uM of
nebivolol, and Act+1400W Vh+Neb: activated PBMCs treated with 10uM of nebivolol
and the DMSO vehicle control of 1400W. The significance was calculated using the
data from the biological replicates of every subject (n=3). P= 0.05 (no symbol), 0.0332
(%), 0.0021 (xx), 0.0002 (xxx), <0.0001 (xxxx).
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Figure S 4: The fold change of IL-17A cytokine concentration as compared to the
positive control of activated PBMCs with anti-CD3 and anti-CD28 antibodies (Act) in
individual subjects encoded by LCR codes. The conditions include Act: positive control,
Act+ODQ: activated PBMCs supplemented with 10uM of 1H-[1,2,4]Oxadiazolo[4,3-
aJquinoxalin-1-one (ODQ), Act+ODQ Vh: activated PBMCs treated with the DMSO
vehicle control of ODQ. Act+Neb: activated PBMCs treated with 10uM of nebivolol,
Act+ODQ+Neb: activated PBMCs treated with 10uM of ODQ and 10uM of nebivolol,
and Act+ODQ Vh+Neb: activated PBMCs treated with 10uM of nebivolol and the DMSO
vehicle control of ODQ. The significance was calculated using the data from the
biological replicates of the subject (n=3). P=0.05 (no symbol), 0.0332 (%), 0.0021 (xx),
0.0002 (xxx), <0.0001 (sxxx).
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Figure S 5: The fold change of IFNy cytokine concentration as compared to the positive
control of activated PBMCs with anti-CD3 and anti-CD28 antibodies (Act) in an
individual subject encoded by LCR289. The conditions include Act: positive control,
Act+ODQ: activated PBMCs supplemented with 10uM of 1H-[1,2,4]Oxadiazolo[4,3-
aJquinoxalin-1-one (ODQ), Act+ODQ Vh: activated PBMCs treated with the DMSO
vehicle control of ODQ. Act+Neb: activated PBMCs treated with 10uM of nebivolol,
Act+ODQ+Neb: activated PBMCs treated with 10uM of ODQ and 10uM of nebivolol,
and Act+ODQ Vh+Neb: activated PBMCs treated with 10uM of nebivolol and the DMSO
vehicle control of ODQ. The significance was calculated using the data from the
biological replicates of every subject (n=3). P= 0.05 (no symbol), 0.0332 (%), 0.0021
(%x), 0.0002 (sxxx), <0.0001 (xxxx).
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Figure S 6: The gene expression of TBX2 gene normalized by the expression of the
reference gene HPRT1 as compared to the positive control of activated PBMCs with
anti-CD3 and anti-CD28 antibodies (Act) in individual subjects encoded by LCR codes.
The conditions include No Act: negative control, Act: positive control, Act+Neb:
activated PBMCs treated with 10uM of nebivolol, Act+Neb Vh: activated PBMCs treated
with the vehicle control of nebivolol which is DMSO. The significance was calculated
using the technical replicates (n=3) of the biological replicate (n=1) from every subject.
P> 0.05 (no symbol), 0.0332 (x), 0.0021 (xx), 0.0002 (xxx), <0.0001 (xxxx).
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Figure S 7: The gene expression of Rorc gene normalized by the expression of the
reference gene HPRT1 as compared to the positive control of activated PBMCs with
anti-CD3 and anti-CD28 antibodies (Act) in individual subjects encoded by LCR codes.
The conditions include No Act: negative control, Act: positive control, Act+Neb:
activated PBMCs treated with 10uM of nebivolol, Act+Neb Vh: activated PBMCs treated
with the vehicle control of nebivolol which is DMSO. The significance was calculated
using the technical replicates (n=3) of the biological replicate (n=1) from every subject.
P=0.05 (no symbol), 0.0332 (x), 0.0021 (xx), 0.0002 (xxx), <0.0001 (xxxx).
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Figure S 8: The gene expression of NOS2 gene normalized by the expression of the reference gene HPRT1 as
compared to the positive control of activated PBMCs with anti-CD3 and anti-CD28 antibodies (Act) in individual subjects
encoded by LCR codes. The conditions include No Act: negative control, Act: positive control, Act+Neb: activated PBMCs
treated with 10uM of nebivolol, Act+Neb Vh: activated PBMCs treated with the vehicle control of nebivolol which is DMSO.
The significance was calculated using the technical replicates (n=3) of the biological replicate (n=1) from every subject. P=
0.05 (no symbol), 0.0332 (%), 0.0021 (xx), 0.0002 (xxx), <0.0001 (sxxx).
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Figure S 9: Nebivolol suppressed IL-17A and IFNy secretion in purified Th cells. Th
cells were obtained from human PBMC samples and activated in vitro with dynabeads
pre-coated with anti -CD3 and anti-CD28, without or with nebivolol. A) An example of
the purified Th cells prior to activation, stained with CD3 (y-axis) and CD4 (x-axis) and
analyzed by flow cytometry. B) IL-17A and C) IFNy cytokines were measured in
supernatants after 4 days activation and expressed as fold change relative to the
activated group (dotted line). Data was pooled from 3 experiments. Error bars are
shown for standard error. Data from 39 participants tested. Student T-test (**<0.01,
***<0.001).

72



References

Abbas AK, Murphy KM, Sher A. 1996. Functional diversity of helper T lymphocytes.
Nature. 383(6603):787—-793. doi:10.1038/383787a0.

Afkarian M, Sedy JR, Yang J, Jacobson NG, Cereb N, Yang SY, Murphy TL, Murphy
KM. 2002. T-bet is a STAT1-induced regulator of IL-12R expression in naive CD4+ T
cells. Nat Immunol. 3(6):549-557. doi:10.1038/ni794.

Agarwal SK, Marshall GD. 2000. Beta-adrenergic modulation of human type-1/type-2
cytokine balance. J Allergy Clin Immunol. 105(1 Pt 1):91-98. doi:10.1016/s0091-
6749(00)90183-0.

Alderton WK, Cooper CE, Knowles RG. 2001. Nitric oxide synthases: structure, function
and inhibition. Biochem J. 357 (Pt 3):593-615. doi:10.1042/0264-6021:3570593.

Anand P, Hausladen A, Wang Y-J, Zhang G-F, Stomberski C, Brunengraber H, Hess
DT, Stamler JS. 2014. Identification of S-nitroso-CoA reductases that regulate protein
S-nitrosylation. Proc Natl Acad Sci. 111(52):18572-18577.
doi:10.1073/pnas.1417816112.

Anaya J-M. 2012. Common mechanisms of autoimmune diseases (the autoimmune
tautology). Autoimmun Rev. 11(11):781-784. doi:10.1016/j.autrev.2012.02.002.

Angulo J, Wright HM, Cuevas P, Gonzalez-Corrochano R, Fernandez A, Cuevas B, La
Fuente JM, Gupta S, Saenz de Tejada I. 2010. Nebivolol Dilates Human Penile Arteries
and Reverses Erectile Dysfunction in Diabetic Rats through Enhancement of Nitric
Oxide Signaling. J Sex Med. 7(8):2681-2697. do0i:10.1111/j.1743-6109.2010.01710.x.

Bach EA, Aguet M, Schreiber RD. 1997. The IFN gamma receptor: a paradigm for
cytokine receptor signaling. Annu Rev Immunol. 15:563-591.
doi:10.1146/annurev.immunol.15.1.563.

Bach M-A. 1975. Differences in Cyclic AMP Changes after Stimulation by
Prostaglandins and Isoproterenol in Lymphocyte Subpopulations. J Clin Invest.
55(5):1074-1081.

Barlic J, Andrews JD, Kelvin AA, Bosinger SE, DeVries ME, Xu L, Dobransky T,
Feldman RD, Ferguson SS, Kelvin DJ. 2000. Regulation of tyrosine kinase activation
and granule release through beta-arrestin by CXCRI. Nat Immunol. 1(3):227-233.
doi:10.1038/79767.

Bauer H, Jung T, Tsikas D, Stichtenoth DO, Frélich C, Neumann C. 1997. Nitric oxide

inhibits the secretion of T-helper 1- and T-helper 2-associated cytokines in activated
human T cells‘pa. Immunology. 90(2):205-211. doi:10.1046/j.1365-2567.1997.00161.x.

73



Bauer H, Jung T, Tsikas D, Stichtenoth DO, Frélich JC, Neumann C. 1997. Nitric oxide
inhibits the secretion of T-helper 1- and T-helper 2-associated cytokines in activated
human T cells. Immunology. 90(2):205-211. doi:10.1046/j.1365-2567.1997.00161.x.

van den Berg WB, Mclnnes IB. 2013. Th17 cells and IL-17 a--focus on
immunopathogenesis and immunotherapeutics. Semin Arthritis Rheum. 43(2):158—-170.
doi:10.1016/j.semarthrit.2013.04.006.

Beuve A, Wu C, Cui C, Liu T, Jain MR, Huang C, Yan L, Kholodovych V, Li H. 2016.
Identification of novel S-nitrosation sites in soluble guanylyl cyclase, the nitric oxide
receptor. J Proteomics. 138:40-47. doi:10.1016/j.jprot.2016.02.009.

Bogdan C. 2001. Nitric oxide and the immune response. Nat Immunol. 2(10):907-916.
doi:10.1038/ni1001-907.

Bogdan C. 2015. Nitric oxide synthase in innate and adaptive immunity: an update.
Trends Immunol. 36(3):161-178. doi:10.1016/}.it.2015.01.003.

Bogdan C, Rallinghoff M, Diefenbach A. 2000. Reactive oxygen and reactive nitrogen
intermediates in innate and specific immunity. Curr Opin Immunol. 12(1):64—76.
doi:10.1016/S0952-7915(99)00052-7.

Broeders MAW, Doevendans PA, Bekkers BCAM, Bronsaer R, van Gorsel E,
Heemskerk JWM, Egbrink MGA oude, van Breda E, Reneman RS, van der Zee R.
2000. Nebivolol: A Third-Generation 3-Blocker That Augments Vascular Nitric Oxide
Release: Endothelial B 2 -Adrenergic Receptor—-Mediated Nitric Oxide Production.
Circulation. 102(6):677—684. doi:10.1161/01.CIR.102.6.677.

Brucklacher-Waldert V, Stuerner K, Kolster M, Wolthausen J, Tolosa E. 2009.
Phenotypical and functional characterization of T helper 17 cells in multiple sclerosis.
Brain J Neurol. 132(Pt 12):3329-3341. doi:10.1093/brain/awp289.

Briine B, von Knethen A, Sandau KB. 1999. Nitric oxide (NO): an effector of apoptosis.
Cell Death Differ. 6(10):969-975. doi:10.1038/sj.cdd.4400582.

Burkett PR, Kuchroo VK. 2016. IL-17 Blockade in Psoriasis. Cell. 167(7):1669.
doi:10.1016/j.cell.2016.11.044.

Bylund DB. 2013. Adrenergic Receptors. In: Lennarz WJ, Lane MD, editors.
Encyclopedia of Biological Chemistry (Second Edition). Waltham: Academic Press. p.
57-60. [accessed 2021 Jun 29].
https://www.sciencedirect.com/science/article/pii/B9780123786302003340.

Call ME, Pyrdol J, Wiedmann M, Wucherpfennig KW. 2002. The organizing principle in

the formation of the T cell receptor-CD3 complex. Cell. 111(7):967-979.
doi:10.1016/s0092-8674(02)01194-7.

74



Carvajal Gonczi CM, Tabatabaei Shafiei M, East A, Martire E, Maurice-Ventouris MHI,
Darlington PJ. 2017. Reciprocal modulation of helper Th1 and Th17 cells by the p2-
adrenergic receptor agonist drug terbutaline. FEBS J. 284(18):3018-3028.
doi:10.1111/febs.14166.

Cheng D-L, Fang H-X, Liang Y, Zhao Y, Shi C-S. 2018. MicroRNA-34a promotes iNOS
secretion from pulmonary macrophages in septic suckling rats through activating STAT3
pathway. Biomed Pharmacother Biomedecine Pharmacother. 105:1276-1282.
doi:10.1016/j.biopha.2018.06.063.

Cheng M, Anderson MS. 2018. Thymic tolerance as a key brake on autoimmunity. Nat
Immunol. 19(7):659-664. doi:10.1038/s41590-018-0128-9.

Chien J-W, Lin C-Y, Yang KD, Lin C-H, Kao J-K, Tsai Y-G. 2013. Increased IL-17A
secreting CD4 * T cells, serum IL-17 levels and exhaled nitric oxide are correlated with
childhood asthma severity. Clin Exp Allergy. 43(9):1018—-1026. doi:10.1111/cea.12119.

Chong WP, Mattapallil MJ, Raychaudhuri K, Bing SJ, Wu S, Zhong Y, Wang W, Chen
Z, Silver PB, Jittayasothorn Y, et al. 2020. The Cytokine IL-17A Limits Th17
Pathogenicity via a Negative Feedback Loop Driven by Autocrine Induction of IL-24.
Immunity. 53(2):384-397.e5. doi:10.1016/j.immuni.2020.06.022.

Christie D, Zhu J. 2014. Transcriptional Regulatory Networks for CD4 T Cell
Differentiation. In: Ellmeier W, Taniuchi |, editors. Transcriptional Control of Lineage
Differentiation in Immune Cells. Vol. 381. Cham: Springer International Publishing. p.
125-172. [accessed 2019 Dec 8]. http://link.springer.com/10.1007/82_2014_372.

Ciccarelli M, Sorriento D, Coscioni E, laccarino G, Santulli G. 2017. Chapter 11 -
Adrenergic Receptors. In: Schisler JC, Lang CH, Willis MS, editors. Endocrinology of
the Heart in Health and Disease. Academic Press. p. 285-315. [accessed 2021 Jun 29].
https://www.sciencedirect.com/science/article/pii/B9780128031117000117.

Coleman JW. 2001. Nitric oxide in immunity and inflammation. Int Immunopharmacol.
1(8):1397-1406. doi:10.1016/S1567-5769(01)00086-8.

Crane BR, Arvai AS, Ghosh DK, Wu C, Getzoff ED, Stuehr DJ, Tainer JA. 1998.
Structure of nitric oxide synthase oxygenase dimer with pterin and substrate. Science.
279(5359):2121-2126. doi:10.1126/science.279.5359.2121.

Crisan M, Dzierzak E. 2016. The many faces of hematopoietic stem cell heterogeneity.
Development. 143(24):4571-4581. doi:10.1242/dev.114231.

Dasgupta S, Roy A, Jana M, Hartley DM, Pahan K. 2007. Gemfibrozil ameliorates
relapsing-remitting experimental autoimmune encephalomyelitis independent of
peroxisome proliferator-activated receptor-alpha. Mol Pharmacol. 72(4):934—-946.
doi:10.1124/mol.106.033787.

75



DeFea KA, Vaughn ZD, O’Bryan EM, Nishijima D, Déry O, Bunnett NW. 2000. The
proliferative and antiapoptotic effects of substance P are facilitated by formation of a 3-
arrestin-dependent scaffolding complex. Proc Natl Acad Sci. 97(20):11086-11091.

Dell’Albani P, Santangelo R, Torrisi L, Nicoletti VG, de Vellis J, Giuffrida Stella AM.
2001. JAK/STAT signaling pathway mediates cytokine-induced iINOS expression in
primary astroglial cell cultures. J Neurosci Res. 65(5):417—-424. doi:10.1002/jnr.1169.

Derbyshire ER, Marletta MA. 2012. Structure and Regulation of Soluble Guanylate
Cyclase. Annu Rev Biochem. 81(1):533-559. doi:10.1146/annurev-biochem-050410-
100030.

Durelli L, Conti L, Clerico M, Boselli D, Contessa G, Ripellino P, Ferrero B, Eid P,
Novelli F. 2009. T-helper 17 cells expand in multiple sclerosis and are inhibited by
interferon-beta. Ann Neurol. 65(5):499-509. doi:10.1002/ana.21652.

Dzierzak E, Bigas A. 2018. Blood Development: Hematopoietic Stem Cell Dependence
and Independence. Cell Stem Cell. 22(5):639-651. doi:10.1016/j.stem.2018.04.015.

Eisenhofer G, Lenders JWM. 2018. Catecholaminessx. In: Huhtaniemi |, Martini L,
editors. Encyclopedia of Endocrine Diseases (Second Edition). Oxford: Academic
Press. p. 21-24. [accessed 2021 Jun 29].
https://www.sciencedirect.com/science/article/pii/B9780128012383040320.

Erickson CE, Gul R, Blessing CP, Nguyen J, Liu T, Pulakat L, Bastepe M, Jackson EK,
Andresen BT. 2013. The B-blocker Nebivolol Is a GRK/B-arrestin Biased Agonist. PLOS
ONE. 8(8):€71980. doi:10.1371/journal.pone.0071980.

Esaki H, Brunner PM, Renert-Yuval Y, Czarnowicki T, Huynh T, Tran G, Lyon S,
Rodriguez G, Immaneni S, Johnson DB, et al. 2016. Early-onset pediatric atopic
dermatitis is TH2 but also TH17 polarized in skin. J Allergy Clin Immunol. 138(6):1639—
1651. doi:10.1016/j.jaci.2016.07.013.

Fang D, Zhu J. 2017. Dynamic balance between master transcription factors determines
the fates and functions of CD4 T cell and innate lymphoid cell subsets. J Exp Med.
214(7):1861-1876. doi:10.1084/jem.20170494.

Fang FC. 2004. Antimicrobial reactive oxygen and nitrogen species: concepts and
controversies. Nat Rev Microbiol. 2(10):820—-832. doi:10.1038/nrmicro1004.

Faraco G, Brea D, Garcia-Bonilla L, Wang G, Racchumi G, Chang H, Buendia I,
Santisteban MM, Segarra SG, Koizumi K, et al. 2018. Dietary salt promotes
neurovascular and cognitive dysfunction through a gut-initiated TH17 response. Nat
Neurosci. 21(2):240-249. doi:10.1038/s41593-017-0059-z.

Fischer TA, Palmetshofer A, Gambaryan S, Butt E, Jassoy C, Walter U, Sopper S,
Lohmann SM. 2001. Activation of cGMP-dependent Protein Kinase I Inhibits

76



Interleukin 2 Release and Proliferation of T Cell Receptor-stimulated Human Peripheral
T Cells. J Biol Chem. 276(8):5967—-5974. doi:10.1074/jbc.M009781200.

Fletcher JM, Lalor SJ, Sweeney CM, Tubridy N, Mills KHG. 2010. T cells in multiple
sclerosis and experimental autoimmune encephalomyelitis. Clin Exp Immunol.
162(1):1-11. doi:10.1111/j.1365-2249.2010.0414 3 .x.

Forstermann U. 2000. Regulation of Nitric Oxide Synthase Expression and Activity. In:
Mayer B, editor. Nitric Oxide. Berlin, Heidelberg: Springer. (Handbook of Experimental
Pharmacology). p. 71-91. [accessed 2021 Jul 18]. https://doi.org/10.1007/978-3-642-
57077-3_4.

Forstermann U, Milsch A, Bohme E, Busse R. 1986. Stimulation of soluble guanylate
cyclase by an acetylcholine-induced endothelium-derived factor from rabbit and canine
arteries. Circ Res. 58(4):531-538. d0i:10.1161/01.res.58.4.531.

Forstermann U, Sessa WC. 2012. Nitric oxide synthases: regulation and function. Eur
Heart J. 33(7):829-837, 837a—837d. doi:10.1093/eurheartj/ehr304.

Frazier EP, Michel-Reher MB, van Loenen P, Sand C, Schneider T, Peters SLM, Michel
MC. 2011. Lack of evidence that nebivolol is a B3-adrenoceptor agonist. Eur J
Pharmacol. 654(1):86-91. doi:10.1016/j.ejphar.2010.11.036.

Freundlich B, Avdalovic N. 1983. Use of gelatin/plasma coated flasks for isolating
human peripheral blood monocytes. J Immunol Methods. 62(1):31-37.
doi:10.1016/0022-1759(83)90107-2.

Frucht DM, Fukao T, Bogdan C, Schindler H, O’'Shea JJ, Koyasu S. 2001. IFN-gamma
production by antigen-presenting cells: mechanisms emerge. Trends Immunol.
22(10):556-560. doi:10.1016/s1471-4906(01)02005-1.

Furchgott RF, Cherry PD, Zawadzki JV, Jothianandan D. 1984. Endothelial cells as
mediators of vasodilation of arteries. J Cardiovasc Pharmacol. 6 Suppl 2:S336-343.
doi:10.1097/00005344-198406002-00008.

Gagliani N, Huber S. 2017. Basic Aspects of T Helper Cell Differentiation. In: Lugli E,
editor. T-Cell Differentiation. Vol. 1514. New York, NY: Springer New York. p. 19-30.
[accessed 2019 Dec 8]. http://link.springer.com/10.1007/978-1-4939-6548-9 2.

Gao J, Sun Z, Xiao Z, Du Q, Niu X, Wang G, Chang Y-W, Sun Y, Sun W, Lin A, et al.
2019. Dexmedetomidine modulates neuroinflammation and improves outcome via
alpha2-adrenergic receptor signaling after rat spinal cord injury. Br J Anaesth.
123(6):827—-838. doi:10.1016/j.bja.2019.08.026.

Garcia-Ortiz A, Serrador JM. 2018. Nitric Oxide Signaling in T Cell-Mediated Immunity.
Trends Mol Med. 24(4):412—427. doi:10.1016/j.molmed.2018.02.002.

77



Garthwaite J. 1991. Glutamate, nitric oxide and cell-cell signalling in the nervous
system. Trends Neurosci. 14(2):60-67. doi:10.1016/0166-2236(91)90022-m.

Gu C, Wu L, Li X. 2013. IL-17 family: cytokines, receptors and signaling. Cytokine.
64(2):477-485. doi:10.1016/j.cyt0.2013.07.022.

Gudi T, Hong GK-P, Vaandrager AB, Lohmann SM, Pilz RB. 1999. Nitric oxide and
cGMP regulate gene expression in neuronal and glial cells by activating type Il cGMP-
dependent protein kinase. FASEB J. 13(15):2143-2152. doi:10.1096/fasebj.13.15.2143.

Guzik TJ, Korbut R, Adamek-Guzik T. 2003. Nitric oxide and superoxide in inflammation
and immune regulation. J Physiol Pharmacol Off J Pol Physiol Soc. 54(4):469-487.

Harding FA, McArthur JG, Gross JA, Raulet DH, Allison JP. 1992. CD28-mediated
signalling co-stimulates murine T cells and prevents induction of anergy in T-cell clones.
Nature. 356(6370):607-609. doi:10.1038/356607a0.

Harrington LE, Hatton RD, Mangan PR, Turner H, Murphy TL, Murphy KM, Weaver CT.
2005. Interleukin 17—producing CD4+ effector T cells develop via a lineage distinct from
the T helper type 1 and 2 lineages. Nat Immunol. 6(11):1123—1132. doi:10.1038/ni1254.

Hieble JP. 2009. Adrenergic Receptors. In: Squire LR, editor. Encyclopedia of
Neuroscience. Oxford: Academic Press. p. 135-139. [accessed 2021 Jun 29].
https://www.sciencedirect.com/science/article/pii/B978008045046900694 X.

Hoyer KK, Kuswanto WF, Gallo E, Abbas AK. 2009. Distinct roles of helper T-cell
subsets in a systemic autoimmune disease. Blood. 113(2):389-395. doi:10.1182/blood-
2008-04-153346.

Huang FP, Niedbala W, Wei XQ, Xu D, Feng GJ, Robinson JH, Lam C, Liew FY. 1998.
Nitric oxide regulates Th1 cell development through the inhibition of IL-12 synthesis by
macrophages. Eur J Immunol. 28(12):4062-4070. doi:10.1002/(SICI1)1521-
4141(199812)28:12<4062::AID-IMMU4062>3.0.CO;2-K.

Huang H-W, Fang X-X, Wang X-Q, Peng Y-P, Qiu Y-H. 2015a. Regulation of
Differentiation and Function of Helper T Cells by Lymphocyte-Derived Catecholamines
via a 1 - and € 2 -Adrenoceptors. Neuroimmunomodulation. 22(3):138-151.
doi:10.1159/000360579.

Huang H-W, Fang X-X, Wang X-Q, Peng Y-P, Qiu Y-H. 2015b. Regulation of
differentiation and function of helper T cells by lymphocyte-derived catecholamines via
a;- and B,-adrenoceptors. Neuroimmunomodulation. 22(3):138—-151.
doi:10.1159/000360579.

Hwang ES. 2005. T Helper Cell Fate Specified by Kinase-Mediated Interaction of T-bet
with GATA-3. Science. 307(5708):430—433. doi:10.1126/science.1103336.

78



Ibiza S, Victor VM, Bosca I, Ortega A, Urzainqui A, O’Connor JE, Sanchez-Madrid F,
Esplugues JV, Serrador JM. 2006. Endothelial Nitric Oxide Synthase Regulates T Cell
Receptor Signaling at the Immunological Synapse. Immunity. 24(6):753—-765.
doi:10.1016/j.immuni.2006.04.006.

Ignarro LJ. 2008. Different Pharmacological Properties of Two Enantiomers in a Unique
B-Blocker, Nebivolol. Cardiovasc Ther. 26(2):115-134. doi:10.1111/j.1527-
3466.2008.00044 .x.

Ivanov I, McKenzie BS, Zhou L, Tadokoro CE, Lepelley A, Lafaille JJ, Cua DJ, Littman
DR. 2006a. The Orphan Nuclear Receptor RORyt Directs the Differentiation Program of
Proinflammatory IL-17+ T Helper Cells. Cell. 126(6):1121-1133.
doi:10.1016/j.cell.2006.07.035.

Ivanov I, McKenzie BS, Zhou L, Tadokoro CE, Lepelley A, Lafaille JJ, Cua DJ, Littman
DR. 2006b. The Orphan Nuclear Receptor RORyt Directs the Differentiation Program of
Proinflammatory IL-17+ T Helper Cells. Cell. 126(6):1121-1133.
doi:10.1016/j.cell.2006.07.035.

Jana M, Jana A, Liu X, Ghosh S, Pahan K. 2007. Involvement of phosphatidylinositol 3-
kinase-mediated up-regulation of | kappa B alpha in anti-inflammatory effect of
gemfibrozil in microglia. J Immunol Baltim Md 1950. 179(6):4142—4152.
doi:10.4049/jimmunol.179.6.4142.

Ji Y, Neverova |, Van Eyk JE, Bennett BM. 2006. Nitration of tyrosine 92 mediates the
activation of rat microsomal glutathione s-transferase by peroxynitrite. J Biol Chem.
281(4):1986—-1991. doi:10.1074/jbc.M509480200.

Jogdand GM, Mohanty S, Devadas S. 2016. Regulators of Tfh Cell Differentiation. Front
Immunol. 7:520. doi:10.3389/fimmu.2016.00520.

Jovanovic DV, Di Battista JA, Martel-Pelletier J, Jolicoeur FC, He Y, Zhang M, Mineau
F, Pelletier JP. 1998. IL-17 stimulates the production and expression of proinflammatory
cytokines, IL-beta and TNF-alpha, by human macrophages. J Immunol Baltim Md 1950.
160(7):3513-3521.

Kashem SW, Haniffa M, Kaplan DH. 2017. Antigen-Presenting Cells in the Skin. Annu
Rev Immunol. 35(1):469-499. doi:10.1146/annurev-immunol-051116-052215.

Khan BV, Harrison DG, Olbrych MT, Alexander RW, Medford RM. 1996. Nitric oxide
regulates vascular cell adhesion molecule 1 gene expression and redox-sensitive
transcriptional events in human vascular endothelial cells. Proc Natl Acad Sci U S A.
93(17):9114-9119. doi:10.1073/pnas.93.17.9114.

Khan M, Jatana M, Elango C, Paintlia AS, Singh AK, Singh |. 2006. Cerebrovascular

protection by various nitric oxide donors in rats after experimental stroke. Nitric Oxide
Biol Chem. 15(2):114-124. doi:10.1016/j.niox.2006.01.008.

79



Kharitonov SA, Yates D, Robbins RA, Barnes PJ, Logan-Sinclair R, Shinebourne EA.
1994. Increased nitric oxide in exhaled air of asthmatic patients. The Lancet.
343(8890):133—135. doi:10.1016/S0140-6736(94)90931-8.

Khoury SJ, Healy BC, Kivisakk P, Viglietta V, Egorova S, Guttmann CR, Wedgwood JF,
Hafler DA, Weiner HL, Buckle G, et al. 2010. A randomized controlled double-masked
trial of albuterol add-on therapy in patients with multiple sclerosis. Arch Neurol.
67(9):1055-1061. doi:10.1001/archneurol.2010.222.

Kiang JG, Krishnan S, Lu X, Li Y. 2008. Inhibition of Inducible Nitric-Oxide Synthase
Protects Human T Cells from Hypoxia-Induced Apoptosis. Mol Pharmacol. 73(3):738—
747.doi:10.1124/mol.107.041079.

Kitamura Y, Takahashi H, Nomura Y, Taniguchi T. 1996. Possible involvement of Janus
kinase Jak2 in interferon-gamma induction of nitric oxide synthase in rat glial cells. Eur J
Pharmacol. 306(1-3):297-306. doi:10.1016/0014-2999(96)00212-9.

Kleiveland CR. 2015. Peripheral Blood Mononuclear Cells. In: Verhoeckx K, Cotter P,
Lopez-Expdsito |, Kleiveland C, Lea T, Mackie A, Requena T, Swiatecka D, Wichers H,
editors. The Impact of Food Bioactives on Health. Cham: Springer International
Publishing. p. 161-167. [accessed 2020 Nov 2]. http://link.springer.com/10.1007/978-3-
319-16104-4_15.

Knowles RG, Palacios M, Palmer RM, Moncada S. 1989. Formation of nitric oxide from
L-arginine in the central nervous system: a transduction mechanism for stimulation of
the soluble guanylate cyclase. Proc Natl Acad Sci U S A. 86(13):5159-5162.

Kohm AP, Sanders VM. 2001. Norepinephrine and beta 2-adrenergic receptor
stimulation regulate CD4+ T and B lymphocyte function in vitro and in vivo. Pharmacol
Rev. 53(4):487-525.

Kolb H, Kolb-Bachofen V. 1998. Nitric oxide in autoimmune disease: cytotoxic or
regulatory mediator? Immunol Today. 19(12):556-561. doi:10.1016/S0167-
5699(98)01366-8.

Korhonen R, Kosonen O, Hamalainen M, Moilanen E. 2008. Nitric Oxide-Releasing
Compounds Inhibit the Production of Interleukin-2, -4 and -10 in Activated Human
Lymphocytes. Basic Clin Pharmacol Toxicol. 103(4):322—-328. doi:10.1111/j.1742-
7843.2008.00275.x.

Kotake S, Udagawa N, Takahashi N, Matsuzaki K, Itoh K, Ishiyama S, Saito S, Inoue K,
Kamatani N, Gillespie MT, et al. 1999. IL-17 in synovial fluids from patients with
rheumatoid arthritis is a potent stimulator of osteoclastogenesis. J Clin Invest.
103(9):1345-1352.

80



Kuhns MS, Davis MM. 2012. TCR Signaling Emerges from the Sum of Many Parts.
Front Immunol. 3. doi:10.3389/fimmu.2012.00159. [accessed 2021 Jun 14].
https://www.frontiersin.org/articles/10.3389/fimmu.2012.00159/full.

Kuroedov A, Cosentino F, Luscher TF. 2006. Pharmacological Mechanisms of Clinically
Favorable Properties of a Selective 31-Adrenoceptor Antagonist, Nebivolol. Cardiovasc
Drug Rev. 22(3):155-168. d0i:10.1111/j.1527-3466.2004.tb00138.x.

Ladage D, Brixius K, Hoyer H, Steingen C, Wesseling A, Malan D, Bloch W, Schwinger
RH. 2006. MECHANISMS UNDERLYING NEBIVOLOL-INDUCED ENDOTHELIAL
NITRIC OXIDE SYNTHASE ACTIVATION IN HUMAN UMBILICAL VEIN
ENDOTHELIAL CELLS: eNOS activation by nebivolol. Clin Exp Pharmacol Physiol.
33(8):720-724. doi:10.1111/j.1440-1681.2006.044 24 .x.

Lee JH, Yang ES, Park J-W. 2003. Inactivation of NADP+-dependent isocitrate
dehydrogenase by peroxynitrite. Implications for cytotoxicity and alcohol-induced liver
injury. J Biol Chem. 278(51):51360-51371. doi:10.1074/jbc.M302332200.

Lefkowitz RJ, Shenoy SK. 2005. Transduction of Receptor Signals by R-Arrestins.
Science. 308(5721):512-517. doi:10.1126/science.1109237.

Leipe J, Pirronello F, Schulze-Koops H, Skapenko A. 2020. Altered T cell plasticity
favours Th17 cells in early arthritis. Rheumatol Oxf Engl. 59(10):2754-2763.
doi:10.1093/rheumatology/kez660.

Liang SC, Long AJ, Bennett F, Whitters MJ, Karim R, Collins M, Goldman SJ, Dunussi-
Joannopoulos K, Williams CMM, Wright JF, et al. 2007. An IL-17F/A heterodimer
protein is produced by mouse Th17 cells and induces airway neutrophil recruitment. J
Immunol Baltim Md 1950. 179(11):7791-7799. do0i:10.4049/jimmunol.179.11.7791.

Liew F. 1995. Regulation of lymphocyte functions by nitric oxide. Curr Opin Immunol.
7(3):396-399. doi:10.1016/0952-7915(95)80116-2.

Lighvani AA, Frucht DM, Jankovic D, Yamane H, Aliberti J, Hissong BD, Nguyen BV,
Gadina M, Sher A, Paul WE, et al. 2001. T-bet is rapidly induced by interferon-gamma
in lymphoid and myeloid cells. Proc Natl Acad Sci U S A. 98(26):15137—15142.
doi:10.1073/pnas.261570598.

Ma J, Shi L-L, Deng Y-K, Wang H, Cao P-P, Long X-B, Zhang X-H, Liu Y, Zeng M, Liu
Z.2016. CD8 * T cells with distinct cytokine-producing features and low cytotoxic
activity in eosinophilic and non-eosinophilic chronic rhinosinusitis with nasal polyps. Clin
Exp Allergy. 46(9):1162—-1175. doi:10.1111/cea.12758.

MacMicking J, Xie Q, Nathan C. 1997. NITRIC OXIDE AND MACROPHAGE
FUNCTION. Annu Rev Immunol. 15(1):323-350.
doi:10.1146/annurev.immunol.15.1.323.

81



Macphail SE, Gibney CA, Brooks BM, Booth CG, Flanagan BF, Coleman JW. 2003.
Nitric Oxide Regulation of Human Peripheral Blood Mononuclear Cells: Critical Time
Dependence and Selectivity for Cytokine versus Chemokine Expression. J Immunol.
171(9):4809—-4815. doi:10.4049/jimmunol.171.9.4809.

Makman MH. 1971. Properties of Adenylate Cyclase of Lymphoid Cells. Proc Natl Acad
SciU S A. 68(5):885—-889.

Manni M, Granstein RD, Maestroni G. 2011. f2-Adrenergic agonists bias TLR-2 and
NOD2 activated dendritic cells towards inducing an IL-17 immune response. Cytokine.
55(3):380—-386. doi:10.1016/j.cyto.2011.05.013.

Martinez-Ruiz A, Cadenas S, Lamas S. 2011. Nitric oxide signaling: Classical, less
classical, and nonclassical mechanisms. Free Radic Biol Med. 51(1):17-29.
doi:10.1016/j.freeradbiomed.2011.04.010.

Matsuzaki G, Umemura M. 2018. Interleukin-17 family cytokines in protective immunity
against infections: role of hematopoietic cell-derived and non-hematopoietic cell-derived
interleukin-17s. Microbiol Immunol. 62(1):1-13. doi:10.1111/1348-0421.12560.

McAlees JW, Smith LT, Erbe RS, Jarjoura D, Ponzio NM, Sanders VM. 2011.
Epigenetic regulation of beta2-adrenergic receptor expression in TH1 and TH2 cells.
Brain Behav Immun. 25(3):408—415. doi:10.1016/j.bbi.2010.10.019.

Mclnnes IB, Leung BP, Field M, Wei XQ, Huang FP, Sturrock RD, Kinninmonth A,
Weidner J, Mumford R, Liew FY. 1996. Production of nitric oxide in the synovial
membrane of rheumatoid and osteoarthritis patients. J Exp Med. 184(4):1519-1524.
doi:10.1084/jem.184.4.1519.

Melmon KL, Bourne HR, Weinstein Y, Shearer GM, Kram J, Bauminger S. 1974.
Hemolytic plaque formation by leukocytes in vitro. Control by vasoactive hormones. J
Clin Invest. 53(1):13-21. doi:10.1172/JCI107530.

Mikkelsen RB, Wardman P. 2003. Biological chemistry of reactive oxygen and nitrogen
and radiation-induced signal transduction mechanisms. Oncogene. 22(37):5734-5754.
doi:10.1038/sj.o0nc.1206663.

Miljkovic D, Cvetkovic |, Momcilovic M, Maksimovic-lvanic D, Stosic-Grujicic S,
Trajkovic V. 2005. Interleukin-17 stimulates inducible nitric oxide synthase-dependent
toxicity in mouse beta cells. Cell Mol Life Sci. 62(22):2658. doi:10.1007/s00018-005-
5259-0.

Miljkovic D, Trajkovic V. 2004. Inducible nitric oxide synthase activation by interleukin-
17. Cytokine Growth Factor Rev. 15(1):21-32. doi:10.1016/j.cytogfr.2003.10.003.

Miljkovic Dj, Cvetkovic I, Vuckovic O, Stosic-Grujicic S, Mostarica Stojkovic M, Trajkovic
V. 2003. The role of interleukin-17 in inducible nitric oxide synthase-mediated nitric

82



oxide production in endothelial cells. Cell Mol Life Sci CMLS. 60(3):518-525.
doi:10.1007/s00018030004 3.

Moens AL, Yang R, Watts VL, Barouch LA. 2010. Beta 3-adrenoreceptor regulation of
nitric oxide in the cardiovascular system. J Mol Cell Cardiol. 48(6):1088—1095.
doi:10.1016/j.yjmcc.2010.02.011.

Mose FH, Jensen JM, Therwani S, Mortensen J, Hansen AB, Bech JN, Pedersen EB.
2015. Effect of nebivolol on renal nitric oxide availability and tubular function in patients
with essential hypertension: Nebivolol and NO in patients with hypertension. Br J Clin
Pharmacol. 80(3):425-435. doi:10.1111/bcp.12627.

Mosmann TR, Cherwinski H, Bond MW, Giedlin MA, Coffman RL. 1986. Two types of
murine helper T cell clone. |. Definition according to profiles of lymphokine activities and
secreted proteins. J Immunol Baltim Md 1950. 136(7):2348—-2357.

Murphy K, Weaver C. 2016. Janeway’s immunobiology. 9th edition. New York, NY:
Garland Science/Taylor & Francis Group, LLC.

Nagy G, Koncz A, Perl A. 2003. T Cell Activation-Induced Mitochondrial
Hyperpolarization Is Mediated by Ca 2* - and Redox-Dependent Production of Nitric
Oxide. J Immunol. 171(10):5188-5197. doi:10.4049/jimmunol.171.10.5188.

Nath N, Morinaga O, Singh I. 2010. S-nitrosoglutathione a physiologic nitric oxide
carrier attenuates experimental autoimmune encephalomyelitis. J Neuroimmune
Pharmacol Off J Soc Neurolmmune Pharmacol. 5(2):240-251. doi:10.1007/s11481-
009-9187-x.

Niedbala W, Alves-Filho JC, Fukada SY, Vieira SM, Mitani A, Sonego F, Mirchandani A,
Nascimento DC, Cunha FQ, Liew FY. 2011. Regulation of type 17 helper T-cell function
by nitric oxide during inflammation. Proc Natl Acad Sci. 108(22):9220-9225.
doi:10.1073/pnas.1100667108.

Niedbala W, Wei XQ, Piedrafita D, Xu D, Liew FY. 1999. Effects of nitric oxide on the
induction and differentiation of Th1 cells. Eur J Immunol. 29(8):2498-2505.
doi:10.1002/(SI1CI)1521-4141(199908)29:08<2498::AID-IMMU2498>3.0.CO;2-M.

Noble MA, Munro AW, Rivers SL, Robledo L, Daff SN, Yellowlees LJ, Shimizu T,
Sagami |, Guillemette JG, Chapman SK. 1999. Potentiometric analysis of the flavin
cofactors of neuronal nitric oxide synthase. Biochemistry. 38(50):16413-16418.
doi:10.1021/bi992150w.

Obermajer N, Wong JL, Edwards RP, Chen K, Scott M, Khader S, Kolls JK, Odunsi K,
Billiar TR, Kalinski P. 2013. Induction and stability of human Th17 cells require
endogenous NOS2 and cGMP-dependent NO signaling. J Exp Med. 210(7):1433-1445.
doi:10.1084/jem.20121277.

83



O’Dell TJ, Hawkins RD, Kandel ER, Arancio O. 1991. Tests of the roles of two diffusible
substances in long-term potentiation: evidence for nitric oxide as a possible early
retrograde messenger. Proc Natl Acad Sci U S A. 88(24):11285-11289.

Pahan K, Jana M, Liu X, Taylor BS, Wood C, Fischer SM. 2002. Gemfibrozil, a lipid-
lowering drug, inhibits the induction of nitric-oxide synthase in human astrocytes. J Biol
Chem. 277(48):45984—-45991. doi:10.1074/jbc.M200250200.

Pahan K, Mondal S. 2012. Crosstalk between Nitric Oxide and T helper cells. J Clin Cell
Immunol. 3(4).

Patel DD, Lee DM, Kolbinger F, Antoni C. 2013. Effect of IL-17A blockade with
secukinumab in autoimmune diseases. Ann Rheum Dis. 72 Suppl 2:ii116-123.
doi:10.1136/annrheumdis-2012-202371.

Pauwels PJ, Leysen JE, Janssen PAJ. 1989. B-Adrenoceptor-mediated cAMP
accumulation in cardiac cells: effects of nebivolol. Eur J Pharmacol Mol Pharmacol.
172(6):471-479. doi:10.1016/0922-4106(89)90030-8.

Pauwels PJ, Van Compel P, Leysen JE. 1991. Human B1- and B2-adrenergic receptor
binding and mediated accumulation of cAMP in transfected chinese hamster ovary cells:
Profile of nebivolol and known B-adrenergic blockers. Biochem Pharmacol. 42(9):1683—
1689. doi:10.1016/0006-2952(91)90502-V.

Pearl JE, Torrado E, Tighe M, Fountain JJ, Solache A, Strutt T, Swain S, Appelberg R,
Cooper AM. 2012. Nitric oxide inhibits the accumulation of CD4+CD44hiTbet+CD69lo T
cells in mycobacterial infection. Eur J Immunol. 42(12):3267-3279.
doi:10.1002/€ji.201142158.

Pennock ND, White JT, Cross EW, Cheney EE, Tamburini BA, Kedl RM. 2013. T cell
responses: naive to memory and everything in between. Adv Physiol Educ. 37(4):273—
283. doi:10.1152/advan.00066.2013.

Pilipovi¢ |, Vujnovic |, Petrovi¢ R, Stoji¢-Vukani¢ Z, Leposavi¢ G. 2019. Propranolol
Impairs Primary Immune Responses in Rat Experimental Autoimmune
Encephalomyelitis. Neuroimmunomodulation. 26(3):129-138. doi:10.1159/000500094.

Prasad R, Giri S, Nath N, Singh I, Singh AK. 2007. GSNO attenuates EAE disease by
S-nitrosylation-mediated modulation of endothelial-monocyte interactions. Glia.
55(1):65-77. doi:10.1002/glia.204 36.

Rafa H, Saoula H, Belkhelfa M, Medjeber O, Soufli I, Toumi R, de Launoit Y, Moralés O,
Nakmouche M, Delhem N, et al. 2013. IL-23/IL-17A axis correlates with the nitric oxide
pathway in inflammatory bowel disease: immunomodulatory effect of retinoic acid. J
Interferon Cytokine Res Off J Int Soc Interferon Cytokine Res. 33(7):355-368.
doi:10.1089/ir.2012.0063.

84



Ramer-Quinn DS, Baker RA, Sanders VM. 1997. Activated T helper 1 and T helper 2
cells differentially express the beta-2-adrenergic receptor: a mechanism for selective
modulation of T helper 1 cell cytokine production. J Immunol Baltim Md 1950.
159(10):4857-4867.

Raphael |, Nalawade S, Eagar TN, Forsthuber TG. 2015. T cell subsets and their
signature cytokines in autoimmune and inflammatory diseases. Cytokine. 74(1):5-17.
doi:10.1016/j.cyto.2014.09.011.

Rapoport RM, Draznin MB, Murad F. 1983. Endothelium-dependent relaxation in rat
aorta may be mediated through cyclic GMP-dependent protein phosphorylation. Nature.
306(5939):174—-176. doi:10.1038/306174a0.

Reiling N, Kroncke R, Ulmer AJ, Gerdes J, Flad H-D, Hauschildt S. 1996. Nitric oxide
synthase: expression of the endothelial, Ca2+/calmodulin-dependent isoform in human
B and T lymphocytes. Eur J Immunol. 26(3):511-516. doi:10.1002/eji.1830260302.

Revankar CM, Vines CM, Cimino DF, Prossnitz ER. 2004. Arrestins block G protein-
coupled receptor-mediated apoptosis. J Biol Chem. 279(23):24578-24584.
doi:10.1074/jbc.M402121200.

Ridnour LA, Thomas DD, Mancardi D, Espey MG, Miranda KM, Paolocci N, Feelisch M,
Fukuto J, Wink DA. 2004. The chemistry of nitrosative stress induced by nitric oxide and
reactive nitrogen oxide species. Putting perspective on stressful biological situations.
Biol Chem. 385(1):1-10. doi:10.1515/BC.2004.001.

Romagnani S. 2000. T-cell subsets (Th1 versus Th2). Ann Allergy Asthma Immunol.
85(1):9-21. doi:10.1016/S1081-1206(10)62426-X.

Ross AM, Lee CS, Lutsep H, Clark WM. 2018. The Influence of B-Adrenergic Receptor
Kinase-1 on Stroke-induced Immunodeficiency Syndrome. J Cardiovasc Nurs. 33(4):E3.
doi:10.1097/JCN.0000000000000481.

Saha RN, Pahan K. 2006. Regulation of inducible nitric oxide synthase gene in glial
cells. Antioxid Redox Signal. 8(5-6):929-947. doi:10.1089/ars.2006.8.929.

Salvemini D, Ischiropoulos H, Cuzzocrea S. 2003. Roles of nitric oxide and superoxide
in inflammation. Methods Mol Biol Clifton NJ. 225:291-303. doi:10.1385/1-59259-374-
7:291.

Sanders VM. 2012. The beta2-adrenergic receptor on T and B lymphocytes: do we
understand it yet? Brain Behav Immun. 26(2):195-200. doi:10.1016/j.bbi.2011.08.001.

Sanders VM, Baker RA, Ramer-Quinn DS, Kasprowicz DJ, Fuchs BA, Street NE.
1997a. Differential expression of the beta2-adrenergic receptor by Th1 and Th2 clones:
implications for cytokine production and B cell help. J Immunol Baltim Md 1950.
158(9):4200—4210.

85



Sanders VM, Baker RA, Ramer-Quinn DS, Kasprowicz DJ, Fuchs BA, Street NE.
1997b. Differential expression of the beta2-adrenergic receptor by Th1 and Th2 clones:
implications for cytokine production and B cell help. J Immunol Baltim Md 1950.
158(9):4200-4210.

Santamaria J, Darrigues J, van Meerwijk JPM, Romagnoli P. 2018. Antigen-presenting
cells and T-lymphocytes homing to the thymus shape T cell development. Immunol Lett.
204:9-15. doi:10.1016/j.imlet.2018.10.003.

Saravia J, Chapman NM, Chi H. 2019. Helper T cell differentiation. Cell Mol Immunol.
16(7):634—643. doi:10.1038/s41423-019-0220-6.

Sarchielli P, Orlacchio A, Vicinanza F, Pelliccioli G, Tognoloni M, Saccardi C, Gallai V.
1997. Cytokine secretion and nitric oxide production by mononuclear cells of patients
with multiple sclerosis. J Neuroimmunol. 80(1-2):76—86. doi:10.1016/S0165-
5728(97)00136-7.

Schmitt N, Ueno H. 2015. Regulation of human helper T cell subset differentiation by
cytokines. Curr Opin Immunol. 34:130-136. doi:10.1016/j.c0i.2015.03.007.

Schneemann M, Schoeden G. 2007. Macrophage biology and immunology: man is not
a mouse. J Leukoc Biol. 81(3):579-579. doi:10.1189/jlb.1106702.

Schneemann M, Schoedon G. 2002. Species differences in macrophage NO production
are important. Nat Immunol. 3(2):102—-102. doi:10.1038/ni0202-102a.

Schroder K, Hertzog PJ, Ravasi T, Hume DA. 2004. Interferon-gamma: an overview of
signals, mechanisms and functions. J Leukoc Biol. 75(2):163—-189.
doi:10.1189/jlb.0603252.

Schuman EM, Madison DV. 1991. A requirement for the intercellular messenger nitric
oxide in long-term potentiation. Science. 254(5037):1503—-1506.
doi:10.1126/science.1720572.

Sen GC. 2001. Viruses and interferons. Annu Rev Microbiol. 55:255-281.
doi:10.1146/annurev.micro.55.1.255.

Sharifpanah F, Saliu F, Bekhite MM, Wartenberg M, Sauer H. 2014. B-adrenergic
receptor antagonists inhibit vasculogenesis of embryonic stem cells by downregulation
of nitric oxide generation and interference with VEGF signalling. Cell Tissue Res.
358(2):443-452. doi:10.1007/s00441-014-1976-8.

Singh I, Nath N, Saxena N, Singh AK, Won J-S. 2018. Regulation of IL-10 and IL-17
mediated experimental autoimmune encephalomyelitis by S-nitrosoglutathione.
Immunobiology. 223(10):549-554. doi:10.1016/j.imbio.2018.06.003.

86



Sonnenfeld G, Cunnick JE, Armfield AV, Wood PG, Rabin BS. 1992. Stress-induced
alterations in interferon production and class |l histocompatibility antigen expression.
Brain Behav Immun. 6(2):170-178. doi:10.1016/0889-1591(92)90016-h.

Stadhouders R, Lubberts E, Hendriks RW. 2018. A cellular and molecular view of T
helper 17 cell plasticity in autoimmunity. J Autoimmun. 87:1-15.
doi:10.1016/j.jaut.2017.12.007.

Stuehr D, Pou S, Rosen GM. 2001. Oxygen reduction by nitric-oxide synthases. J Biol
Chem. 276(18):14533-14536. doi:10.1074/jbc.R100011200.

Stuehr DJ, Marletta MA. 1987. Induction of nitrite/nitrate synthesis in murine
macrophages by BCG infection, lymphokines, or interferon-gamma. J Immunol.
139(2):518-525.

Swanson MA, Lee WT, Sanders VM. 2001. IFN-y Production by Th1 Cells Generated
from Naive CD4 * T Cells Exposed to Norepinephrine. J Immunol. 166(1):232—-240.
doi:10.4049/jimmunol.166.1.232.

Szabo SJ, Kim ST, Costa GL, Zhang X, Fathman CG, Glimcher LH. 2000. A Novel
Transcription Factor, T-bet, Directs Th1 Lineage Commitment. Cell. 100(6):655—-669.
doi:10.1016/S0092-8674(00)80702-3.

Szelenyi J, Selmeczy Z, Brozik A, Medgyesi D, Magocsi M. 2006. Dual B-adrenergic
modulation in the immune system: Stimulus-dependent effect of isoproterenol on MAPK
activation and inflammatory mediator production in macrophages. Neurochem Int.
49(1):94-103. doi:10.1016/j.neuint.2006.01.009.

T. Andresen B. 2011. A Pharmacological Primer of Biased Agonism. Endocr Metab
Immune Disord - Drug TargetsFormerly Curr Drug Targets - Immune Endocr Metab
Disord. 11(2):92—-98. do0i:10.2174/187153011795564179.

Tabatabaei Shafiei M, Carvajal Gonczi CM, Rahman MS, East A, Francois J, Darlington
PJ. 2014. Detecting Glycogen in Peripheral Blood Mononuclear Cells with Periodic Acid
Schiff Staining. J Vis Exp JOVE.(94). doi:10.3791/52199. [accessed 2021 Jun 3].
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4354478/.

Tesmer LA, Lundy SK, Sarkar S, Fox DA. 2008. Th17 cells in human disease. Immunol
Rev. 223:87-113. doi:10.1111/j.1600-065X.2008.00628 .x.

Thomas DD, Espey MG, Ridnour LA, Hofseth LJ, Mancardi D, Harris CC, Wink DA.
2004. Hypoxic inducible factor 1a, extracellular signal-regulated kinase, and p53 are
regulated by distinct threshold concentrations of nitric oxide. Proc Natl Acad Sci.
101(24):8894—-8899. doi:10.1073/pnas.0400453101.

Tripathi SK, Chen Z, Larjo A, Kanduri K, Nousiainen K, Aijo T, Ricafio-Ponce |,
Hrdlickova B, Tuomela S, Laajala E, et al. 2017. Genome-wide Analysis of STAT3-

87



Mediated Transcription during Early Human Th17 Cell Differentiation. Cell Rep.
19(9):1888—-1901. doi:10.1016/j.celrep.2017.05.013.

Tzartos JS, Friese MA, Craner MJ, Palace J, Newcombe J, Esiri MM, Fugger L. 2008.
Interleukin-17 Production in Central Nervous System-Infiltrating T Cells and Glial Cells
Is Associated with Active Disease in Multiple Sclerosis. Am J Pathol. 172(1):146-155.
doi:10.2353/ajpath.2008.070690.

Usui T, Preiss JC, Kanno Y, Yao ZJ, Bream JH, O’'Shea JJ, Strober W. 2006. T-bet
regulates Th1 responses through essential effects on GATA-3 function rather than on
IFNG gene acetylation and transcription. J Exp Med. 203(3):755-766.
doi:10.1084/jem.20052165.

van der Veen RC. 2001. Nitric oxide and T helper cell immunity. Int Immunopharmacol.
1(8):1491-1500. doi:10.1016/S1567-5769(01)00093-5.

van der Veen RC, Dietlin TA, Pen L, Gray JD. 1999. Nitric Oxide Inhibits the
Proliferation of T-Helper 1 and 2 Lymphocytes without Reduction in Cytokine Secretion.
Cell Immunol. 193(2):194—-201. doi:10.1006/cimm.1999.1471.

de Vera ME, Shapiro RA, Nussler AK, Mudgett JS, Simmons RL, Morris SM, Billiar TR,
Geller DA. 1996. Transcriptional regulation of human inducible nitric oxide synthase
(NOS2) gene by cytokines: initial analysis of the human NOS2 promoter. Proc Natl
Acad Sci. 93(3):1054-1059. doi:10.1073/pnas.93.3.1054.

Vujnovi¢ |, Pilipovic¢ |, Jasni¢ N, Petrovi¢ R, Blagojevic¢ V, Arsenovic-Ranin N, Stoji¢-
Vukani¢ Z, Djordjevi¢ J, Leposavi¢ G. 2019. Noradrenaline through 3-adrenoceptor
contributes to sexual dimorphism in primary CD4+ T-cell response in DA rat EAE
model? Cell Immunol. 336:48-57. doi:10.1016/j.cellimm.2018.12.009.

Wahle M, Neumann RP, Moritz F, Krause A, Buttgereit F, Baerwald CGO. 2005. Beta 2 -
Adrenergic Receptors Mediate the Differential Effects of Catecholamines on Cytokine
Production of PBMC. J Interferon Cytokine Res. 25(7):384-394.
doi:10.1089/jir.2005.25.384.

Wang Q. 2012. Chapter 10 - a2-Adrenergic Receptors. In: Robertson D, Biaggioni |,
Burnstock G, Low PA, Paton JFR, editors. Primer on the Autonomic Nervous System
(Third Edition). San Diego: Academic Press. p. 55-58. [accessed 2021 Jun 29].
https://www.sciencedirect.com/science/article/pii/B978012386525000010X.

Wheeler JLH, Martin KC, Lawrence BP. 2013. Novel cellular targets of AhR underlie
alterations in neutrophilic inflammation and inducible nitric oxide synthase expression
during influenza virus infection. J Immunol Baltim Md 1950. 190(2):659-668.
doi:10.4049/jimmunol.1201341.

WulL, Tai Y, Hu S, Zhang M, Wang R, Zhou W, Tao J, Han Y, Wang Q, Wei W. 2018.
Bidirectional Role of B2-Adrenergic Receptor in Autoimmune Diseases. Front

88



Pharmacol. 9. doi:10.3389/fphar.2018.01313. [accessed 2021 Jun 29].
https://www.frontiersin.org/articles/10.3389/fphar.2018.01313/ful #B62.

Xie QW, Whisnant R, Nathan C. 1993. Promoter of the mouse gene encoding calcium-
independent nitric oxide synthase confers inducibility by interferon gamma and bacterial
lipopolysaccharide. J Exp Med. 177(6):1779—-1784. doi:10.1084/jem.177.6.1779.

Xiong H, Kawamura [, Nishibori T, Mitsuyama M. 1996. Suppression of IFN-gamma
production from Listeria monocytogenes-specific T cells by endogenously produced
nitric oxide. Cell Immunol. 172(1):118-125. doi:10.1006/cimm.1996.0222.

Xiong H, Zhu C, Li F, Hegazi R, He K, Babyatsky M, Bauer AJ, Plevy SE. 2004.
Inhibition of interleukin-12 p40 transcription and NF-kappaB activation by nitric oxide in
murine macrophages and dendritic cells. J Biol Chem. 279(11):10776-10783.
doi:10.1074/jbc.M313416200.

Xu J, Chavis JA, Racke MK, Drew PD. 2006. Peroxisome proliferator-activated
receptor-alpha and retinoid X receptor agonists inhibit inflammatory responses of
astrocytes. J Neuroimmunol. 176(1-2):95—105. doi:10.1016/j.jneuroim.2006.04.019.

Xue Q, Yan Y, Zhang R, Xiong H. 2018. Regulation of INOS on Immune Cells and lIts
Role in Diseases. Int J Mol Sci. 19(12):3805. doi:10.3390/ijms19123805.

Yakovlev VA, Barani IJ, Rabender CS, Black SM, Leach JK, Graves PR, Kellogg GE,
Mikkelsen RB. 2007. Tyrosine nitration of IkappaBalpha: a novel mechanism for NF-
kappaB activation. Biochemistry. 46(42):11671-11683. doi:10.1021/bi701107z.

Yang J, Zhang R, Lu G, Shen Y, Peng L, Zhu C, Cui M, Wang W, Arnaboldi P, Tang M,
et al. 2013. T cell-derived inducible nitric oxide synthase switches off TH17 cell
differentiation. J Exp Med. 210(7):1447-1462. doi:10.1084/jem.20122494.

Yang Z, Wang Z-E, Doulias P-T, Wei W, Ischiropoulos H, Locksley RM, Liu L. 2010.
Lymphocyte Development Requires S-nitrosoglutathione Reductase. J Immunol.
185(11):6664—6669. doi:10.4049/jimmunol.1000080.

Yang Z-Y, Yuan C-X. 2018. IL-17A promotes the neuroinflammation and cognitive
function in sevoflurane anesthetized aged rats via activation of NF-kB signaling
pathway. BMC Anesthesiol. 18(1):147. doi:10.1186/s12871-018-0607-4.

Yao K, Xu B, Liu Y-P, Ferro A. 2003. Effects of beta-adrenoceptor stimulation on
endothelial nitric-oxide synthase phosphorylation of human umbilical vein endothelial
cells. Acta Pharmacol Sin. 24(3):219-224.

Yasuda K, Takeuchi Y, Hirota K. 2019. The pathogenicity of Th17 cells in autoimmune
diseases. Semin Immunopathol. 41(3):283—-297. doi:10.1007/s00281-019-00733-8.

89



Yosef N, Shalek AK, Gaublomme JT, Jin H, Lee Y, Awasthi A, Wu C, Karwacz K, Xiao
S, Jorgolli M, et al. 2013. Dynamic regulatory network controlling TH17 cell
differentiation. Nature. 496(7446):461—468. doi:10.1038/nature11981.

Young HA. 1996. Regulation of interferon-gamma gene expression. J Interferon
Cytokine Res Off J Int Soc Interferon Cytokine Res. 16(8):563—568.
doi:10.1089/jir.1996.16.563.

Zhang R, Li Q, Chuang PY, Lu G, Liu R, Yang J, Peng L, Dai Y, Zheng Z, Qi C-F, et al.
2013. Regulation of pathogenic Th17 cell differentiation by IL-10 in the development of
glomerulonephritis. Am J Pathol. 183(2):402—412. doi:10.1016/j.ajpath.2013.05.001.

Zhang Yuan, Zhang Yaguang, Gu W, Sun B. 2014a. TH1/TH2 cell differentiation and
molecular signals. Adv Exp Med Biol. 841:15-44. doi:10.1007/978-94-017-9487-9 2.

Zhang Yuan, Zhang Yaguang, Gu W, Sun B. 2014b. TH1/TH2 cell differentiation and
molecular signals. Adv Exp Med Biol. 841:15—44. doi:10.1007/978-94-017-9487-9_2.

Zhou L, Lopes JE, Chong MMW, Ivanov I, Min R, Victora GD, Shen Y, Du J, Rubtsov
YP, Rudensky AY, et al. 2008. TGF-B-induced Foxp3 inhibits TH17 cell differentiation
by antagonizing RORyt function. Nature. 453(7192):236—240. doi:10.1038/nature06878.

Zhu J. 2015. T helper 2 (Th2) cell differentiation, type 2 innate lymphoid cell (ILC2)
development and regulation of interleukin-4 (IL-4) and IL-13 production. Cytokine.
75(1):14-24. doi:10.1016/j.cyt0.2015.05.010.

Zielinski CE, Mele F, Aschenbrenner D, Jarrossay D, Ronchi F, Gattorno M, Monticelli
S, Lanzavecchia A, Sallusto F. 2012. Pathogen-induced human TH17 cells produce
IFN-y or IL-10 and are regulated by IL-1B. Nature. 484(7395):514-518.
doi:10.1038/nature10957.

Zimmerman AL, Yamanaka G, Eckstein F, Baylor DA, Stryer L. 1985. Interaction of
hydrolysis-resistant analogs of cyclic GMP with the phosphodiesterase and light-
sensitive channel of retinal rod outer segments. Proc Natl Acad Sci U S A. 82(24):8813—
8817. doi:10.1073/pnas.82.24.8813.

90



	List of Abbreviations
	CHAPTER I: Introduction
	Preamble
	1.1. T Cells Development, Activation and Differentiation
	1.2. T Helper Cell Subsets
	1.2.1. Th1 cell subset and IFNγ
	1.2.2. Th17 cell subset and IL-17A
	1.3. Immunoregulation by adrenergic signaling
	1.4. Nebivolol as an immunomodulatory drug
	1.5. Nitric oxide regulation of Th cells
	1.5.1. Reciprocal Modulation between NO and Th cells
	1.6. The adrenergic signaling and the role of NO
	1.7. Conclusion


	Illustrations
	CHAPTER II: Materials and Methods
	2.1.  PBMCs Activation and Drug Treatment
	2.2.  Enzyme-linked Immunosorbent Assay (ELISA)
	2.3.  Quantitative real-time polymerase chain reaction (qRT-PCR)
	2.4.  Statistical Analysis:

	CHAPTER III: Results
	3.1.  Nebivolol downregulates the IL-17A and IFNγ cytokines in samples of human PBMCs
	3.2.  NO donor regulates the concentrations of IL-17A and IFNγ in a dose-dependent manner
	3.3.  Different NOS isoforms affect the nebivolol-induced regulation of IL-17A and IFNγ cytokines
	3.4.  Nebivolol regulates IL-17A and IFNγ cytokine levels independently from the cGMP-cGK signalling pathway
	3.5.  The Gene Expression Results from the RT-qPCR

	CHAPTER IV: Discussion
	Appendix A
	Supplementary Figures
	References

