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Abstract   

 

Modulation of Helper T Cells by β2 Adrenergic Receptor Ligands in a PKA-Dependent Manner 

 

Catalina Marysol Carvajal Gonczi, Ph.D 

Concordia University, 2020 

Background: T helper (Th) cells may attack self-tissues in susceptible people resulting in chronic 

autoimmune disease. A subtype of Th cells called Th17 cells are considered to be pro-

inflammatory by secreting IL-17A cytokines. Discovering new drugs to suppress Th17 cells is a 

major goal for researchers. Ligands for the beta2-adrenergic receptor (β2AR, encoded by 

ADRB2) are known to suppress pro-inflammatory Th1 cells, but their effects on Th17 cells have 

not been widely studied. I studied the effect of β2AR ligands on Th1 and Th17 cells and 

determined the influence of common polymorphisms ADRB2. The goal was to discover a 

potential new immunomodulatory drug to explore as autoimmune disease treatment.    

Methods: Human immune cells from healthy participants obtained after informed consent 

were tested in vitro. The samples were activated with T cell-specific activator, and cytokines 

were measured. The in vitro drug treatments included a β2AR specific agonist (terbutaline), an 

inverse-agonist (nebivolol), a β2AR specific antagonist (ICI 118-551), cAMP analogues that 

promote or inhibit the pathway, PKA inhibitor and phosphodiesterase inhibitor (which raises 

cAMP levels). Known polymorphisms were determined by sequencing ADRB2 from samples.  

Results: Primary human Th17 cells expressed the β2AR. Terbutaline augmented IL-17A in 

activated peripheral blood mononuclear cells and Th17 cells, while IFNγ was concurrently 

inhibited. Proliferation was not inhibited, rather, an increase was observed in the presence of 

terbutaline. Using PKA inhibitors and cAMP analogues, it was shown that IL-17A was 

augmented by terbutaline in a cAMP and PKA-dependent manner. Terbutaline promoted 

phosphorylation of CREB. Nebivolol inhibited both IL-17A and IFNγ in activated peripheral blood 

mononuclear cells and Th cells. In samples where ADRB2 was homozygous for Arg16, 

terbutaline inhibited IFNγ but did not augment IL-17A. Nebivolol inhibited both cytokines 

regardless of the polymorphism of the ADRB2.  

Relevance: These results are novel because the inverse-agonist of β2AR has not been widely 

studied as an immunomodulator. The cell signalling results demonstrated that Th17 cells 

respond differently than other Th cells to cAMP-PKA pathway, which suggests the use of other 

drugs with inverse-agonist properties. Discovering new immunomodulatory drugs will give 

doctors more options to treat autoimmune patients.  
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EXECUTIVE SUMMARY 
 

The adaptive immune system is essential to protect the body against infectious 

microbes (pathogens). An important feature of the adaptive immune system is that it can 

distinguish the fine molecular differences between pathogens and self-tissues. In this way, it 

can recognize pathogens as being foreign and mount an immune response against the 

infection, while ignoring self-tissue. If self-tissue is mistakenly identified as a pathogen, the 

immune system will attack it, potentially leading to autoimmune diseases in susceptible people.    

 Helper T (Th) cells are circulating lymphocytes, part of the white blood cell family, that 

are crucial for the adaptive immune system to distinguish between pathogens and self-tissues. 

Through their T cell receptors (TCR), T cells scan antigens that are present in the body. An 

antigen is any substance that can trigger an immune response, it may be from a pathogen or 

from a self-tissue. Decades of research has been conducted by scientists to better understand 

how T cells can distinguish between pathogens and self tissue, and what goes wrong with the 

process in people with autoimmune diseases. One subtype of Th cells, Th17 cells, became the 

center of attention for researchers because they have pro-inflammatory properties and cause 

autoimmunity in animal models. One reason that Th17 cells are pro-inflammatory is that they 

secrete IL-17A cytokines which allow the immune system to enter into various body tissues, and 

mediate tissue damage.  

 My thesis explored a class of drugs that have not been widely explored for their ability 

to modulate the immune system. In particular, I studied adrenergic receptor ligands and their 

action involving one of the adrenergic receptors family members called the beta2-adrenergic 

receptor (β2AR). It is the only adrenergic receptor found on Th cells which is why I focused on 

this one. There are different kinds of ligands in pharmacological terms, including an agonist 

which stimulates the full signalling pathway, an inverse agonist which opposes the main 

signalling pathway by causing a secondary signalling pathway, and an antagonist which 

prevents the action of any ligand on the receptor. Ligands have different levels of specificity for 

adrenergic receptors which is why I chose terbutaline as a β2AR specific agonist. Terbutaline is 
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a β2AR-specific agonist, nebivolol as a β1 agonist and  inverse agonist of the β2AR, while ICI-

118,551 which is a β2AR specific antagonist (1–3). The β2AR receptor is a G-protein-coupled 

receptor that alters the 3',5'-cyclic adenosine monophosphate (cAMP) second messenger and 

PKA enzyme that activate transcription factors such as cAMP response element-binding (CREB). 

There are very few research groups that are studying these receptors and their effects on Th 

cells.  

My goal was to discover an adrenergic drug that could robustly suppress Th17 cells in 

the majority of samples tested. In Chapter 2 my hypothesis was that a β2AR agonist drug would 

suppress IL-17A from Th17 cells in a PKA-dependent manner. In Chapter 3 I tested a revised 

hypothesis that an inverse-agonist would suppress Th17 cells. In Chapter 4 I tested the 

hypothesis that adrenergic drug effects would be influenced by single nucleotide 

polymorphisms in ADRB2, the gene for β2AR. These hypotheses were novel at the outset of my 

graduate work since no other researchers had studied the immune-modulatory properties of 

adrenergic drugs on Th17 cells, and no researcher to our knowledge had studies inverse agonist 

in any context of the immune system.  

The methods used to explore these hypotheses, involved immune cells in the form of 

peripheral blood mononuclear cells (PBMCs) which were obtained from healthy human 

participants. Using healthy human samples was a first step towards determining the 

effectiveness of the drug in an in vitro system. The cells were activated in vitro along with 

chemical agonists or inhibitors of β2AR-cAMP-PKA-pathway. An enzyme-linked immunoassay 

was used to detect IL-17A secretion and intracellular staining with the flow cytometry for 

detecting IL-17A and RORγ (Th17 specific transcription factor). In some experiments, I used Th 

cells or Th17 cells that were purified from PBMC, in order to demonstrate that the drug was 

working directly on Th cells or Th17 cells and not necessarily operating through other types of 

lymphocytes found in PBMC. To determine genetic factors that may influence the Th17 

response to adrenergic drugs, ADRB2 was sequenced from the samples. The single nucleotide 

polymorphisms (SNP) were determined in ADRB2 and compared to the in vitro drug responses. 

Together, these approaches are sufficient to determine whether or not adrenergic agonists are 
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capable of suppressing Th17 cells, and what the potential cell signalling pathways are involved 

in the process.  

 For my results, I discovered that Th17 cells express β2AR and that agonists of the 

receptor augmented IL-17A secretion, while concomitantly suppressing and IFNγ. The original 

hypothesis was that adrenergic drugs would suppress Th17 cells, but these results disproved 

that hypothesis. I demonstrated that IL-17A was augmented due to cAMP-PKA-phosphorylated 

CREB pathway. I discovered that an β2AR inverse-agonist drug (nebivolol) suppressed IL-17A 

and IFNγ. That novel finding suggests that the receptor can suppress Th17 cells, but I speculate 

that a different type of cell signalling pathway must be used. The effectiveness of adrenergic 

drugs when used therapeutically, can vary depending on the single nucleotide polymorphisms 

within and surrounding ADRB2 which encodes β2AR. To determine if this might be a factor for 

adrenergic drugs in the context of Th17 cells, the sequence of ADRB2 was determined and 

polymorphisms were compared to the effectiveness of the drug in vitro from healthy 

participant samples. I demonstrated that a single nucleotide polymorphism (Arg16) of ADRB2 

alters the function of β2AR agonist, but not the inverse-agonist. 

 A future direction would be to test the inverse-agonist on Th17 cells from autoimmune 

patient samples to determine if this drug works on clinical patient samples. Moreover, animal 

experiments could also be performed using an experimental autoimmune model and the 

inverse agonist to determine the potential efficacy in treating autoimmune symptoms in vivo.  

 The relevance of the work is that having another drug option would be beneficial to 

patients because not all patients respond to all drugs, and some autoimmune disease drugs can 

lose their effectiveness over time. Moreover, nebivolol would be an off-label use since it was 

already approved for another indication (e.g cardiovascular purposes). This means that the cost 

and the time required to validate nebivolol as a new drug for autoimmunity would be lower 

than for an entirely new drug.  

 In summary, my initial hypothesis that an β2AR agonist would suppress IL-17A was 

disproven. I demonstrated why this was the case because the cAMP-PKA pathway augments IL-
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17A likely through phosphorylated CREB. The β2AR inverse-agonist nebivolol had the desired 

effect of suppressing IL-17A and IFNγ, regardless of polymorphisms in the receptor. Nebivolol is 

a promising immunomodulatory drug that warrants further study in the context of treating 

autoimmune diseases.  
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Chapter 1 General introduction  

1.1 The adaptive immune system protects the body from foreign pathogens but can cause 

autoimmune disease in susceptible individuals. 

 

T cells are part of the adaptive immune system. The adaptive immune system protects the 

body from infections by pathogens such as viruses, bacteria, fungi and other microorganisms 

(4). Transplanted tissue can introduce new and different antigens that the immune system 

specifically recognizes as foreign and a threat (5). The adaptive immune system will consider 

some cancer cells to be foreign if the cancer cell expresses de novo (mutated) proteins (6). The 

basis for an adaptive immune response lies in the recognition of antigens (5). An antigen is 

defined as any substance that can elicit an immune response. Not all antigens are foreign, in 

fact the vast majority of antigens presented in the body are self-antigens from body tissues. The 

adaptive immune system will ignore these self-antigens in healthy people (5). Antigens are 

usually in the form of short polypeptides derived from digested proteins, and they are 

presented by the major histocompatibility complex (MHC) on an antigen-presenting cell (APC) 

(5).  

An adaptive immune response has four main functions; specific recognition, elimination, 

memory, and self-regulation (4). It is called adaptive because the system has the capability of 

recognizing antigens it has never encountered before and then mounting an immune response 

against the source of the antigen (4). This is essential because foreign pathogens (and cancers) 

are constantly mutating and trying to avoid immune detection, so the adaptive immune 

response is able to keep up with the ever-changing threats to the body (6,7). There is another 

branch of the immune cell called the 'innate immune system' that works by rapidly containing 

and slowing down infections based on conserved molecules that pathogens have retained over 

generations (8). For example, the innate Toll-like receptors found on innate immune cells are 

able to detect lipopolysaccharide, a carbohydrate that forms a unique component of some 

bacterial cell walls (8). The innate immune system is very effective at eliminating pathogens, 

however, it is unable to adapt to mutated or new foreign antigens, hence the need for an 

adaptive immune system (4). In most people, the adaptive immune system is able to adapt to 



 
6 

 

mutated antigens effectively, however, in some people with genetic and environmental 

susceptibility factors, their adaptive immune system makes a mistake and considers self-

antigen to be a foreign antigen (4). This may result in autoimmune disease in people with 

genetic and environmental susceptibility factors. An autoimmune disease is chronic because 

self-antigens come from vital tissues and organs of the body that are consistently present and 

the adaptive immune system will attempt to remove the antigen source (4). It is still not 

understood how the environmental and genetic factors contribute to the risk of getting an 

autoimmune disease. Several theories have been proposed, for example, Epstein-Barr virus 

may carry antigens that are very close to the structure of self-antigens, which triggers an auto-

reactive adaptive response, this is called molecular mimicry (7). The genetic susceptibility is also 

not completely understood, genes that are linked to autoimmune diseases tend to be 

immunology related genes, such as the MHC gene which is a genetic risk factor for acquiring an 

autoimmune disease (9). Thus, T cells are essential for the immune system to properly 

distinguish between foreign and self-antigen and to avoid autoimmunity (4).  

 

1.2 T cells development: naïve T cells mature in the thymus where potentially 

autoreactive T cells are deleted.  
  

Activation of the T cells is an important feature of the adaptive immune system because 

it determines whether or not the response will occur. When T cell activation is properly 

regulated, T cells can distinguish between foreign-antigen and self-antigen (10). This process, 

called self-tolerance, allows the adaptive immune system to attack the source of the antigen if 

it is foreign (i.e. micro-organism), but ignore the source of the antigen if it from the bodies own 

tissues (10). If it fails to do so, then self-tolerance is broken, and autoimmune diseases may 

occur in people with genetic and environmental risk factors. Self-tolerance is first established 

when T cell precursors enter the thymus (10). Before T cells become mature effector cells, they 

follow many steps of creation beginning as precursors in the bone marrow, selection in the 

thymus, and activation in the secondary lymphoid tissues (10). The first step involves T cell 
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progenitor cells which originate in the bone marrow and migrate to the thymus where they 

undergo thymic education (10,11). The most important aspects of thymic education are called 

positive and negative selection, which ensure that a functional naïve T cell is created without it 

being autoreactive against self-antigens (10,11). Thymic education begins when the T cell 

precursors generate a diverse repertoire of unique TCR via somatic recombination of genomic 

DNA (12). Each T cell precursor produces a unique TCR based on germline rearrangement of the 

TCR-encoding genes (12). The TCR is composed of two polypeptides the α and β chain, each 

chain has variable and constant domains (12). The antigen-binding sites are made up the 

variable domain, which is composed of gene segments (variable, joining and diversity gene 

segments) that are randomly rearranged in the T cell precursor in the thymus (12). The variable 

and joining segments contribute to form the center of the antigen-binding site of the TCR, 

which has three complementarity-determining regions (CDR), these are known as hypervariable 

regions (12). The CDR3 region accounts for the unique components of the peptides recognized 

by the TCR (12). The generation of unique TCR structures in each T cell prepares the immune 

system for broad and flexible immune responses to unknown foreign antigens that may be 

encountered in the future (12). Since each T cell has a unique receptor, the total T cell 

population is referred to as the T cell repertoire, and it contains enough diversity such that new 

(foreign) antigens can be detected (12).  

The T cell precursors travel to the thymus where they are screened for a TCR that is 

functional, but not autoreactive, these are called positive and negative selection, respectively 

(10). The basis for T cell activation lies with the APC, that is a specialized cell type that is 

constantly sampling the environment for proteins, particles, and pathogens (5). The APC digests 

protein into smaller fragments called peptides, processes them with an MHC molecule, and 

presents the peptide-MHC complex on its cell surface (5). This process, known as antigen 

presentation, is constantly going on whether there is self or foreign antigens (5). The TCR of a T 

cell must be able to scan the peptide-MHC complex and determine if it is a complementary fit 

(which would signify a cognate antigen) (5). The affinity of the protein-protein interaction has 

to be sufficiently strong, which signifies the activation of the T cells (5). For these reasons, the 
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thymus carefully selects T cells by eliminating those with TCR that can not bind at all to MHC, 

bind too strongly to MHC, or bind to MHC-self antigen (10). Positive selection, the step where 

the T cell must recognize the MHC at low affinity, occurs in the thymic cortex (10). The TCR has 

to be functional and binds to MHC molecules with a low affinity to produce a cell signal through 

the TCR that allows the T cell to survive (13). After positive selection, the immature T cells 

migrate to the thymic medulla and undergo negative selection (10). Negative selection is 

defined as a process whereby the T cell that reacts to self-antigens undergo apoptosis (14). If a 

T cell precursor binds to MHC with too high affinity, they undergo apoptosis because the cell 

signal is too strong, indicating that this TCR would activate against MHC molecule regardless of 

antigen (10). Ideally, the T cell is only activated when MHC is presenting the cognate antigen 

otherwise the T cell would activate on any MHC molecule including self-antigens (10). Thymic 

tissue can display a sampling of self-antigens that represent tissues from all over the body. This 

display facilitates negative selection of potentially autoreactive T cells (10). If the negative 

selection process is absent, there is an increase in the maturation of autoreactive T cells (cells 

having receptors against self-antigens) that can result in autoimmunity (14). 

After thymic education, most of the T cell precursors die by apoptosis, only 1% will 

become naïve T cells which circulate through blood and lymph and the secondary lymphoid 

tissues (14). The naïve T cells are defined as T cells that have not yet encountered their cognate 

antigen/MHC (15). Cognate is defined as the matching MHC/peptide shape that will stimulate 

unique TCR (12). As naïve T cells circulate through the blood vessels and secondary lymphoid 

tissues that include lymph nodes, the spleen and the mucosal lymphoid tissues of the gut, nasal 

and respiratory tract, they are scanning over the APC for the presence of cognate antigen/MHC 

complexes. If the T cells encounter a foreign cognate antigen/MHC then an adaptive immune 

response is triggered (15). 
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1.3 T cell activation, two signal model: TCR recognises cognate MHC/antigen, CD28 binds 

to B7 ligands, results in cellular proliferation.  
 

The TCR is the most important aspect of T cell activation because it can distinguish 

between self and non-self antigens. There are also other receptors on the T cell that are 

required for activation to occur which are called co-stimulatory receptors. The TCR signal is 

called signal 1, it occurs as APC presents the peptide-MHC complex on its surface (15). When a 

TCR is ligated by peptide-MHC, signalling of the TCR is initiated within the cytoplasmic regions 

of the CD3, which is composed of four chains (CD3γ, CD3δ, CD3ε, and CD3ζ) (15). These 

cytoplasmic chains are called immunoreceptor tyrosine-based activation motif (ITAMs) (15). 

They are phosphorylated by Src family kinases (lymphocyte-specific protein tyrosine kinase 

(Lck) and Fyn), which are associated with the cytoplasmic domain of the co-receptor CD4 (16). 

Binding of the co-receptor (CD4) with the cognate antigen MHC complex permits Lck to 

phosphorylate ITAMs (16). When the ITAM motifs are phosphorylated by tyrosine kinase zeta 

associated protein of 70 kDa (ZAP-70) (16). Subsequently, ZAP-70 phosphorylates 

transmembrane proteins called linker for activation of T cells (LAT) which it's linked to SH2 

adaptor proteins such as SLP-76 (16). These proteins organize molecules that are necessary for 

activation of various signalling pathways for TCR (16). Another key signalling protein is PLCγ 

(15). PLCγ leads to the activation of signalling pathways; mitogen-activated protein kinase 

(MAPK) cascade, Jun kinase (JNK), and protein kinase C (PKC)- θ (17). These signalling pathways 

result in activation of transcription factors nuclear factor kappa-light-chain-enhancer of 

activated B cells (NFκB), NFAT (nuclear factor of activated T cells), Activator Protein-1 (AP-1) 

and cAMP response element (CRE)-binding protein (CREB)/activation transcription factor 

families which are essential for T cell activation (18,19). The transcription factors culminate in 

changes to cytoskeleton, reorganization of cell surface proteins, proliferation by mitosis, and 

differentiation into T cell subtypes (15). However, for a T cell to proceed through all those 

stages, a second signal though costimulatory receptor is required.   

The co-stimulatory signal is delivered by a receptor called CD28, this is referred to as 

signal 2. When CD28 is stimulated it promotes proliferation, survival and differentiation of 
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naïve T cell (13,20,21). The CD28 receptor, which is constitutively expressed by T cells, binds to 

co-stimulatory ligands which are transmembrane glycoproteins CD80 (B7.1) and CD86 (B7.2) 

molecules on the APC. The engagement of CD28 is necessary to avoid anergy, which is a non-

responsive state of the T cells (22,23). In addition, CD28 initiates signalling events that lead to 

the production of cytokine IL-2 which is a growth factor and pro-survival genes such as Bcl-xl 

(21,22,24). IL-2 drives the proliferation of activated T cells in an autocrine fashion. Once 

secreted by the T cell, the T cell detects IL-2 with the IL-2 receptor which will trigger 

intracellular signalling pathways (e.g extracellular signal-regulation kinase (ERK)) that turn on 

the proliferation cycle (25,26) (Figure 1.1.). 

Signal 2 (CD28) is important because it helps the body avoid immune responses when 

they are not needed. This concept is known as the danger theory, where the immune system is 

more sensitive to an antigen if the body is in a state of inflammation (27). In the absence of 

inflammation, self-peptide antigens are always being presented on MHC molecules. When 

there is no inflammation, the CD80 and CD86 levels are low on the APC, which makes it harder 

for T cells to become activated. This minimizes the possibility of a reaction against self-antigen. 

When an infection or injury is present, the associated inflammation causes the CD80 and CD86 

levels to rise on the APC, which lowers the activation threshold for naïve T cells. Thus, when the 

body is in danger it makes T cells more likely to clonally expand against the cognate 

antigen/MHC (27). The danger theory is another way how the adaptive immune system can 

react against non-self antigens while ignoring self-antigens. It also means that inflammation 

could increase the chances of a mistake being made by the T cell with ensuing autoimmune 

disease (27).  
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Figure 1.1. Simplified Th cell activation model of signal 1 and signal 2.  

The interaction of the APC with cognate antigen-MHCII activates the T cell. When the TCR (α 

and β chains) recognizes the antigen and is ligated to the MHCII, the signalling is initiated. This 

is mediated via the cytoplasmic components of the CD3 complex (CD3γ, CD3δ, CD3ε, and CD3ζ), 

also referred to as ITAMs. The cytoplasmic co-receptor CD4 recognizes the MHCII, allows the 

Src family kinases (Lck and Fyn) to phosphorylate the ITAMs. Then ZAP-70 phosphorylates LAT 

and activates its adaptor SH2. Recruitment of PLCγ leads to MAPK, JNK, PCKθ pathways that 

culminate to transcription factors necessary for T cell activation, including NF-κB, NFAT, AP-1, 

CREB. For signal 2, the co-stimulatory receptor CD28 on the T cell interacts with 
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transmembrane glycoproteins CD80 (B7.1) and CD86 (B7.2) molecules on the APC, it lowers the 

levels of cAMP and allows for full T cell activation. 

The second messenger cAMP is another important aspect of T cell activation. When 

cognate antigen-MHC complex ligates TCR, it results in several intracellular signalling pathways 

including adenylyl cyclase (AC) which catalyzes cAMP production (28,29). The amount of cAMP 

produced and the profile of the cAMP concentration within the T cell can determine if the T cell 

is activated or not activated. If a T cell is activated with only TCR ligation, for example with anti-

CD3 antibodies that cluster and activate TCRs, then cAMP concentration will rise at a steady 

rate inside the cell leading to inhibition of the T cell (28). In contrast, if the TCR and CD28 are 

both ligated, for example with anti-CD3 and anti-CD28 antibodies, the cAMP concentration will 

rise and then fall creating a peak of cAMP (28). The reason this happens is that when a T cell is 

only activated by the TCR (without co-stimulation), the immune system interprets this as a 

potential auto-reactive event and therefore inhibits the T cell (Figure 1.2). When co-stimulation 

is present, it creates the cAMP peak which promotes T cell activation because co-stimulation 

signifies that inflammation is present likely due to infection or injury (Figure 1.3). Thus, cAMP is 

important in determining if a T cell is productively activated or inhibited.  

Adenylyl cyclase is required to produce cAMP, it does so when stimulatory G-protein is 

present. How this works in an activated T cell is not completely understood. Lipid rafts are one 

important cell signalling compartment that influences many aspects of T cells (30,31). Lipid rafts 

are cholesterol-rich and hydrophobic which recruits signalling proteins like the TCR, co-

receptors, Src kinases, adaptor proteins, and protein palmitoylation. By clustering these 

receptor components, lipid rafts aid in the augmentation of signal propagation of cells that are 

activated (31). Researchers discovered that cAMP could accumulate in lipid rafts by purifying 

the enriched-cholesterol and glycosphingolipid microdomains in the cell membrane of primary 

T cells using cell fractionation by detergent and density gradients (28). The Gαs co-purified with 

CD3 complex in the lipid rafts, cAMP accumulated in lipid rafts after stimulation with anti-CD3 

and anti-CD28, and the increase of cAMP went back to basal levels after few minutes (2 min) 

creating a peak of cAMP in the lipid rafts (28). The authors also observed that cAMP 
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concentration increased within the first few minutes of T cell activation, and PKA was actively 

phosphorylating downstream substrates which could be inhibited by H89 (Abrahamsen et al. 

2004). In another study, T cells that were activated after priming T cells (a previous activation) 

there was an increase in TCR signalling that coincided with a gradual increase in cAMP 

concentration over 30 minutes (29). The authors measured an increase in PKA activity with 

fluorescence resonance energy transfer probes, it rose within the first 2 minutes, which then 

was back to the basal level within 10 min (29). Lipid rafts are integral in the cAMP second 

messenger pathway and PKA activity in T cells. The G proteins (Gα and Gi) and AC were found in 

the lipid rafts (28,32). By using inhibitory antibodies for Gαs, the authors could inhibit the cAMP 

increase that occurs when the TCR is stimulated. Conversely, using Gi inhibitory antibodies the 

cAMP was increased (28). More evidence is that when Gαs is silenced with siRNA in a T cell line 

(Jurkat T cells), there was a decrease of cAMP in the stimulated TCR with plate-bound anti-CD3 

and soluble anti-CD28 (19). Moreover, the cAMP increase mediated by TCR stimulation was not 

inhibited by a dominant-negative construct of Gαs which blocks the GsPCR mediated Gs 

activation in Jurkat T cells (19). The results from those papers indicated that the TCR stimulates 

Gαs that leads to cAMP pathway in lipid rafts. There are other G-protein coupled receptors 

capable of inducing cAMP production though a similar manner, including prostaglandin E2 

(PGE2) receptors, adrenergic receptors, and chemokine receptors. For example, the pro-

inflammatory molecule PGE2 increased cAMP levels by ~13 fold as shown on activated primary 

T cells (33). The total concentration and kinetics of cAMP inside a T cell is presumably 

influenced by the combination of TCR ligation, along with the other GPCRs that are being 

stimulated by their ligands.  

PKA is a ubiquitous enzyme present in most cells and tissues of the body. In T cells, PKA 

suppressed T cell activation by phosphorylating and thus activating C-terminal Src kinase (Csk) 

which inhibited Lck and which prevented T cell activation (33). Thus, if Csk inhibits Lck then T 

cell signalling is inhibited (Figure 1.2). When PKA was inhibited with H89, there was an increase 

of ζ chains phosphorylation in primary T cells (28). Increasing the level of cAMP with cAMP 

analog or PGE2, resulted in a reduction of phosphorylation of CD3ζ chains and increased Csk 



 
14 

 

activity (phosphorylation of tyrosine of lck), as it was measured in Jurkat or primary T cells with 

immunoprecipitation experiments (33). To determine if PKA phosphorylates and activates Csk, 

PKA was inhibited by H89, which resulted in Csk activity being decreased (33). Csk is regulated is 

by "Regulatory transmembrane molecule phosphoprotein associated with glycosphingolipid-

enriched microdomains" also referred to as Csk-binding protein (CBP). When CBP is 

phosphorylated it associates with Csk, which allows Csk to attenuate the early steps of TCR 

signalling (34). An example is when CBP was overexpressed in mouse thymocytes activated with 

anti-CD3 and anti-CD28, the levels of IL-2 and the proliferation was inhibited (34). Thus, the 

cAMP-PKA-Csk pathway is inhibitory for T cell activation. 
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Figure 1.2 PKA-dependent inhibition of T cell activation. 

The interaction of the cognate peptide-MHCII with The TCR and the CD4 leads to an 

increase of cAMP. This is mediated by Gαs in the lipid rafts. The cAMP activates PKA and as 

another example EPAC. The PKA phosphorylates and activates CBP and Csk, which inhibit Lck. 

Since Lck is necessary for the initiation of signalling events leading to T cell activation, Inhibiting 

Lck, in turn, inhibits T cell activation.  
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If cAMP concentrations are sustained at high levels, the inhibitory mechanism prevents 

full T cell activation. The co-stimulatory signal 2, mediated by CD28 receptor on the T cell, will 

lower cAMP levels (Figure 1.3). The mechanism of action by which CD28 lowers cAMP levels is 

through phosphodiesterase’s (PDE), a large family of enzymes that degrades cAMP or cGMP 

(28). The isoform PDE4 is present in the lipid raft whether the cell is stimulated or not, as it was 

shown by immunoprecipitation experiments in T cells from healthy individuals (28). When T 

cells are only stimulated with anti-CD3, the levels of PDE4 are low, the cAMP is sustained, and T 

cells are not activated. Whereas, with CD28 co-stimulation added to primary T cells, there was 

recruitment of PDE4 and scaffold protein β-Arrestin to the lipid rafts. The PDE4 activity was 

measured and was at least 2 fold higher when the cells are stimulated with both anti-CD3 and 

anti-CD28 compared to only anti-CD3 stimulation (28). Similarly, PDE4B2, a subtype of the 

isoform entered lipid rafts when TCR was stimulated with antigen (Staphylococcal Enterotoxins) 

in Jurkat T cells transfected with PDE4B2-GFP constructs (35). Thus, CD28 lowers the levels of 

cAMP to facilitate T cell activation.  
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Figure 1.3. T cell activation, two signal model.  

T cell activation is complete when there are interactions of the TCR (Signal 1) and the co-

stimulatory signal mediated by CD28 (Signal 2). CD28 recruits scaffold protein β-arrestin to the 

lipid rafts. The β-arrestin, in turn, is associated with phosphodiesterase’s (PDE4), whose role is 

to degrade cAMP. The decrease in cAMP will in turn allow full T cell activation as it would not 

activate PKA. Since PKA inhibits T cell activation, by interacting with kinases of TCR necessary 

for T cell signalling. 
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1.4 Phosphorylation of CREB and its role in T cell activation 
 

CREB was a particular focus for my thesis due to it being part of the TCR pathway and 

involved in adrenergic drug pathway, making it a possible convergence point of the cell 

signalling pathways. CREB is a transcription factor that becomes activated when it is 

phosphorylated at position Ser133. Stimulation of the β2AR with fenoterol plus anti-CD3 and 

anti-CD28 on T cells increased cAMP and PKA activity resulting in phosphorylated CREB (36). 

CREB is a transcription factor that is needed for the proliferation and survival of T cells. If CREB 

is phosphorylated and activated at Ser133 by PKA, it interacts with a coactivator protein called 

CREB-binding protein (CBP) which starts transcription of CREB responsive genes. CREB has a 

domain at the carboxy-terminal end which binds to cAMP-responsive element (CRE) by 

dimerization through a leucine zipper motif (37). CRE elements are associated with promoters 

and enhancers of T cell-specific genes such as components of the TCR -CD3δ (a signalling 

component of the TCR) or IL-2 (an autocrine growth factor cytokine) (38). Mice with 

transcriptionally inactive CREB (Ala119) had defects in activated (conA with PMA and ionomycin 

or anti-CD3) T cells. T cells in these mice did not proliferate or produce IL-2 which led to G1 cell 

cycle arrest and apoptosis, measured using 3H thymidine incorporation, ELISA and flow 

cytometry techniques respectively (39).  

CREB is also required for regulating cytokines. For example, CD4+ T cells isolated from 

transgenic mice with a CREB mutation (Ser133 to Ala) were stimulated with anti-CD3 or 

antigenic peptides, resulting in lower levels of IFNγ and IL-4 in the CREB mutants as compared 

to the control mice as detected by ELISA (40). Therefore, CREB is required for Th1 and Th2 cells 

to differentiate and secrete cytokines. CREB is also required for Th17 cells to gain their 

phenotype and produce IL-17A. A study showed that mutation of the CRE sites on the 

conserved non-coding sequence (CNS2) of the Il17 gene locus and on the Il17 promoter 

inhibited RORα and RORγ gene reporter activity in Th17 cells (41). CREB is associated with Il17 

gene promoter locus and CNS2 and synergizes with transcription factor RORγ, which are 
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necessary for IL-17 expression in mice, as was shown with experiments using chromatin 

immunoprecipitation assay and real-time PCR (41). Overexpression of negative polypeptides of 

the CREB (A-CREB) which inhibit pCREB, showed a reduction of IL-17 mRNA expression by 

murine Th17 cells (42). Inhibition of the transcriptional coactivator CBP/p300 in its 

bromodomain showed to reduce IL-17A on isolated CD4 cells from healthy, ankylosing 

spondylitis and psoriasis and psoriatic arthritis individuals which were measured with ELISA 

(43). In CREB-CD4 knock out mice, induced for experimental autoimmune encephalomyelitis 

(EAE), there were minor diseases symptoms (measured with clinical scores) compared to the 

control (wild type) (41). The EAE mouse models replicate some of the symptoms of multiple 

sclerosis (MS) by immunization of susceptible strains of mice with antigens derived from the 

central nervous system (44). MS is an autoimmune demyelinating disease of CNS that results in 

axonal transection and gradual accumulation of neurological disability (45). The CD4+ cells were 

measured with the flow cytometer and showed to produce lower levels of IL-17 and IFNγ in the 

CREB-CD4 knock out mice compared to the control (wild type) (41). In another study on CREB 

knockout mice induced for EAE, an improvement on the EAE disease clinical scores and the IL-

17 on CD4 cells that infiltrate the central nervous system was reduced, compared to wild type 

mice (41). Those experiments indicated that CREB promotes the expression of IL-17 and was 

required for the disease to occur in EAE mice.  

These studies did not specifically address CREB in the context of β2AR and its ligands, 

which was one of my specific aims of the thesis. The literature shows that CREB can promote IL-

17A in mice. In my thesis, the first hypothesis was that β2AR agonist ligands would suppress IL-

17A. That hypothesis was based on the literature (section 1.16) showing that β2AR agonist 

ligands suppress pro-inflammatory Th1 cells by anti-proliferative effects and I reasoned that 

this would overcome any augmenting effects of CREB. However, as I showed in the results 

section of chapter 2, it became evident that β2AR agonist ligands were augmenting IL-17A and 

proliferation was mostly unaffected or higher contrary to the anti-proliferative effects seen 

with other ligands in the literature. Those results caused me to formulate a revised hypothesis 

in chapter 3 more in line with the concept that pCREB activity augments IL-17A.  
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1.5 Types of adaptive T cells: cytotoxic CD8 T cells, helper CD4 T cells, and rare innate T 

cells.  
 

At least three different types of T cells can develop in the thymus, namely, cytotoxic CD8 

T cells, helper CD4 T cells and regulatory T cell (T reg) although the latter can also be created in 

the periphery (outside of the thymus). My thesis focused on Th cells because of their role in 

distinguishing self vs non-self antigens and coordinating the adaptive immune system. Th cell 

dysregulation can result in autoimmune diseases and understanding how they can be 

modulated is useful for the development of therapies for autoimmune diseases. Here, I will also 

briefly review the other types, cytotoxic CD8 cells and γδ T cells.  

Th cells emerge in the thymus as precursors that express CD4, CD8, and TCR in phases as 

they go through positive and negative selection. The CD4 molecule is a cell surface protein that 

binds to a type of MHC called MHCII. The Th cell also produces cytokines that will augment the 

antigen processing and display by the APC (Pennock et al. 2013; Smith-Garvin, Koretzky, and 

Jordan 2009). In this way, the Th cell will promote the activation of other immune cells such as 

cytotoxic T cells and innate cells, which is why Th cells are called 'helper' T cells (46). Th cells 

also help to enable B cell maturation, migration, and secretion of antibodies. Without Th cells, 

most antibodies can not be formed, although there are some exceptions called T independent 

antigens (26). Moreover, Th cells activate and recruit innate immune cells to the site of 

infection such as macrophages and natural killer cells. Thus, Th cells support the adaptive 

immune responses by distinguishing between self and non-self antigen, and then coordinating 

the responses of the other adaptive and recruiting innate immune cells (47). 

Cytotoxic CD8 cells emerge in the thymus as precursors that express CD8, CD4, and TCR 

in phases as they go through positive and negative selection (14). There are fewer CD8 T cells as 

compared to CD4 T cells. The percentage of mature CD8 T cells in PBMCs from healthy 

individuals is 26% as compared to CD4 T cells which are at approximately 48%, as measured by 

flow cytometry (48). This is a ratio of 1:2 of CD8+ T cells versus CD4 T cells. The CD8 molecule is 
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a cell surface protein that binds to a type of MHC called MHC I (14). MHCI is expressed on 

virtually all nucleated cells of the body and delivers peptides from the cytosol that originate 

from viruses and some bacteria that can replicate in the cytosol (4). CD8 T cells are called 

cytotoxic because they contain internal molecules and enzymes (perforin and granzymes) that 

can be released onto a target cell which kills the target cells (4). This only happens if the target 

cell is expressing MHCI with a cognate peptide-MHC complex and foreign peptide antigens (4). 

A common example is a virally infected cell which will process and present viral peptides on its 

MHCI, this will be recognized by a cytotoxic CD8 T cell which kills the virally infected target cell 

(4).  

 

 

 

Figure 1.4. Model Figure of T helper cells and Cytotoxic T cells. 

A) Th cells have co-receptor CD4 on their cell surface that recognizes MHC II presented by the 

antigen-presenting cell (APC). B) Cytotoxic T cells have co-receptor CD8 on their cell surface 

that recognizes the MHC I presented by the APC.  
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There are other types of T cells that are not considered adaptive since their TCR receptors are 

invariant, that is, their TCR does not undergo somatic alterations as would occur in an adaptive 

T cell (14). Instead, their T cell receptors are hard-wired into the genome and possess the ability 

to recognize conserved molecular features of pathogens (14). Non-adaptive T cells include 

gamma-delta (γδ) T cell that expresses a TCR variation consisting of gamma and delta chains 

instead of the usual alpha and beta (αβ) change (49). γδ T cells have multiple phenotypic 

characteristics one of them is that they can produce cytokine IL-17. When γδ T cells were 

isolated from PBMCS from healthy individuals and stimulated with isopentenyl pyrophosphate 

and irradiated dendritic cells, they produced less than 7% of IL-17, with no IFNγ produced as 

measured with flow cytometry techniques (50). In humans, the γδ T cells are less than 5% of 

white blood cells (4). γδ T cells that produce IL-17 are found in high frequencies in patients with 

bacterial meningitis (50). There is also a low abundance of NK-T cells, which express elements 

of both innate and adaptive immune molecules (51). The subset of invariant natural killer cells 

(iNKT) produces IL-17, as was observed in thymocytes from infants and PBMCs from adults in 

healthy controls and with atopic dermatitis (52). These cells also play a role in autoimmunity 

(53). In my thesis, experiments were performed with PBMC cells, which in theory contain small 

proportions of invariant T cells such as γδ and NKT cells which could contribute small amounts 

of IL-17A to the assays. To address this, key experiments were performed using a negative 

selection column that specifically removed cells that were not Th cells, including γδ and NKT 

cells. I also used flow cytometry staining to identify IL-17A producing Th cells, to further rule out 

other T cell types in the results.  

 

1.6 Mechanisms of action by which T cell activation and clonal expansion are regulated.  
 

 If a naïve T cell is activated by signal 1 and signal 2, then it will expand by proliferation 

(mitosis) into a larger population. This is called clonal expansion because the daughter cells 

retain the same TCR and produce a population of clones capable of recognizing the foreign 

antigen (11) (Figure 1.5). Clonal expansion is an important decision-making step because the 
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expanded number of clonal T cells all have the same cognate TCR and will create an effector 

response to contain, eliminate and remember the source of the antigen (11). If the antigen was 

a self-antigen, the clonal expanded T cells will all attack the source of the antigen leading to 

autoimmune disease (11). For this reason, there are many different ways that the T cell clonal 

expansion is are regulated (11).  

 Two of the best-studied regulatory mechanisms include the cell surface receptors 

Cytotoxic T lymphocyte antigen-4 (CTLA-4) and programmed death-1 (PD-1). When the T cell is 

activated, CTLA-4 is induced after 24 hours, and it binds to CD80 and CD86 on APC thereby 

inhibiting co-stimulation and T cell activation (54). As evidence, when mice were depleted of 

CTLA-4, it resulted in autoimmune disease and lymphoproliferation (55–57). The severity of 

collagen-induced arthritis in the murine model had enhanced severity and incidence when the 

CTLA-4 was depleted (57). Human patients born with CTLA-4 mutations had increased CD4 T 

cells infiltration in various organs (e.g central nervous system, intestine), lymphadenopathy 

(disease of lymph nodes) and hepatosplenomegaly (swelling of liver and spleen) leading to 

debilitating autoimmunity (58). CTLA-4 mutations can also result in respiratory tract infections 

like pneumonia, gastrointestinal related like Crohn's disease, autoimmune cytopenia (lower 

number of mature blood cells), neurological associated diseases like autoimmune encephalitis, 

and malignant tumors (59). Another inhibitory receptor is PD-1, which is induced on activated T 

cells and binds to ligands PD-L1 and PD-L2 expressed on T cells, B cells, dendritic cells and 

macrophages (60,61). When PD-1 binds PD-L1, it inhibits proliferation in murine T cells 

activated in vitro with anti-CD3 (60). PD-L1 inhibits T cell activation by recruiting phosphatases 

to the TCR complex which dephosphorylate ITAMs thus preventing downstream signalling and 

proliferation (62). Recently the Nobel prize in Physiology or Medicine was awarded jointly to 

James P. Allison and Tasuku Honjo for their work on CTLA-4 and PD-1, respectively. Their work 

on these important immune-checkpoints led to the development of new therapeutic reagents 

that can augment T cell activation for cancer immuno-therapy (63). These results show that 

immunomodulation can have a major impact on health care and new treatments. 
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Regulatory T (T reg) cells are a T cell subset that are potent immuno-suppressors. T regs 

represent ~ 4-5%  of CD4+ T cells (64). T regs can be derived from T cell precursors, or they can 

be induced by cytokines TGF-β and IL-2 (65). T regs express chemokine receptor CCR8 (66) and 

transcription factor foxp3 (67), and CD4+CD25+ markers as observed in CD4+ cells isolated from 

mice with quantitative PCR and western blot (67). T regs use various mechanisms to suppress 

activated Th cells. For example, T regs secrete IL-10 which inhibits the development and 

proliferation of Th17 cells, as shown in a colitis mouse model (68). Colitis can be induced by 

Th17 cells, and transfer of activated T regs resulted in suppression of the disease in an IL-10 

dependent manner, as observed through the weight loss, endoscopic and histological colitis 

scores (68). Other mechanisms of action include inhibitory molecules such as  CTLA-4, CD39 

(nucleoside triphosphate diphosphohydrolase-1), TGF-β (69), granzymes, and perforins (70). 

Further evidence of the importance of T regs was performed in experiments with mice where 

foxp3 was deleted, which showed lymphoproliferative autoimmune syndrome (67). Moreover, 

mouse models (scurfy) that have mutations in the foxp3 gene develop lymphoproliferative 

disorder (71). Humans with mutation of Foxp3 gene (forkhead domain) are born with a fatal 

autoimmune disease called immune dysregulation polyendocrinopathy enteropathy X-linked 

(IPEX). The IPEX patient's blood CD4+ T cells showed impaired cytokine (IFNγ, IL-2, TNFα, IL-10, 

IL-4, IL-5) productions when activated with anti-CD3 and anti-CD28 (72). The regulatory role 

played by the T regs was thus shown to be linked with cytokine production by CD4 T cells. If 

autoreactive T cells become activated and clonally expand, they can result in autoimmunity, 

therefore the T regs are important in maintaining self-tolerance.  

There is at least one regulatory mechanism that appears to be specific for Th17 cells, it 

is called the aryl hydrocarbon (AhR). AhR are cytosolic receptors that have transcription factor 

activities when a ligand binds. The ligands include environmental pollutants (e.g dioxins), 

molecules from the diet, and commensal flora or endogenous ligands tryptophan derived 

photoproducts 6-formylindolo[3,2-b]carbazole (FICZ) (73). When ligated, AhR, translocated into 

the nucleus which resulted in transcription of target genes, for example, genes for xenobiotic-

metabolizing enzymes (73). Moreover, AhR can regulate T helper cells differentiation, for 
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example AhR is expressed on Th17 cells and the activation by ligand FICZ promotes Th17 cells 

differentiation (74). CD4+ T cells from AHR-/- mice still had differentiated Th17 cells, however, 

there was no expression of IL-22 (74). The reason for this was that AhR facilitated the 

recruitment of the transcription factor RORγt to the promoter of IL-22 (74). IL-22 is one of the 

cytokines produced by Th17 cells and its pro-inflammatory, therefore AhR ligands may induce 

pro-inflammatory cytokine secretion by Th17 cells (74). The regulation of Th cells is important 

due to their roles in coordinating immune responses and if Th cells are out of control 

autoimmunity can happen. Understanding what can alter the regulation or what can modulate 

the Th cells responses is a step closer to develop therapies for autoimmune diseases.  
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Figure 1.5. T cell activation process. A) Antigen-presenting cell (APC) presents an antigen 

through the MHC II to TCR of naïve Th cells. The CD4 protein helps in the recognition of the 

MHC II. The co-stimulatory CD28 molecule will interact with CD80/CD86 molecules present on 

APC which are elevated during inflammation. The stimulation of both receptors triggers T cell 

activation which includes proliferation and differentiation processes. Most of the effector Th 

cells die after their effector function is performed, but some survive and transform into 

memory Th cells. B) Memory cells remain for a long time in the body, and upon re-exposure of 

antigen, they rapidly proliferate to repel the pathogen (assuming the antigen has not mutated 

since the first infection). In autoimmune disease, the memory cells can be persistently activated 

by self-antigens leading to chronic disease. The green cells are Th17 cells, the yellow cells are 

Th1 cells, the pink cells are Th2, and blue cells represent the other Th cell types such as 

Th9/Th22/T-GMCSF/T reg etc. 
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1.7 The differentiation and function of Th cell subtypes.  
 

Th cells have many subtypes each with a unique set of transcription factors, cytokines, 

and chemokine receptors. How these subtypes come about during an adaptive immune 

response has been the subject of intense research over the past 3 decades. When a naïve T cell 

emerges from the thymus and enters the circulation, it is considered naïve because it has not 

yet encountered its cognate peptide MHC (75). It is also called a Th0 because it has not yet 

differentiated. Differentiation is a process whereby an activated naïve T cell will produce 

different types of daughter cells, that share a common TCR, but acquire new properties 

depending on the circumstances of the infection (75). The new properties relate specifically to 

transcription factors, cytokines, and chemokines (75). As a result of differentiation, the type of 

adaptive immune response that occurs will change. By definition, a Th cell subset is one that 

has a unique transcription factor, cytokines that are produced, and chemokine receptor 

combinations that are commonly found on the subset. I will list the ones that fulfil most of this 

definition, including, Th1, Th2, Th9, Th17, Th1/17, Th22 and T-Granulocyte-macrophage colony-

stimulating factor (T-GMCSF). The naming of the subsets may seem arbitrary because at first 

they were named in order, Th1, Th2, then after some disputes in the field regarding what Th3 

would have been, researchers agreed to name subsets after the hallmark cytokine e.g. Th17 

makes IL-17A, Th22 makes IL-22 and T-GMCSF makes GMCSF (76–78).  

Th1 cells are defined by the production of cytokine IFNγ, transcription factor T-bet and 

chemokine receptor CXCR3. Evidence for this includes the observation that cells expressing 

CXCR3 produced IFNγ compared to CXCR3 negative that did not produce IFNγ, measured on 

isolated memory CD4 cells from healthy individuals and measured with the flow cytometer (79). 

T-bet was determined to be Th1 specific transcription factor. Northern blot analysis of RNA 

from clones for Th1 and Th2 showed that Th1 cells expressed T-bet when activated with anti-

CD3 (TCR), compared to the Th2 clones (77). Moreover, similar results were obtained by 

measuring the protein of T-bet using western blot and flow cytometry techniques (77). Th1 cell 
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differentiation is mediated by cytokines IFNγ and IL-12. The cytokine IFNγ signals through 

STAT1, which activates the transcription factor T-bet the Th1 cell-specific transcription factor. T-

bet leads to the expression of the IL-12 receptor complex. Stabilization of IFNγ production is 

mediated via IL-12 through the IL-12 receptor which signals through STAT4, leading to 

differentiated Th1 cells (75). The importance of STAT4 was demonstrated by Stat4-/-  mice, 

where spleen cells had no detectable IFNγ when stimulated with anti-CD3, as measured with 

ELISA (80). The role of T-bet was shown by isolating murine splenocytes from transgenic TCR 

mouse (DO11.10) and culturing the cells under Th1 polarizing conditions. The result was that T-

bet RNA expression was induced, whereas it was not induced when Th2 polarizing conditions 

were used (77). More proof was that when T-bet was transfected into a Th2 cell, it changes the 

Th2 cells into Th1 cells, as observed by retroviral transduction with GFP and T-bet on CD4+ 

DO11.10 T cells, where the cytokines for Th1 (IFNγ and TNFα) increased and the Th2 cytokines 

(IL-4 and IL-5) decreased (77). These results indicated that T-bet transforms Th0 cells into Th1 

cells and inhibits Th2 cells and that T-bet correlated with IFNγ expression on Th1 cells (77).  

The main function of Th1 cells is the elimination of intracellular pathogens. To do this, 

Th1 cells produce IFNγ which interacts with the IFNγ receptor on APCs such as macrophages. 

The macrophages then start to consume more proteins and particles from the environment, 

and their antigen processing pathways are augmented (81). This means that they digest 

antigens into peptides, package the peptides with MHC, and transport the peptide-MHC 

complex to the cell surface where T cells can scan the peptide-MHC with their TCR. Moreover, 

some APC such as macrophages can themselves change in such a way that they promote Th1 

cells. The "M1 macrophage" phenotype leads to the activation of the inflammatory process and 

Th1 differentiation (81,82). There are at least two possible types of macrophages, the M1 which 

promotes Th1 cells and M2 which promotes Th2 cells. The M1 provides anti-microbicidal 

properties (e.g reactive oxygen intermediates) and mediates Th1 activation by producing IL-12 

(81). M1 cells can cause a sustained IFNγ in autoimmune conditions such as rheumatoid 

arthritis and other macrophage-associated diseases (83). In contrast, M2 macrophages promote 

Th2 cells and are able to reduce inflammatory responses and mediate tissue repair (81).  
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 While Th1 cells are the major producers of IFNγ, other cells can produce it such as 

natural killer (NK) cells, innate-like lymphocyte cells, and CD8+ cytotoxic T cells. The role of IFNγ 

is primarily meant to combat intracellular pathogens. The receptor for IFNγ (IFNγR) is composed 

of two subunits of IFNγR1 and IFNγR2 which are expressed by most cells in the body (83). IFNγ 

produced by NK cells will promote the differentiation of monocytes into M1 cells which are able 

to promote Th1 cell differentiation and host defence against intracellular pathogens (84). IFNγ 

can also increase the cytotoxic capacity of cytotoxic CD8 T cells which enhanced anti-viral 

responses (85). To do this, IFNγ caused cytotoxic CD8 T cells to increase their content of 

granzymes and perforin which are cytotoxic molecules that can enter virus-infected cells and 

destroy the cell (86). One of the negative consequences is that sustained, high levels of IFNγ can 

cause chronic inflammation and autoimmune diseases with life-threatening organ failure 

(74,87). In high quantities, IFNγ is associated with death in patients infected with COVID19 

virus, as compared to patients that recovered (88). In summary, IFNγ has many immunological 

functions, but it can contribute to diseases if Th1 cells are not properly regulated.   

Th2 cells are defined by cytokines IL-5, IL-4, IL-13, transcription factor GATA-3, the 

chemokine receptor is CCR4. For Th2 cell to different from naïve T cells, IL-4 is produced by APC 

induces STAT6 activation, which promotes transcription factor GATA3 (89). GATA3 and c-maf 

promote IL-4 expression in the differentiating T cell leading to Th2 cells. Evidence for the 

importance of GATA-3 in Th2 cell differentiation was observed by Zheng et al. where the 

authors showed that GATA-3 is more expressed in Th2 clones compared to Th1 clones, as 

measured by RT-PCR (89). Moreover, antisense-GATA-3 construct was transfected in Th2 

clones, which inhibited IL-4, IL-6, IL-5 and IL-13 (89). The authors also created GATA-3 

transgenic mice where the GATA-3 was on the CD4 promoter. From the transgenic mouse, 

isolated naïve CD4 T cells were activated with ConA and polarized for Th1 cells (IL-2, IL-12 and 

anti-IL-4). Despite the expression of IFNγ in Th1 cells, Th2 cytokines were also expressed, 

indicating that GATA3 caused the expression of Th2 cytokines in the developing Th1 cells when 

GATA is overexpressed (89). The chemokine expression CCR4 by Th2 cells was seen when 

murine CD4+ cells isolated from lymph node cells stimulated with anti-CD3 and anti-CD28 and 
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placed under polarizing conditions for Th2 cells (IL-4, anti-IFNγ, anti-IL12) which was measured 

with the flow cytometer (90). Moreover, this group also showed that IL-4-/- mice did not 

express CCR4 (90). Indicating that CCR4 is expressed in Th2 cells.  

One of the functions of Th2 cells is to secrete cytokines (e.g IL-4, IL-5, IL-13) that 

promote immunoglobulin secretion by B cells (91). For example, PBMCs from allergic rhinitis 

and asthmatic patients showed high levels of IL-4, IL-5, and IL-13 that correlated with an 

increase in the antibody isotype IgE, which is produced by B cells. IgE mediates the allergies as 

well as the pathology of the allergic asthmas (91). Allergic reactions have eosinophilic 

inflammation and are mediated by IL-5 and TNFα, and asthma patients have high levels of Th2 

and eosinophils in the airway mucosa (91). Thus, Th2 cells promote antibody production from B 

cells and are associated with inflammation in asthma and allergic reactions. Another function of 

Th2 cells is to eliminate parasites. Th2 cells were injected into mice inoculated with a parasite 

N. brasiliensis resulting in a significant decrease of the parasite burden compared to control 

mice (92). In summary, Th2 cells are defined by their cytokines IL-4, IL-5, and IL-13, chemokine 

receptor CCR4, transcription factor GATA-3, are associated with allergies and asthma, and 

protect against parasites.  

Th9 cells are defined by the production of cytokine IL-9 mediated via STAT6, 

transcription factor GATA3, which is the same as Th2 (93). They are differentiated by TGF-β and 

IL-4 (94). Th9 cells co-expresses the chemokine receptor CCR3, CCR6 and CXCR3 (95). The 

majority of the Th9 cells express CCR6, CCR3 and CXCR3 as determined by flow cytometry (95). 

To demonstrate that the cytokines TGF-β and IL-4 were necessary for Th9 differentiation, 

activated human CD4 cells were activated with plate-bound anti-CD3, soluble anti-CD28, and 

cultured with TGF-β and IL-4. These conditions showed increased production of IL-9 compared 

to conditions without the  TGF-β and IL-4 (96). The Th9 cells (CD4+IL-9+T cells ) that co-express 

GATA3+ and RORC+ did not express of IL-17A or IL-17F as measured with single-cell qt-RT-PCR 

(96). Memory CD4+ cells induced by TFGβ and IL-4 had high levels IL-2 and IL-9 contrary to the 

levels of IFNγ, IL-13 and IL-17 which were significantly lower (96). One of the functions of IL-9 is 

to promote the production of certain antibody isotypes by B cells. When IL-9 was added to 



 
31 

 

murine B cells, the B cells produced more IgE and IgG whereas IgM isotypes were not altered as 

measured with ELISA (97). Another function of Th9 cells is associated with mast cell expansion. 

Mast cells are polymorphonuclear lymphocytes involved in allergy and asthma responses (98). 

For example, when ovalbumin specific Th2 and Th9 cells were adoptively transferred in mice, 

the Th9 cells had higher mast cells accumulation in the trachea measured by counting mast 

cells after being stained with toluidine blue. Furthermore, the authors observed that mast cell 

proteases (Mcpt1 and Mcpt2) were elevated in the lung as measured with quantitative PCR 

(99). Th9 cells can protect the body against parasites. In mouse models with deficient IL-9R-/-, 

there was increased parasites (Strongyloides ratti) in the intestine, and mast cell proteases that 

are normally required to expel the parasites were reduced (100). Thus, Th9 are defined by the 

cytokine IL-9 and has functions in potentiation effect on B cells antibody production and mast 

expansion to protect against parasites.  

Th17 are defined by the production of cytokine IL-17A, transcription factor RORγ and 

chemokine receptor CCR6. They are differentiated from Th0 cells by cytokines IL-23, IL-6, TGFβ, 

IL-1 (78,101,102). IL-23 is a heterodimeric cytokine with subunit p35 and p40 (102) that signals 

through the IL-23 receptor. When the IL-23 receptor is stimulated by IL-23, it signals via the 

STAT3 pathway in T cells to promote Th17 cell differentiation (103,104). Other cytokines that 

are required for Th17 cell differentiation include the proinflammatory cytokines IL-6 and IL-1β, 

which signal through STAT3 and Akt-mTOR pathway respectively (103,105). The differentiation 

of Th17 cells is caused by the transcription factor Retinoic acid (RA)- related orphan receptor γ 

(RORγ) which is encoded by the gene Rorc (106,107). Th17 cells expressed the highest mRNA 

level of RORγ and RORα compared to Th0, Th1 and Th2 cells, as measured from CD4+ T cells 

from mouse (OT-II) activated with OVA peptides and splenic antigen-presenting cells (78). In 

order for RORγ to be expressed, the cytokine IL-23 stimulates the IL-23 receptor leading to 

STAT3 signalling in the Th cell (78,103). To observe the relationship between STAT3 and RORγ, 

CD4+ T cells from STAT3 knock out mice were activated with anti-CD3 and anti-CD28 and 

polarizing conditions for Th17 cells (IL-6, TGFβ, IL-23, anti-IL-4 and anti-IFNγ). These conditions 

resulted in minimal RORγ mRNA expression in the STAT3 knock out compared to the wild type 
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CD4+ T cells (78). Similarly, RORγ -/- mice had decreased Th17 cells cytokines (IL-17, IL-17F and 

IL-22) and decreased IL-23 receptor mRNA levels compared to the wild type (78). 

Overexpression of RORα and RORγ in naïve OT-II CD4 T cells by retroviral co-infection 

augmented IL-17, IL-17F and IL-23R as measured with RT-PCR (78). RORγ also promoted the 

expression of chemokine receptor CCR6, which is one of the defining molecules expressed by 

Th17 cells (107). To show this, naïve T cells were derived from human cord blood from healthy 

newborns. They used cord blood because it contains T cell progenitor cells and is completely 

devoid of mature T cells, so lineage studies are not contaminated with mature T cells. The cells 

were activated with anti-CD3, anti-CD28, and polarizing conditions for Th17 cells, which 

resulted in higher IL-17A and RORγ mRNA, and higher CCR6 expression as compared to the Th1 

and Th2 cells. The authors obtained similar results with memory (CD45RO+) cells which had a 

high level of mRNA of RORγ on CCR6+CD45RO+ cells compared to Th1 and Th2 memory cells 

(107). In vitro, Th17 cells can be induced from Th0 cells with a cocktail of molecules, that 

includes IL-6, TGFβ, IL-23, anti-IL-4 and anti-IFNγ for murine cell cultures, however, in the 

human cell culture TGFβ is not added (78,108). Those culture conditions are required when 

differentiating naive Th0 cells into Th17 cells, however, they are not required when working 

with memory Th17 cells. In my thesis experiments, I did not use differentiating factors because 

PBMC and purified cells are memory Th17 cells that are expanded by the TCR and CD28 

activating stimulus.  

The principal cells that produce IL-17 and express RORC mRNA were shown to be the 

effector memory Th17 cells (CD4+CD45RO+CCR7-CCR6+), these experiments were done on 

isolated CD4+ T cells from healthy individuals, activated with immobilized anti-CD3 and soluble 

anti-CD28 (109). Recently, novel molecular markers of human Th17 cells were discovered 

including apolipoprotein D (APOD), complement component 1, Q subcomponent-like protein 1 

(C1QL1) and cathepsin L (CTSL) (110). These proteins were measured in the supernatant of the 

distinct isolated Th cells (Th1, Th2, T regs and Th17 cells) and the authors showed that the Th17 

cells cultures had the highest amounts of APOD, C1QL1 and CTSL (110). For example, there was 

about ~19 fold higher APOD, ~36 fold higher C1QL1, ~6 fold higher CTSL in Th17 cells cultures 
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compared to Th1 cells (110). These proteins can be used in future studies to also help in the 

characterization of Th17 cells, as It is associated with inflammation in diseases like 

atherosclerosis (110).   

In vivo, Th17 cells are produced in mucosal associate lymphoid tissues (MALT) and 

gastrointestinal associated lymphoid tissues (GALT) (106). In the GALT, Th17 cells are dispersed 

throughout the epithelium and the lamina propria which is part of the underlying layer of 

connective tissue (106). During infections the GALT can produce new Th17 cells and expand 

memory Th17 cells, resulting in potent response to bacteria or fungal infections (106). The main 

types of pathogens that Th17 cells help to fight against are certain bacterium (e.g 

straphylococcus aureus) and fungi (e.g Candida albicans) (111–114). To fight these pathogens, 

IL-17 recruits neutrophils and activates them at the site of infection (112). Th17 cells are 

essential to clear these pathogens. For example, IL-17 receptor-deficient mice were unable to 

recruit neutrophils to the site of infection by Candida albicans and failed to control the 

infection (112). Another example of the effect of IL-17 and neutrophils was observed by 

adoptively transferring Th17 cells to BALB/c mouse and exposed to ovalbumin resulted in an 

increase of neutrophils in the bronchoalveolar lavage fluid (115). Moreover, treating the mouse 

with IL-17 antibody reduced the quantity of neutrophils in the bronchoalveolar lavage fluid 

(115). Another function of IL-17A include the production of reactive oxygen species by 

endothelial cells, for instance IL-17 induced in murine brain endothelial cells reactive oxygen 

species (e.g superoxide) (116). These changes allow for a robust immune response at the site of 

infection and elimination of the pathogen by other immune cells. Thus, Th17 cells are defined 

by the cytokine IL-17A and has functions in recruitment of neutrophils and elimination of 

certain bacteria or fungi.   

 Th cells are the major producers of IL-17A in the adaptive immune system (117). 

However, there are minor producers of IL-17A. For example, CD8+ T cells were purified from 

PBMC and stained with CCR6 markers revealing that the CD8+CCR6+ Th cells were ~ 0.26% of 

the Th cells as compared to the compared to CD4+CCR6+ cells which were ~5.46% of the Th cells 

(107). Natural killer cells from healthy humans do not express IL-17A as measured with qPCR 
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and IL-17 ELISA and intracellular cytokine staining (118). Regulatory T cells can also express IL-

17A, although at low abundance, only 0.22% of regulatory T cells (CD4+Foxp3+), express IL-17 

from healthy individuals (119).  In my thesis, I used PBMCs which are mostly composed of Th 

cells but may also contain some of the minor subsets. To address that I also made use of 

purified Th Cells, purified Th17 cells, and intracellular flow cytometry in selected experiments 

which can pinpoint IL-17A sources. The details and limitations are expanded upon in the results 

section and general discussion.   

Th22 cells are defined by the production of cytokine IL-22, the transcription factor RORγ, 

and chemokine receptors including CCR4, CCR6 and CCR10 (120). Th22 cells are differentiated 

from naïve T cells by the cytokines IL-6 and TNF-α (120). Naïve CD4 cells under Th22 polarizing 

condition from Rorc(γt)-/- mice had a reduction in IL-22 (121). To demonstrate Th22 chemokine 

expression, experiments were performed using human CD4 cells sorted by CCR10+CCR6+CCR4+. 

The results showed that Th22 cells only produced the cytokine IL-22 and not other cytokines, as 

measured with flow cytometry (120). IL-22 is the ligand for IL-22 receptor (IL-22R) which has a 

STAT3 cell signalling pathway and is expressed throughout the body (122). IL-22 stimulates IL-

22R on tissues including skin, digestive or respiratory tissue, where it mediates the production 

of antibacterial proteins (123). IL-22 also increased mucins which were associated with the 

amelioration of chronic colitis in the mice (124). 

There is a hybrid called 'Th1/17 cells' in humans that expresses elements of both Th1 

and Th17, including transcription factors T-bet and RORγ, cytokines IL-17 and IFNγ, and 

chemokines receptor CCXCR3 and CCR6. In a study by Boniface et al, human naïve T cells were 

isolated from PBMCs and placed under Th17 inducing conditions (IL-1β, IL-23 and PGE2). This 

resulted in three types of cells: one that only produces IL-17+, one that only produces IFNγ+, and 

one that produces both cytokines IL-17+ and IFNγ+, as measured with dual cytokine staining and 

the flow cytometer (125). The authors also showed that the Th1/Th17 cells co-express T-bet 

and RORγ as measured by real-time PCR. Moreover, the percentage of Th1/17 cells was up to 

15% and an average of ~7.5% amongst the human samples tested (125). Besides the co-

expression of transcription factors, it was observed that Th1/Th17 cells co-express chemokine 
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receptor CCR6 and CXCR3 from CD4+ cells from healthy individuals (126). Th1/17 cells were 

stimulated with anti-CD3 and IL-2 and showed to express both cytokines IL-17+/IFNγ+, which 

was measured with the flow cytometer (126). Although Th1/Th17 cells produce IL-17, the 

percentage of IL-17 expressed by the Th1/Th17 (CCR6+CRXCR3+) cells was four-fold lower than 

in Th17 (CCR6+) cells, measured in PBMCs from healthy individuals by flow cytometer (127).  

Th GMCSF cells are a subtype of T cells that produce GM-CSF, are induced by IL-2, and 

express chemokine receptor CCR10 and CCR4 and transcription factor T-bet (128). Th GMCSF 

populations expressing GMCSF and T-bet comprise up to 2% of the CD4+ population in human 

PBMC (128). As mentioned, T-bet is the Th1-specific transcription factor. There are no known 

transcription factors for Th GMCSF cells. Th GMCSF producing cells expressed CCR4+ CCR10+ 

CXCR3- CCR6- as shown by flow cytometry (128). For a naïve T cell to differentiate into Th 

GMCSF cells, IL-12 cytokines are required to promote differentiation, while IL-1β, IL-6, IL-23  

inhibit differentiation as was shown in naïve CD4 cells isolated from human PBMCs (128). 

Differentiation of Th GMCSF cells requires STAT5 since blocking STAT5 with an inhibitor in naïve 

cells prevented IL-12 from promoting Th GMCSF differentiation (128). Th cells can co-express 

GMCSF along with IL-17 and IFNγ. The percentage of healthy human CD4+ cells co-expressing 

GM-CSF+IL-17+ are ~0.45%, GM-CSF+IFNγ+ are ~ 4.76%  and GM-CSF+IL-17+IFNγ+ are ~0.16% as 

measured with flow cytometry techniques (128). The function of GMCSF is to promote 

macrophages to kill bacteria by enhances the phagolysosomal fusion (129). GMCSF is elevated 

in patients with psoriasis, chronic inflammatory skin diseases, suggesting that it can also 

exacerbate an inflammatory condition (130).  

In summary, Th17 cells represent one subset among a wide variety of Th cell subsets. 

The exact context of an infection or autoimmune condition will determine which Th subsets 

expand, and how they will contain a pathogen or exacerbate inflammatory conditions.  
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1.8 Regulatory relationship of Th subtype Th1, Th2 and Th17  
 

There are relationships between the Th cells subtypes where factors of one subtype can 

affect the differentiation of the other Th cells subtypes. For example, Th2 cells inhibit Th1 cells 

by secreting IL-4 which inhibits IL-12 receptor on developing Th1 cells. Since IL-12 is required for 

T-bet and differentiation of Th1 cells, Th2 cells can repress Th1 cells in this way (76). Another 

molecular aspect are STAT signalling pathways. STAT4 phosphorylation is correlated with the 

expression of IL-12Rβ2 and it was observed on murine CD4 T cells that are treated with 

polarizing conditions for Th2 (IL-4 and anti-IL12) that there was lost of STAT4 phosphorylation 

(76), indicating that Th2 can suppress Th1 cells. Conversely, murine CD4 Th cells activated with 

anti-CD3 and treated with anti-IL4 (Th2 neutralizing condition) and IL-12 resulted in IFNγ 

producing cells (131). The cytokine IFNγ produced by Th1 cells suppresses Th2 cells 

differentiation via induction of transcription factor T-bet resulting in induction of transcription 

factor Runx3 where together enhances the production of IFNγ by binding to the IFNγ promoter, 

at the same time binds to the IL-4 gene (IL-4 silencer) which silences the IL-4 gene (132). There 

are other STAT molecules involved, for example, Th2 cells required IL-4-STAT6 pathway for their 

differentiation (133). IFNγ suppressed STAT6 pathway in part by inducing inhibitory protein-

suppressor of cytokine signalling (SOCS1) which in term inhibited IL-4 receptor signalling (133). 

Murine CD4 Th cells overexpressing SOCS1 showed suppression of STAT6 and IL-4 whereas 

reduction of SOCS1 showed stimulation of STAT6 (133). Thus, Th1 and Th2 cell differentiation 

processes oppose each other, which is a way that the immune response is skewed to Th1 or Th2 

but not both.  

There are regulatory checkpoints between Th1, Th2 and Th17 cells. Harrington et al. first 

showed that differentiation from murine naïve CD4 cells of Th17 cells was treated with IL-23 

and IFNγ neutralizing antibody, resulted in an increase of IL-17 (131). To demonstrate the 

regulation by IFNγ on IL-17, naïve T cells from IFNγ deficient mouse were isolated and the 

addition of exogenous IFNγ inhibited IL-17 producing cells (131). To show the effect of Th2 (IL-

4) on Th17 cells, murine CD4 T cells were treated with exogenous IL-4 (Th2 polarizing condition) 
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resulting in Th17 development being blunted (131). This indicates that Th17 cell differentiation 

is suppressed by Th1 and Th2. IL-23 is a polarizing cytokine for Th17 cells expansion, it 

promoted IL-17 but diminished IFNγ production by activated anti-CD3 and anti-CD28 CD4+ 

human T cells (134). When the IL-23 was added to the cultures the IFNγ was decreased and IL-

17 increased, whereas when IL-12 was added the cell cultures the IFNγ was increased and IL-17 

was decreased (134). Furthermore, murine Il17a-/- CD4+ T cells had increased IFNγ, and IL-17A 

inhibited Th1 by suppressing effector genes (e.g ifng, il12rb2), STAT1- phosphorylation and T-

bet (135). Thus, Th1 and Th17 cells display a down-regulatory cross talk.  

 

1.9 Immunological memory is maintained by long-lasting memory T cells  
 

After the infection is cleared by the adaptive immune system most of the effector T cells 

generated by the clonal expansion will die. Some of them transform into long-lasting memory T 

cells after the infection is cleared. Immunological memory also involves memory B cells which 

differentiate into plasma cells upon re-encounter of specific antigen and have a rapid and 

effective antibody response (136).  

The memory cells can be categorized into two main subtypes, the central memory 

(TCM) and the effector memory T cells (TEM). The TCM has high expression of homing 

chemokine receptor and adhesion molecules which allows for entry into secondary lymphoid 

organs. TEM have lower levels of homing chemokine receptors and adhesion molecules which 

makes them more likely to traffic through peripheral tissues (23,137). Both types of memory 

cells work together as the TEM control the initial exposure of the antigen, and the TCM scan 

APC/antigens in the lymph nodes, spleen, and associated lymphoid tissues like GALT. Memory 

cells are important because they can react much faster than naïve T cells, thus providing robust 

immunity (23,137). They also retain their differentiated subtype, for example, memory Th17 

cells having markers such as CCR6 and RORγ will be long-lived after an infection (138,139). Th17 

cells display higher proliferation ability compared to Th1 and Th2 cells. There were higher levels 

of cyclin genes and lower levels of cyclin-dependent repressors in the Th17 cells, as 
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demonstrated in human memory Th17 cells (140). Moreover, Th17 cells have lower apoptosis 

as they express higher amounts of BCL family genes (e.g BCL2 and BCLXL) and hypoxia-inducible 

factors (140). The activation of hypoxia-inducible factors is a contributor to BCL genes, and it 

mediates its signal through notch signalling that promotes the survival of Th17 cells (140). The 

hypoxia-inducible factors make that Th17 cells are resistant to apoptosis, especially in low-

oxygen environments of inflamed tissues (140). These features of Th17 cells show that these 

cells are long-lived and persistent. The memory system ensures that a second infection with the 

same pathogen does not cause illness, it is also the basis for immunization by vaccines (141), 

which prompts naïve T cell activation and subsequent immunity against an actual infection.  

 

1.10 Pro-inflammatory versus anti-inflammatory paradigm in autoimmune diseases. Role 

of Th cells.  
 

One of the paradigms that immunologists have used to understand immunomodulation 

is that of a balance of pro-inflammatory versus anti-inflammatory. Inflammation is defined as 

heat, pain, swelling and immune cell infiltration at sites of injury or infections. Pro-

inflammatory mediators are molecules and immune cells that cause these signs of 

inflammation in the tissues. On the other hand, anti-inflammatory mediators are cells and 

molecules that inhibit inflammatory responses. In the context of autoimmune disease, there 

are specialized cells like the T helper cells that secrete cytokines that are pro- inflammatory (e.g 

IL-17A) and other cells that release anti-inflammatory cytokines (e.g IL-4). Therapies target 

inflammatory Th cells due to their contribution to pathogenesis in autoimmune diseases (e.g 

multiple sclerosis). For instance, glatiramer acetate is used in MS as a therapy, it promotes anti-

inflammatory responses, by promoting Th2 while it decreases pro-inflammatory Th subtypes 

such as the Th1 cells or Th17 cells (142). PBMCs and serum samples from MS patients taken 

before and after three to six months of treatment with glatiramer acetate, showed decreased 

of pro-inflammatory cytokines including but not limited to IL-17 and IFNγ and increased in anti-

inflammatory cytokines such as IL-4 and IL-10. However, not all patients responded to the 
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treatment (142). The Th17 cells are considered to be pro-inflammatory because CCR6 allows 

Th17 cells to enter inflamed tissue including the crossing of the blood-brain barrier, and it 

opens up the blood-brain barrier allowing other cells to enter the central nervous system and 

cause tissue damage (108). Once in the tissue, IL-17 cells then recruit neutrophils and 

macrophages to sites of inflammation which in turn release cytotoxic molecules (143). In a 

patient with autoimmune disease such as MS, the presence of these immune cells in the central 

nervous system results in chronic inflammation. Thus, therapies for autoimmune diseases seek 

to rebalance the inflammation by decreasing pro-inflammatory responses and shifting towards 

anti-inflammatory responses.  

Although Th17 cells are essential in the host defence against infections, these cells have 

may be a cause of symptoms in autoimmune diseases, such as MS, psoriasis and rheumatoid 

arthritis (108,144–146). Animal modelling studies confirmed that Th17 cells were linked with 

inflammatory autoimmune diseases, for example, Th17 cells could transfer disease from a 

mouse with EAE to a healthy mouse (147). Researchers used the EAE model to demonstrate 

that passive transfer of T cells from mice with EAE to healthy mice was more efficient with Th17 

cells as compared to Th1 cells (147). Even though both Th17 and Th1 cells are pro-inflammatory 

and transfer EAE, they showed a different phenotype of the disease (148–150). Th1 cells caused 

classical paralytic EAE which characteristics is paralysis progressing from tail to head, whereas, 

Th17 mediated atypical ataxic EAE which characteristics are lack voluntary movement and 

unbalanced walking (150). In another study, EAE was induced by adoptive transfer of either 

Th17 or Th1 cells, which showed that Th17 cells induced more mononuclear cells, IL-17 

secretion, and neutrophils in the CNS compared to the adoptive transfer of Th1 cells (149). 

Despite the difference listed above, both Th1 and Th17 cells can cause autoimmune 

disease in mice models, and they have been implicated in disease severity and relapses in 

humans with MS. Both Th1 cells and Th17 cells were observed within the CNS of EAE, and 

within the active lesions of MS patients (45). Th1 cells activate microglia which promotes 

inflammation and lesion development (151). Th17 cells exacerbate inflammation and recruit 

innate immune cells by secreting IL-17A (151). Another detrimental role of Th17 cells is to open 
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the blood-brain barrier. The blood-brain barrier is a tight junction of endothelial cells that 

separates the CNS from the general circulation. It has been shown that IL-17 disrupts tight 

junctions of the blood-brain barrier, thus allowing Th17 cells to cross into the CNS (108,152). 

This increase in vascular permeability allows Th1 cells and more Th17 cells to enter the CNS, 

which in turn recruits and activates myeloid cells which exacerbates inflammation (151). 

Moreover, Th17 cells activate neural and microglia in the CNS, which amplifies 

neuroinflammation in EAE (153,154). Thus, Th1 and Th17 cells are pro-inflammatory and 

contribute to chronic illness in MS patients.  

Another example of IL-17 exacerbating autoimmune disease, is in rheumatoid arthritis, 

where synovial fluid has high levels of IL-17A that exacerbates associated joint destruction. IL-

17A mediates the increase of chemokines expression on fibroblast-like synoviocytes, by 

recruiting macrophages, neutrophils, dendritic cells and Th17 cells promoting the inflammation 

in the joints (155,156). In summary, Th17 cells and its hallmark cytokine IL-17A are important 

for host defense against pathogens but can exacerbate autoimmune disease if they become 

dysregulated.  

1.11 Possible therapeutic potential of inhibiting Th17 cells.  
 

Immunomodulatory therapies are of interest for treating autoimmune diseases. For 

example, EAE symptoms were diminished in IL-17 deficient animals, and the severity of the EAE 

was reduced by neutralizing IL-17 with an anti-IL-17 antibody (157,158). Similarly, in animal 

models for arthritis, the severity and joint damage were reduced with IL-17A neutralizing 

antibodies (159,160). Secukinam, an IL-17 inhibiting antibody, is being studied as a potential 

treatment for psoriasis (an autoimmune disease of the skin) in humans (161). This antibody is 

also being studied as a potential treatment for MS, but it is not yet used clinically (162). There 

are other approaches to inhibit Th17 cells, such molecules that target RORγ, namely digoxin, 

urosolic acid, SR1001 and TMP778, which cause a  reduction in the severity of symptoms in EAE 

(163–167). Therefore, neutralizing IL-17A or directly inhibiting Th17 cells has potential benefits 
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for treating Th17 mediated inflammatory autoimmune diseases such as MS and rheumatoid 

arthritis.  

Many of the established drugs and therapies that are used in the clinic or in clinical trials 

are known to suppress Th17 cells. For example,  glatiramer acetate, fingolimod, dimethyl 

fumarate and IFN-β inhibited Th17 cells along with their other effects (45). Fingolimod 

decreased both Th1 and Th17 cytokine in MS patients (168). IFN-β, which is an antiviral 

cytokine, reduced IFNγ and IL-17 cytokine levels which shifted towards a protective Th2 

phenotype (45,169). A type of stem cell therapy, called mesenchymal stem cells, inhibited Th1 

and Th17 responses in EAE (170). Mesenchymal stem cells were tested because they are known 

to suppress the immune system by secreting prostaglandin E2, which can suppress T cells 

(171,172). However, in pre-clinical testing mesenchymal stem cells increased IL-17A from Th17 

cells suggesting that the therapy might exacerbate MS (171). Another stem cell therapy called 

autologous hematopoietic bone marrow transplantation was tested in clinical trials, it stopped 

disease progression in severe MS patients, and inhibited Th17 cells (but not Th1 cells) in an 

immunology sub-study on clinical samples (173). In summary, inhibiting Th17 cells is a potential 

way to treat certain autoimmune diseases.  

Off-label use of drugs means that a drug was approved for one disease but was found to 

be useful in another disease. Clinical trials still have to be conducted for safety and efficacy, 

however, the major costs associated with new drug clinical trials are avoided with off-label drug 

prescriptions. In MS, off-label drugs in use include Rituximab (antibody targeting CD20 surface 

marker on B cells) is a treatment for rheumatoid arthritis and B-cell malignancies (174–176), 

modafinil which is prescribed to used to treat narcolepsy (177), Amitriptyline is used to treat 

depression (178), and albuterol a beta-agonist which was tested in an add-on study with 

glatiramer acetate (brand name Copaxone) (179). These drugs have been tested or prescribed 

as off-label in MS patients. The disease-modifying therapies (e.g dimethyl fumarate) for MS in 

the United States can have annual costs of  ~$50,000 or in Canada of ~ $20,000 (180). An 

example of the lower cost the off-label use of Rituximab in the United States compared to the 



 
42 

 

therapies already in use for MS, the range of Rituximab treatment can be lower than ~$20,000, 

(~ $8,000 to $16,000) (174).  

In my thesis, I found evidence that nebivolol might be a useful immunomodulatory drug. 

The use of nebivolol as an off-label treatment for MS could, in theory, fall under the reduced 

cost range that can be similar or lower to Rituximab. As nebivolol tablets can be sold as low as 

0.61 cents per tablet for 2.5mg (181). Aside from the cost consideration, off -label drugs can 

provide more options for neurologists to treat MS. Not all patients will respond to a given drug, 

and some drugs loose effectiveness over time, or as the disease evolves in a patient. In the 

conclusions of my thesis, I discuss nebivolol and its potential off-label usefulness in treating 

autoimmune disease such as MS.  

 

1.12 SNS innervation of lymphoid organs by the sympathetic nervous system, and 

modulation of Th cells 
 

In the previous sections, T cells and their role in protective immunity, and autoimmunity 

was discussed, as was the importance of immunomodulatory drugs in treating autoimmune 

patients. In my thesis, I focused on the β2AR because it is an important regulatory receptor that 

was first characterized in the context of the sympathetic nervous system (SNS). The SNS can 

modulate the immune system by releasing epinephrine (adrenaline) and nor-epinephrine 

(noradrenaline) into body tissues. These hormones are catecholamines synthesized from 

tyrosine by tyrosine hydroxylase which is the rate-limiting step. As they are produced, they can 

be released from SNS nerve endings, interact with adrenergic receptors, and regulate many 

metabolic changes and tissue responses throughout the body. For example, they increase 

breathing rate, blood flow to the muscle, and release of glucose from the liver which prepare 

the body for physical or perceived psychological danger, the so-called fight or flight response 

(182).  
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The SNS innervates almost every part of the body. With respect to the immune system, 

the sympathetic nerves are directly connected to lymphoid tissues (183–185). The sympathetic 

nerve fibers are distributed along the vasculature and areas of the cortex where T cells are 

found in close proximity to the SNS nerve endings (183–185). There are also SNS adrenergic 

nerve fibers around the splenic artery which travel along the white pulp and periarterial 

lymphatic sheath (183–185). The white pulp and the periarterial lymphatic sheath are locations 

that also have abundant T cells. In lymph nodes, there are sympathetic nerve fibers in the 

marginal zone and marginal sinus where T cells reside (183–186). The noradrenergic fibers run 

alongside the vasculature and lymphatic channels in the lymphatic channels in the medulla and 

are distributed in vessels of the paracortical and cortical regions (183–185). Furthermore, the 

MALT and GALT are innervated with sympathetic nerves fibers in the vasculature and 

parenchymal areas of lymphocytes, these areas contain T cells and plasma cells (183,187). This 

information confirms that the SNS is in close proximity to T cells in lymphoid tissue. The release 

of NE in the spleen and bone marrow in mice was measured using the severe combined 

immunodeficiency (SCID) mice that were reconstituted with clones of Th2 specific for antigen-

keyhole limpet hemocyanin (KLH) and B cells specific for antigen trinitrophenyl (TNP) (188). The 

results showed that NE was released from nerve terminals after 8h with antigen challenge 

(TNP-KLH), as it was measured with [3H]NE turnover analysis (188). This study also showed that 

using ganglionic blocker the NE induced by antigen challenge was blocked (188). The latter 

study showed that there was a release of NE and occurred after 8h of antigen challenge and 

that the B cells which express the β2AR can have increased antibody production. Thus, the 

release of NE from the sympathetic nerves upregulates immune cells.  

 

1.13 The β2AR is a G- protein-coupled receptor with several cell signalling pathways and 

ligands.  

 

The catecholamine hormones are sensed by adrenergic receptors found throughout the 

tissues of the body. Adrenergic receptors (AR) are divided into two main families, αAR and βAR, 
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each of which has additional subfamilies (189). The βARs are further divided into β1AR, β2AR 

and β3AR. My thesis focused on the β2AR due to its implications for immunity, which will be 

introduced in section 1.16. In this section, I will review the knowledge regarding β2AR signalling 

that was derived from non-immune cells and tissues. The β2AR belongs to a family of guanine 

nucleotide-binding protein (G-protein) coupled receptors (190). It has 7 transmembrane-

spanning α-helices, 3 extracellular loops with amino-terminus and 3 intracellular loops with 

carboxy-terminus (191–193). β2AR has two pathways, the canonical GPCR pathway, and the 

arrestin pathway. The canonical GPCR signalling pathway of β2AR involves heterotrimeric G 

proteins alpha (α), beta (β) and gamma (γ) subunits which interact with the cytoplasmic tail of 

the receptor. When activated, the Gα subunit the GDP is exchanged for GTP (190). The Gα 

subunit now bound to GTP dissociates from the Gβγ subunit and stimulates AC (190). AC 

catalyzes the formation of cAMP by the hydrolysis of adenosine triphosphate. The second 

messenger cAMP mediates its effect by effector molecules that include PKA. PKA is a 

holoenzyme that has two catalytic subunits are associated with the regulatory subunit dimer. 

When the regulatory subunit is associated together with the catalytic subunit, the enzyme is 

maintained in an inactive conformation. The consecutive binding of cAMP to the regulatory 

subunits of PKA results in conformational changes that releases the active catalytic subunits. 

The catalytic subunits can then phosphorylate target substrates on serine or threonine residues 

of sequences Arg-Arg-X-Ser/Thr, Arg-Lys-X-Ser/Thr, Lys-Arg-X-Ser/Thr, or Lys-Lys-X-Ser/Thr 

(18,190). One important target substrate is 'transcription factor cAMP response element-

binding protein' (CREB), which once phosphorylated at ser133, can interact with coactivator 

protein to start CREB responsive genes (37). Moreover, PKA regulates other proteins including 

L-type Ca2+ channel (194). Stimulation of β2AR with carvedilol results in cAMP/PKA signalling in 

local plasma membrane domains which phosphorylate and activates L-type Ca2+ channel (Cav 

1.2) in HEK293 cells expressing FLAG-tagged β2AR, where phosphorylation was measured with 

western blot and Cav 1.2 activity in murine hippocampal neurons with patch-clamp 

electrophysiology technique (194). When antagonist ICI and PKA inhibitor H89 were used, the 

Cav 1.2 phosphorylation was blocked, indicating that phosphorylation of Cav 1.2 was mediated 

via the cAMP-PKA pathway induced by β2AR stimulation (194).  
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The stimulation of calcium channel by PKA results in calcium influx, which stimulates 

nitric oxide synthase (NOS) enzymes which produce nitric oxide (NO) an important cell 

signalling molecule (195). NO stimulates guanylyl cyclase enzyme which converts GTP to cyclic 

guanosine monophosphate (cGMP) a second messenger structurally similar to cAMP but with 

different roles than cAMP (195). One role of the second messenger cGMP is to activate protein 

kinase G (PKG). In a study in mice cardiomyocytes, it was demonstrated that cGMP had an anti-

hypertrophic effect on the cardiomyocytes (196). The authors demonstrated the 

antihypertrophic effect using nebivolol and PKG inhibitors and showed that the effect was 

mediated by the cGMP/PKG signalling pathway (196). In a study performed in human vascular 

endothelial cells, it was shown that the increase in intracellular Ca2+ increased the eNOS 

phosphorylation, as it was demonstrated using drugs that remove Ca2+ from the medium (197).  

Another PKA-independent pathway is the 'exchange proteins activated by cAMP' (EPAC). 

Upon activation by cAMP, EPAC can phosphorylate and activates PKC which in turn 

phosphorylates and activates MAPK (198). Neonatal mouse cardiac fibroblasts stimulated with 

βAR agonist-isoproterenol produced more IL-6, mediated via EPAC/PKC/MAPK pathway (198). 

The authors knocked down EPAC by adenovirus, which inhibited MAPK activation, as measured 

by immunoblot analysis (198). The IL-6 production was also inhibited when PKC was knocked 

down using shRNA (198). Thus, EPAC/PKC/MAPK pathway can be stimulated with βAR-

isoproterenol in neonatal mouse cardiac fibroblast.  

There are also β2AR cell signalling pathways that are not caused by cAMP or PKA. For 

example, the arrestin cell signalling pathway is induced when the β2AR cytoplasmic carboxy-

terminus tail is phosphorylated by a G protein-coupled receptor kinases (GRK). GRK enzymes 

have 7 members which phosphorylate β2AR tail and recruit arrestin the cytoplasmic tail of the 

receptor (199). Arrestin is a scaffolding protein that plays roles in degrading cAMP and 

desensitizing the receptor (200). For example, β-arrestin was in close proximity to β2AR as 

shown using bioluminescence resonance energy transfer (BRET) in transfected FLAG-tagged 

β2AR HEK293 (embryonic human kidney cells) cells stimulated with isoproterenol (199). 

Arrestin recruits phosphodiesterase enzymes (PDE) which break the phosphodiesterase bond of 
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cAMP (200). This action limits the duration of the Gs-stimulated cAMP signals (201). Evidence 

for this includes a study by Perry et al. who showed an increase in β-arrestin recruitment and 

PDE4D3 in isoproterenol-stimulated HEK293 cells. The cells used were transfected with FLAG-

β2AR green fluorescent protein construct and measured with immunoprecipitation technique 

which was observed to recruit PDE4D3 and β-arrestin when treated with isoproterenol (202). 

The authors also examined mouse embryonic fibroblast-derived from a β-arrestin knockout 

mouse. When the fibroblasts were treated with isoproterenol, PDE4D3 did not associate with 

the membrane arrestin (202), indicating that arrestin is necessary for PDE4 recruitment. 

Knocking down β-arrestin 1 and 2 with small interfering RNAs (siRNA) in HEK293 cells resulted 

in cAMP accumulation, indicating that β-arrestin 2 has a role in suppressing cAMP levels (203). 

Arrestin also causes receptor internalization by clathrin-coated pits (190). An example of β-

arrestin mediated internalization was shown by O’Hayre et al. which showed that β-arrestin 2 

promotes β2AR endocytosis via clathrin-coated pits when stimulated with isoproterenol, it was 

observed by using siRNA targeting β-arrestin HEK293 cells. The latter experiments showed that 

the receptor did not cluster in clathrin-coated pits when the β- arrestin was knock down (204). 

This was demonstrated by measuring total internal reflection fluorescence microscopy on 

FLAG- β2AR HEK293 cells (204). Moreover, it was shown that there was an attenuation of β2AR 

internalization on the β-arrestin 2 KO cells with stimulation of agonist isoproterenol, which was 

measured in the siRNA suppressed β-arrestin 1 and 2 HEK293 cells (203).  Thus, stimulation of 

β2AR leads to β-arrestin which can limit the cAMP pathway by recruiting PDE, internalization of 

receptor, and by initiating a signalling pathway-ERK. 

There are numerous ligands for the β2AR that are endogenous or created as drugs. The 

endogenous ligands include norepinephrine and epinephrine which are part of the 

catecholamine family (205). There is also a wide range of pharmacological drugs that stimulate 

this receptor. Which pathway predominates will depend on the ligand present. An agonist 

ligand will promote the GPCR pathway, in contrast, an inverse-agonist will promote the arrestin 

pathway (2). Partial agonists do not exhibit the maximal activity of agonists but still renders the 

ligand-binding site active to a certain extent (193). Antagonists do not disturb the equilibrium 
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state but it is a competitive ligand for the binding site and prevents the binding of agonists, 

inverse-agonists, and partial agonists (206). Some of these drugs have similar structures as the 

hormones, which involve a combination of a catechol chemical group, but they have been 

modified for improved pharmacokinetics (205). The drugs are also modified to improve 

receptor-specificity since endogenous hormones react with all of the adrenergic receptor 

subtypes albeit with differing affinities. Terbutaline, which is a β2AR-specific agonist drug, has 

an N-t-butyl and a resorcinol phenyl ring, as compared to norepinephrine that has the catechol 

ring, β-hydroxyl group and an amine group (207). Due to its structure, terbutaline is resistant to 

the action of catechol O-methyltransferase, which action is to degrade catecholamines (208). 

 For this reason, terbutaline binds preferentially to β2AR while norepinephrine binds 

preferentially to αAR, although norepinephrine will also bind β2AR if hormone concentrations 

are high enough, or if a tissue lacks αAR. Drugs such as terbutaline were developed this way to 

be more specific for acting on lung tissues, where the β2AR agonist effect promotes relaxation 

of bronchioles and improved airflow in asthmatics (209–211). 

 In the absence of a ligand, there is an equilibrium state of the β2AR (212). This is where 

the β2AR still has a low but detectable level of GTP exchange with GDP that releases a Gαs and 

promotes a low level of cAMP signalling in absence of ligand (212). The ligands can then inhibit 

or promote this basal cAMP signalling in order to maintain homeostasis (212). When an agonist 

binds, there is a conformational change in the receptor that involves a rotamer toggle switch. 

The rotamer toggle is a structure in the intracellular domain where the receptor twists in the 

middle (TM6) leading to changes in the cytoplasmic tail of the receptor and changes to G 

protein binding (193,212). There is an ionic lock that is between the conserved E/DRY motif on 

the TM3 and the Asp/Glu of the TM6 (213). When an agonist binds, there is an outward 

movement of the TM6 cytoplasmic end where the ionic lock breaks (213). These 

conformational changes result in creating a cavity where G protein can bind as was 

demonstrated with crystallography studies (213). A study by Yao et al. showed when the ligand 

binds, the conformational changes of the β2AR can be monitored by the fluorescence emitted 

as the β2AR is labelled at Cysteine 265 is located in TM6 tail and is in a cavity between the TM3, 
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TM5 and TM6, that has a conformationally sensitive fluorescent probe, in this study, they 

labelled it with monobromobimane using sf9 insect cells (214). When the β2AR is active there is 

a tilt in the TM6 that results in activation of the receptor and thus conformational change that 

would displace the fluorescent chemical and the intensity and maximal emission wavelength 

can be measured. Isoproterenol (agonist) increased the fluorescence intensity and maximal 

emission wavelength (214). ICI 118-551 stabilized an inactive conformation of the β2AR, 

resulting in the prevention of the coupling of the β2AR and the Gs complex as it was measured 

by the fluorescence intensity (214). The conformational change caused a guanine nucleotide 

exchange factors (GEF) to exchange GTP for GDP on Gα, then Gα s is released from the 

heterotrimer (213). In the presence of an agonist, the equilibrium state shifts towards being 

active (213). The agonists, which can be hormones or drugs, typically have a positively charged 

amine or ethanolamine group, called the “tail”, which can interact with the “head’ and another 

anchor site on the transmembrane 5 of the receptor resulting in β2AR signalling through G 

proteins (193). Moreover, the ligands bind to polar and hydrophobic contact residues within 

the transmembrane helices (190,193). In the presence of an inverse-agonist, the equilibrium 

state shifts towards being less active, and arrestin pathways may come into play (215). The 

inverse-agonist stabilizes the inactive receptor conformation by not allowing the movement of 

the transmembrane 5 (TM5), as compared to the agonist where increased binding affinity is 

associated with TM5 (193). Using computational methods, the conformational changes of the 

β2AR was observed where the TM5 tilts towards the binding pocket on TM3/7 where the 

ethanolamine group of the ligand binds, using isoproterenol (agonist) the TM5 movement 

increases predicted binding affinities (2-3pKd) (~1000 fold) compared to inverse-agonist 

(carazolol) where the TM5 did not tilt and thus there was little change in the binding affinity 

(0.5 pKd) (193). When Asp113 located in the transmembrane 3 is mutated to Ser by site-

directed mutagenesis, β2AR  was not activated by albuterol as compared to the wild type β2AR, 

the experiments were performed on Chinese hamster fibroblast (216). There are key agonist 

binding sites on β2AR, which include Ser 203, Ser207, Ser204 located in TM5, which interact 

with the hydroxyl group of the agonist (217). These studies demonstrated that there is ligand 

binding at transmembrane 3 and one of the binding sites is Asp113, and transmembrane 5 with 
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Ser 203, 204 and 207 and that conformational change of the receptor upon ligand binding can 

then result in intracellular signalling pathways.  

There are no known endogenous inverse-agonists produced by the body. There are, 

however, several pharmacological drugs that have this effect on the β2AR. Carazolol and 

nebivolol are two examples of inverse-agonists, they are commonly used for treating 

cardiovascular diseases (209,210,218). Nebivolol is a selective β1AR antagonist and an inverse-

agonist of the β2AR (2,219). Nebivolol promoted GRK/β- arrestin recruitment to  β2AR which 

phosphorylated ERK and inhibited the cAMP-PKA pathway (2). Another cell signalling pathway 

invoked by nebivolol is that it promotes nitric oxide production, as seen in mouse thoracic 

epithelial cells which vasodilate in response to nebivolol (220). Nebivolol has not been explored 

in the context of immunomodulation which is why it is a novel aspect of my thesis. In Chapter 3 

I found that nebivolol will inhibit IL-17A and IFNγ.   

To summarize, β2AR is a G- protein-coupled receptor with an agonist-induced cell 

signalling pathway mediated via the cAMP-PKA. Inverse agonists can oppose this pathway and 

induce alternative pathways via arrestin or NO molecules. The results summarized in this 

section were mostly from non-immunological cells and tissues. The novelty of my thesis was to 

test β2AR agonist or inverse-agonist on Th17 cells, which may help to create new therapies for 

autoimmune diseases.  

 

1.14 Polymorphism of the β2AR may affect the activity of adrenergic drugs 
 

Adrenergic drugs are prescribed for respiratory, cardiovascular, and psychiatric diseases, 

however, their responses can be variable due to polymorphisms within or adjacent to the gene 

encoding the receptor (221). Pharmacogenomics is a field of research that involves the study of 

the effect of SNPs on drug responses (221). An SNP is defined as a variation at a single 

nucleotide in the coding sequence of a gene, intronic DNA or in the satellite regions upstream 
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or downstream. There are synonymous SNP, in which the encoded amino acid is not changed, 

and the nonsynonymous SNP for which the encoded amino acid is changed in the protein (221).  

The β2AR is known to have common SNPs found in and surrounding its gene, ADRB2, 

which is an intronless gene on chromosome position 5q31–32 (222,223). The most frequent 

SNPs found in the population are Arg16Gly, Gln27Glu, Thr164Ile and Cys19Arg which is the 5’-

leader cistron of the human β2AR coding block (223). The Cys19Arg polymorphism is within 

nucleotides (position -47 T/C) upstream of the open reading frame of the ADRB2, it encodes a 

19 amino acid peptide, noted as β2AR upstream peptide (BUP) (224). The polymorphism at -47 

of the translated peptide is at amino acid position 19 of the 5’-leader cistron. The 

polymorphism at position -47 in the BUP, alters the expression of the β2AR in human airway 

smooth muscle (225). The variant arginine at nucleotide position -47 (noted as Arg19) has lower 

β2AR expression (225). There was downregulation of the receptor with the arginine variant, as 

observed with COS-7 cells fibroblast cell lines with radioligand binding and luciferase assays 

(225). The uncommon (allelic frequency 1%) polymorphism Thr164Ile is in the fourth 

transmembrane of the β2AR, in transfected cells, the cells expressing the Ile164 showed to 

have diminished ligand affinity to epinephrine, norepinephrine and isoproterenol (226). It was 

observed that there was a diminished capacity to activate adenylate cyclase in Chinese hamster 

cells lines radioligand binding and AC assay (226). Studies performed on healthy individuals 

showed in heterozygous polymorphism isoleucine 164 have diminished heart rate and 

contractility after infusion of terbutaline compared to the wild type homozygous threonine 

(227).  

In the field of asthma, there are noted differences in how a patient might respond to 

asthma drugs based on commonly occurring single nucleotide polymorphisms (SNPs) found in 

the ADRB2 gene (221). Groups of SNP on the same chromosome that are inherited together are 

referred to as haplotypes, which can be more accurate than SNP in predicting drug responses 

(221). Arg16 is more resistant to downregulation than Gly16 where the expression of the β2AR 

was lost with the Gly16 variant, shown on human airway smooth muscle and in Chinese 

hamster fibroblast transfected with β2AR and treated with isoproterenol (228). In another 
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study, the level of expression of β2AR was higher in haplotype 2 compared to haplotype 4 as 

measured with radioligand binding, luciferase expression and mRNA. The experiments were 

performed in HEK293 cells transfected with β2AR constructs for haplotype 2 and 4, where 

haplotype 2 has Gly16 and haplotype 4 has Arg16, (223). Studies performed with asthma 

cohorts showed that the variability of lung capacity responses to β agonists has a correlation to 

the polymorphism found on the ADRB2 (229,230). In asthmatic cohorts, Individuals with 

homozygous Arg16 that were treated with β-agonist albuterol or salbutamol had a lower 

response in lung function compared to individuals with Gly16 (230–232). Wechsler et al. 

reported that individuals with homozygous for Arg16, had an impaired response to salmeterol 

which is a long-acting β2AR agonist drug in asthma cohort (233). Palmer et al. stated that the 

odds ratio for an asthma exacerbation was 3.4 for Arg16 homozygous compared to Gly16 

homozygous during 6 months of follow-up (234). The difference between the Arg16 and Gly16 

variants could be attributed to the tachyphylaxis effect on the β2AR. There is no tachyphylaxis 

effect when the Gly16 variant is present due to downregulation of the receptor at baseline, 

whereas Arg16 being resistant to downregulation can have tachyphylaxis effect when exposed 

to exogenous ligand (228,230). A study in an asthma cohort showed that haplotypes had 

different responses in the forced expiratory volume (an indicator of lung function) observed to 

treatments with albuterol, where haplotype pair 2/2 (contains Gly16) conferred most reactivity 

to the treatment compared to haplotype pair 4/4 (contains Arg16) (223). The Gly16 variant had 

a faster response to repetitive stimulation with epinephrine, more cAMP when stimulated with 

epinephrine, faster translocation of the β-arrestin2 to the cell membrane and more 

phosphorylation of GRKs (235). These results indicated that Gly16 variant had augmented 

functionality in which the activation kinetics became faster upon repetitive stimulation with 

epinephrine. In the first 15 residues of Gly16 variant of β2AR, there is a coil present in the 

secondary structure which is not present in the Arg variant (236). As such, the vestibule formed 

by TM 5, 6, and 7 is more open, such that the ligand-binding site is enlarged and ligand (e.g. 

albuterol) binding is enhanced., as determined through computational studies on the β2AR 

(236).  
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 The polymorphism Glu at position 27 was shown to play a role in the down regulation of 

the receptor. Experiments by Small et al. created mutations of all Ser and Thr to Ala on the 

cytoplasmic tail so there were no longer sites for GRK phosphorylation and the desensitization 

of the receptor was measured. There was no loss of function with the exposure of the agonist 

in the modified receptor compared to the wild type β2AR (216). Patients with uncontrolled 

asthma were associated with Arg16 of the ADRB2, but there was no association with the SNP of 

the ADRB2 and the Th2 mediated asthma (237).  

Polymorphisms of ADRB2 can influence how asthma drugs work in ethnic groups. For 

example, black people responded less or failed to respond to asthma treatment with long-

acting beta-agonists compared to white people (238). Some therapies for asthma with β2AR 

agonist salmeterol can even have adverse effects (e.g asthma-related deaths) especially in 

African Americans (239). There was an association between the polymorphism at the upstream 

region at -47 (Arg19Cys) and the bronchodilator drug response, where there was diminished 

response to beta-agonists when subjects had the Cys allele rather than the Arg (240). 

Identifying the SNP and haplotypes of individuals can thus help in predicting the outcome to the 

agonist on an asthma patient in ethnic groups that have higher frequencies of certain 

polymorphisms.  

When adrenergic agonist was added to human immune cells, there was not a link 

between SNP of ADRB2 and the cytokine IFNγ, whereas the cytokine IL-5 was inhibited with the 

haplotype CysGlyGln (222). This indicates that adrenergic agonist inhibits Th1 cell IFNγ response 

regardless of polymorphisms. There are few other studies assessing ADRB2 polymorphisms and 

immune response. In my thesis, the analysis of polymorphisms and ADRB2 with respect to Th17 

cell response to adrenergic ligands is novel.  

 

1.15 Anti-proliferation effect PBMC and CD4 cells by agonist of β2AR 
 

Agonists of the β2AR can inhibit proliferation of immune cells. For example, the β 

agonist fenoterol inhibited proliferation of immune cells from patients that were suffering from 
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allergies (241). The immune cells were activated in vitro with purified allergen extract and the 

proliferation was assessed with 3H thymidine incorporation. Fenoterol caused an increase in 

cAMP levels in immune cells which accounted for the anti-proliferative effect. There was no 

programmed cell death (apoptosis) as measured by DNA fragmentation assay, indicating that 

fenoterol did not kill the cells. These results showed that stimulation of the β2AR with agonist 

fenoterol had an anti-proliferative effect in allergen exposed PBMCs from allergy patients. 

Other agonists such as norepinephrine, epinephrine and isoproterenol (a non-selective 

exogenous βAR agonist) were also shown to inhibit proliferation of activated T cells (242,243). 

Isoproterenol inhibited the proliferation of purified human Th cells, cytotoxic T cells, and 

memory T cells, which were obtained using negative selection and proliferation measured with 

3H thymidine incorporation (242). These results also demonstrated that stimulation with 

isoproterenol inhibited proliferation and was linked with IL-2 inhibition and cAMP accumulation 

in purified human T cells (242). IL-2 was also inhibited by norepinephrine and terbutaline in 

anti-CD3 activated isolated splenic naïve CD4 T cells from BALB/c mice (243). Terbutaline 

salbutamol, salmeterol, and fenoterol (all β-agonists) were shown to inhibit proliferation of 

isolated CD4+ T cells and CD8+ T cells from human PBMCs activated with PHA (T cell mitogen) 

and IL-2, proliferation was measured using 3H thymidine incorporation (244). The authors noted 

that terbutaline was the weakest anti-proliferative effects, the numbers were salbutamol 59% 

inhibition, salmeterol 90% inhibition, fenoterol 52% inhibition and terbutaline (21% inhibition).  

These studies indicate that β2AR agonists have an anti-proliferative effect on T cells.  

However, there are contradictory studies.  Norepinephrine did not change the proliferation of 

Th cells from BALB/c mice activated with ConA mitogens, where proliferation was measured 

with thymidine incorporation techniques (245). Epinephrine and norepinephrine had no effect 

on the proliferation of PBMCs from healthy individuals stimulated with PHA mitogens (246). 

Thus, the β2AR can be anti-proliferative or have no effect on proliferation. The different results 

may be the agonists used, concentrations, or the details of experimental systems. In my thesis 

results, I report no anti-proliferative effect and an increase (10 %) in proliferation by β2AR 

agonists, which is further discussed in the chapter and general discussion.  
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1.16 β2AR on T helper cells, function of beta-adrenergic receptor in Th1, Th2 and 

Th17 cells  
 

The density of β2AR varies amongst T cells, CD8+ cells had the highest density of β2AR 

(1800 units) which was more than double that of CD4+ cells (750 units), as measured in healthy 

individuals PBMCs using competitive radioligand binding (48,247). The β2AR is also a function in 

the adaptive immune system of mice. For example, in the BALB/c model of chronic mild stress, 

the stress stimulus increased β2AR expression on T cells compared to the control (BALB/c) 

without stress, as measured with radioligand binding techniques (245). The authors treated T 

cells from the chronic stress mice with norepinephrine which increased cAMP compared to the 

non-stressed mice, as measured with cAMP enzyme immunoassay (245). Thus, an adrenergic 

agonist can stimulate cAMP in murine T cells through the β2AR which inhibits the Th1 cell. 

Similarly, there was a reduced percentage of IFNγ in human CD4+ T cells treated with β2AR 

agonist salmeterol and this reduction of IFNγ was reversed with the use of β2AR specific 

antagonist ICI 118,551 (248). The CD4+T cells were obtained from healthy individuals PBMCs 

and the CD4+ T cells were activated with superantigen staphylococcal enterotoxin B or 

cytomegalovirus (248). These results demonstrated that the stimulation of β2AR on the CD4+ 

cells decreased IFNγ, and no other immune cell was likely to be involved since the Th cells were 

purified by magnetic-based techniques. This group also showed an indirect effect by treating 

antigen-presenting cells with salmeterol of and then incubating them with isolated Th cells. The 

salmeterol-treated APC reduced the percentage of IFNγ+CD4+ as compared to control APC. 

These results demonstrated that an adrenergic drug can have direct effects on the T cell or 

indirect effects via the APC that both can decrease IFNγ from Th cells. In a study by Wahle et al. 

norepinephrine and epinephrine inhibited IFNγ in human PBMCs simulated with PHA mitogens 

or stimulated with anti-CD3 and anti-CD28. This effect was abrogated with βAR antagonist 

propranolol whereas no effect seen with the antagonist for α1 receptor urapidil (246). Similar 

to other studies, the authors found that βAR agonist raised the concentration of cAMP in the Th 
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cells and CD8+ T cells, where the cAMP was measured with cAMP ELISA (246). The second 

messenger cAMP is known to inhibit Th1 cells (28,29,33). 

The expression of adrenergic receptors has been studied on Th1 cells and Th2 cells. 

Studies performed by Sanders et al. reported β2AR expression on Th1 cells and not in Th2 cells. 

They attempted to measure other adrenergic receptors, but β2AR was the only one present on 

T cells. To test if this receptor was functional, the authors stimulated β2AR with terbutaline on 

murine cells line of Th1 and Th2 cell, which inhibited IFNγ but did not change IL-4 levels, as 

measured with ELISA. Since Th1 and Th2 cells induce antibody isotypes produced by B cells 

(IgG2a and IgG1 respectively), the Th1 and Th2 cell-dependent antibody production was 

measured when β2AR was stimulated in Th1 and Th2 cells lines. The stimulation of Th1 and Th2 

cells with terbutaline before activation by antigen-presenting B cells inhibited IgG2a but did not 

affect IgG1, respectively. The inhibition was prevented using antagonist βAR nadolol (249). In 

addition, β2AR ligand bindings only occurred in Th1 cells, but not Th2 cells using the β2AR 

antagonist ICI 118, 551 for 125I-pindolol displacement of radiolabelled ligands. These results 

demonstrated that Th1 express the β2AR and that adrenergic agonists inhibit Th1 cells 

response (IFNγ) and alter antibody isotype production by B cells (249).  

To understand why Th1 cells expressed β2AR but Th2 cells did not, studies were 

performed on cell lines to address epigenetic modifications. Th1 cells expressed β2AR, but Th2 

cells did not express β2AR due to epigenetic modification of the gene (250). The researchers 

demonstrated this by acquiring naïve CD4+ T cells from spleens of female BALB/C mice, which 

were then activated with anti-CD3 and anti-CD28, with cytokines that promote Th1 (IL-2, IL-12, 

anti-IL-4)or Th2 (IL-2, IL-4, anti-IFNγ) differentiation for 5 days. After 5 days Th1 or Th2 cells 

were sorted based on the expression of IFNγ or IL-4, respectively, using fluorescent activated 

cell sorting techniques, which yielded highly enriched Th subsets. The levels of β2AR mRNA 

were measured with quantitative real-time PCR in the differentiated Th1 and Th2 subtypes, 

they observed that Th1 cell-expressed β2AR mRNA but Th2 cells did not. Another approach the 

authors used was to examine mouse T cell lines, which are cloned and transformed Th1 or Th2 

cells that grow as clonal populations. Th1 cells line (AR100.9, D1.1, and HDK-1) and Th2 cells 
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line (CDC35, LNT-1, and LNT-4) were compared for this study. There were higher levels of β2AR 

mRNA expression in IFNγ producing cells compared to a low β2AR mRNA expression in IL-4 

producing cells, as measured by quantitative real-time PCR. The authors discovered that there 

was a histone and acetylation modification in the ADRB2 promoter in Th1 cells that facilitated 

transcription of β2AR mRNA, whereas Th2 cells lacked this modification and could not 

transcribe β2AR mRNA. Together, these results indicated that epigenetic mechanism mediates 

the differential β2AR mRNA expression between Th1 and Th2 cells (250). Those studies did not 

address Th17 cells, the reason being that Th17 cells were not discovered. That is one of the 

reasons for my first aim of measuring β2AR on Th17 cells.  

 Human Th cells have also been studied in the context of β2AR agonists. PBMCs from 

healthy volunteers were activated in vitro and stimulated with epinephrine, norepinephrine, 

terbutaline, or propranolol a βAR antagonist. When epinephrine, norepinephrine or terbutaline 

was added to cell cultures, they suppressed Th1 cells, thereby inducing a shift towards Th2 cells 

because Th1 cells normally suppress Th2 cells (251). The authors showed that PBMCs 

stimulated with the βAR agonist showed a decrease of IFNγ levels and an increase of Th2 

mediated cytokines, including IL-10, IL-4 and IL-5 using ELISA (251). 

In the literature, most studies focus on adding exogenous drugs and hormones to 

determine the impact of adrenergic signalling on the immune system. However, it is now 

known that lymphocytes can synthesize and secrete their own catecholamines which may work 

in an autocrine fashion. This was shown by blocking the rate-limiting enzyme tyrosine 

hydroxylase with alpha-methyl-p- tyrosine (α-MT) in lymphocytes isolated from mesenteric 

lymph of mice, and activated in vitro with concanavalin A, an antigen-independent mitogen 

(252). The result was a decrease of catecholamines produced, as measured with High-

Performance Liquid Chromatography with Electrochemical Detection. The authors also 

observed downregulation mRNA and protein expression of Th2 cells (GATA-3 (transcription 

factor) and IL-4), and upregulated expression of mRNA and proteins of Th1 cells (T-bet 

(transcription factor) and IFNγ), as measured with real-time PCR, western blot and RT-PCR. This 

means that autocrine catecholamines are suppressing Th1 cells, when the suppression is 
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removed, the Th1 cells increase while Th2 cells decrease (252). Researchers added an inhibitor 

monoamine oxidase and enzyme that degrades catecholamines, to murine lymphocytes. The 

result was that it downregulated Th1 cells (T-bet and IFNγ) allowing for upregulated Th2 cells 

(GATA-3 and IL-4) (252). It was also demonstrated that epinephrine inhibited Th1 cells in PBMCs 

stimulated with tetanus-Toxoid and PHA which increased Th2 cell responses (IL-10, IL-4), as 

measured with ELISA (253).  

 The effects of adrenergic agonists on Th17 cells are now beginning to be understood. 

For example, dendritic cells are APCs that regulate the differentiation of CD4+ T cells by 

secreting cytokines such as IL-12, and IL-23. Th1 cells are induced by IL-12, which is composed 

of heterodimers of p40 and p35 (254). Th17 cells are induced by IL-23 which is composed of the 

p35 with the p19 subunit (254). They measured p35, p19 and p40 subunits by qPCR because it 

allowed them to define the cytokines. The balance of IL-12 and IL-23 will influence the outcome 

of Th cell differentiation. For example, when the dendritic cells were pre-treated with 

epinephrine had a decrease of IL-12 and increase in IL-23 (254). In those experiments, the 

authors used LPS to stimulate the dendritic cells to cause the dendritic cells to secrete 

cytokines. When there were no LPS added, the dendritic cells did not make cytokines, and 

epinephrine had no effect.  To know if the effects were dependent on the β2AR, the authors 

added of butoxamine, a β2AR antagonist. The antagonist abrogated the decrease in IL-12 and 

increase in IL-23 that was caused by epinephrine, as measured with qPCR (254). Dendritic cells 

pre-treated with epinephrine and co-cultured with CD4+T cells increased the IL-17 but 

decreased the IFNγ (254). The results from that study indicated that dendritic cells stimulated 

by epinephrine induces Th17/IL-17 and diminishes Th1 cells response by CD4+T cells. Another 

study on dendritic cells was done by Manni et al. The authors added salbutamol (β2AR agonist) 

to dendritic cells and activated the dendritic cells with lipopeptide (PAM) and muramyl 

dipeptide (MDP). The salbutamol increased IL-23 while it inhibited IL-12, measured by qPCR on 

cytokine subunits (255). In addition to the in vitro evidence of the dendritic cells favouring the 

Th17 cell priming, in vivo experiments with an injection of pre-treated dendritic cells with 

salbutamol and PAM and MDP showed increased IL-17 while a decrease of IFNγ in cells from 
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the lymph nodes, analyzed by ELISA (255). Mice injected with norepinephrine, PAM and MDP 

showed increased IL-17 but decreased IFNγ levels, and these effects were abrogated with ICI 

118,551 (antagonist) (255). Thus, catecholamine hormones like epinephrine or norepinephrine 

can regulate Th cell differentiation by modulating dendritic cells, favouring Th17 cells and 

diminishing Th1 cells. A more recent (2016) study showed that mouse Th cells treated with 

norepinephrine had lower levels of IFNγ, but higher levels of IL-17A which indicated that Th17 

cells may react differently than other Th1 cells (256). The study by Case et al used T cells (CD4+) 

isolated from spleens of C57BL/6 mice activated with anti-CD3 and anti-CD28 and stimulated 

with norepinephrine. The result was a decrease in IL-2, IFNγ, TNFα and IL-10, and an increase in 

IL-17 and IL-6 using cytometry bead array technique. The authors linked the cytokine changes 

to mitochondrial reactive oxygen species. Superoxide was increased when T cells were treated 

with norepinephrine, as measured with flow cytometry using dihydroethidium and MitoSOX 

Red. An antioxidant (Mito-Tempol) restored the cytokine IL-2, IFNγ and IL-17 (256). 

 In 2018 there was a contradictory study performed by Liu et al., showing there is a 

decrease of IL-17 on murine cells from a mouse model of arthritis when CD4 cells are treated 

with β2AR agonist. In their study, the expression of β2AR on CD4 cells from control and 

collagen-induced arthritis model was demonstrated with immunofluorescence of spleen 

sections as well as western blot performed with ankle and spleen, in which the density of β2AR 

was downregulated in CIA mouse model. The exposure of norepinephrine and terbutaline 

showed a decrease of Th17 cells phenotype (IL-17, IL-22 and RORγ) while the antagonist ICI 

118,551 blocked these effects. Naïve CD4 cells isolated from spleen from collagen-induced type 

II induced arthritis murine model for arthritis were polarized Th17 cells cocktail (TFG-β1, IL-6, 

TNFα, IL-1β and IL-23) for a period of 48 hours. Subsequently, the polarized Th17 cells and 

activated cells with anti-CD3 and anti-CD28 were treated with norepinephrine or terbutaline for 

a period of 24 hours, where the cytokines IL-17 and IL-22 were measured with ELISA and real-

time PCR. In addition, terbutaline inhibited the CIA induced CD4 T cell proliferation stained with 

CFSE measured with the flow cytometer. To identify the agonist effect on Th17 cells, the use of 

PKA inhibitor H89 abolished the agonist effect. To identify the signalling pathway is mediated 
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via the cAMP-PKA pathway, cAMP was measured with ELISA and PKA activity assay kit was 

performed, where terbutaline increased both cAMP and PKA in Th17 cells from CIA mice. 

Overall, these studies indicated that Th17 cells expressed the β2AR and the response to 

stimulation with norepinephrine and terbutaline inhibited Th17 cells differentiation via cAMP-

PKA signalling pathway in CIA mice (257).   

In summary, several studies have shown that Th1 cells express β2AR and are inhibited 

by agonists of this receptor, while Th2 cells do not express β2AR but can still expand when Th1 

cells are inhibited. The effect of adrenergic agonists on Th17 cells was not clear at the start of 

my PhD thesis, which is why I focused on Th17 cells in my thesis. Together with the results of 

my thesis, the balance of evidence now indicates that Th17 cells are augmented by adrenergic 

agonist. I proposed a model by which this type of inhibition occurs via the β2AR (Figure 1.6). 
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Figure 1.6. Model figure of signalling pathway mediated by cAMP-PKA-CREB that influences 

the IL-17A response in Th cells.  

The stimulation of the β2AR with terbutaline leads to signalling pathway mediated by 

the G-coupled protein. The GTP associates with the Gα subunit that associates with the enzyme 

adenylyl cyclase (AC). AC converts ATP to cAMP. This second messenger (cAMP) binds and 

activates PKA. PKA phosphorylates and activates transcription factor CREB. CREB subsequently 

promotes IL-17A transcription. The T cells are activated using antibodies targeting the CD3 

complex of the TCR (anti-CD3) and co-stimulatory signal CD28 (anti-CD28), which causes several 

signalling pathways that are not depicted in detail in the diagram.  
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Hypotheses 
 

In Chapter 2 my initial hypothesis was that a β2AR-specific agonist (terbutaline) would inhibit 

IL-17A produced by Th17 cells. That hypothesis was based on extensive literature showing that 

cAMP and PKA are suppressive for T cells, and β2AR-specific agonists inhibit Th1 cells. The 

literature also showed that adrenergic agonists were anti-proliferative for T cells, although 

terbutaline was the weakest in this respect. These facts pointed to a hypothesis that terbutaline 

would inhibit IL-17A. The hypothesis was partially supported by results from a minority of the 

samples that I tested. However, in the majority of samples, terbutaline augmented IL-17A, as 

did a PKA-activating drug. Thus, the hypothesis that terbutaline was suppressing IL-17A was 

considered to be disproven.  

In Chapter 3, I revised my hypothesis from the previous chapter and demonstrated that 

terbutaline augmented IL-17A in a cAMP and PKA-dependent manner. A new hypothesis was 

that an inverse-agonist of β2AR would inhibit IL-17A from Th17 cells. The results showed that in 

all samples tested nebivolol suppressed IL-17A, which supported the revised hypothesis.  

In chapter 4 my hypothesis was that SNP within and adjacent to ADRB2 would modulate the 

effects of the β2AR drugs. The results showed that one of the specific SNPs modulated the 

terbutaline effect on IL-17A. This supported the hypothesis that SNP may account for the way 

certain β2AR ligands work on the receptor.  
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Specific Aims 
Specific Aim 1 To determine if β2AR agonist inhibits IL-17A from Th17 cells in a cAMP/PKA 

dependent manner. 

• Specific Aim 1.1 To determine if Th17 cells express β2AR protein. 

• Specific Aim 1.2 To determine if a β2AR-specific agonist inhibits activated helper T cells. 

• Specific Aim 1.3 To determine if direct stimulation of PKA replicates the effect of β2AR 

agonist. 

Specific Aim 2 To determine how the β2AR agonist was augmenting IL-17A. To determine if an 

inverse-agonist of β2AR will diminish Th17 cells response. 

• Specific Aim 2.1 To determine if the augmented IL-17A was due to an increase in the 

proportion of Th17 cells in the samples. To determine if it was due to increased 

expression in each cell.  

• Specific Aim 2.2 To determine if β2AR agonist-induced phosphorylation of CREB, a 

downstream substrate of PKA. 

• Specific Aim 2.3 To determine if the β2AR-agonist augments IL-17A in a cAMP-PKA 

dependent manner. 

•  Specific Aim 2.4 To determine if nebivolol will diminish Th17 cells responses. 

 

Specific Aim 3 To determine if SNP located within and adjacent to ADRB2 are linked to β2AR 

agonist or inverse-agonist effects on IL-17A and IFNγ. 

• Specific Aim 3.1 To determine the complete sequence of ADRB2 in primary human 

PBMC. 

• Specific Aim 3.2 To determine if the combinations of SNP correlate to differential effects 

of β2AR agonist or inverse-agonist on IL-17A and IFNγ. 

 



 
63 

 

Chapter 2 Foreword (Bridging Text) 
 

The immune system has to constantly adapt and adjust to the presence of new 

pathogens. These adaptations and adjustments, collectively, are known as immunomodulation. 

Studying immunomodulation is important because there are diseases such as autoimmune 

disease and asthma that can be treated by immunomodulatory drugs. The overall goal of my 

thesis was to discover if an adrenergic drug would inhibit IL-17A, which would be used in the 

future to treat autoimmune diseases. In this chapter, I chose to study a β2AR agonist in more 

detail and determine its effects on Th17 cells. At the outset of the project, no other group had 

studied the effect of ligands for adrenergic receptors on Th17 cells. We were the first to 

discover the presence of the β2AR on a proportion of Th17 cells (specific aim 1.1). The presence 

of the receptor on a proportion of Th17 cells did not confirm that this receptor was functional. 

To address this, in specific Aim 1.2 I determined if a β2AR-specific agonist terbutaline would 

inhibit activated Th cells. Literature on adrenergic drugs showed anti-proliferative effects on T 

cells, and inhibition of Th1 cells, so we predicted terbutaline would inhibit Th17 cells. In the first 

samples I tested, terbutaline inhibited IL-17A, however, it became apparent that in the majority 

of samples terbutaline augmented IL-17A which disproved the hypothesis. As those results 

became more clear, I read more on transcription factors and learned that phosphorylated CREB 

might augment IL-17A. 

The source of the IL-17A, which I measured with ELISA, was not immediately obvious 

because the cells used were a mixed population (PBMC) that could contain a minority of other 

types that make IL-17A. To address that I repeated experiments on purified Th17 cells and 

found a similar result, that is, terbutaline augmented IL-17A. I included IFNγ in my measures 

(which is predominantly made by Th1 cells) as a control group where we expected adrenergic 

drugs to suppress IFNγ, which was indeed the case. Thus, terbutaline regulated IL-17A from 

Th17 differently than IFNγ. Initially, I presumed that Th17 cells would be suppressed since they 

are closely related to Th1 cells which were known to be inhibited by adrenergic agonists. When 

I added a chemical dbcAMP instead of terbutaline, it replicated the effect- IL-17A augmented, 
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and IFNγ inhibited, which answered Specific Aim 1.3 which was to determine if direct 

stimulation of PKA replicates the effect of β2AR agonist. 

 The results from chapter 2 disproved the hypothesis that terbutaline would suppress, 

rather, it augmented IL-17A levels. It was a novel discovery because Th17 cells had not been 

studied in the context of adrenergic drugs. Additional papers were published in the meantime, 

which I discuss in this chapter and the general thesis discussion. The results from chapter 2 left 

several unanswered questions which I addressed in later chapters. In chapter 3, I demonstrated 

that β2AR augmented IL-17A in a PKA-dependent manner, which led me to explore inverse 

agonists that would oppose that pathway such as nebivolol. Nebivolol suppressed both Il-17A 

and IFNγ as shown in Chapter 3, which suggested a promising new therapeutic drug. Another 

finding from chapter 2 was that the adrenergic agonist had no effect or even inhibited IL-17A 

production in a minority of samples that were tested. In chapter 4, I discovered that the 

variations in terbutaline responses were linked them to a specific polymorphism in the gene for 

the receptor.  

 In summary, chapter 2 demonstrated for the first time that Th17 cells express the β2AR 

and that terbutaline augments IL-17A. It also provided the basis for the following studies that 

led to the discovery of a potential new immunomodulatory drug.   
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Chapter 2 Reciprocal Modulation of Helper Th1 and Th17 Cells by the β2-

Adrenergic Receptor Agonist Drug Terbutaline. 
 

The following chapter is based on the published manuscript we produced with minor formatting 

modification with FEBS permission, FEBS (2017), 284(18):3018-3028. © 2017 Federation of 

European Biochemical Societies  

 

Figure 2.0 Graphical abstract Th17 cells target specific pathogens but they are also linked with 

autoimmune diseases. Catecholamine hormones released by the sympathetic nervous system 

can respond to adrenergic receptors. We demonstrated the presence of β2-adrenergic receptor 

on Th17 cells. Terbutaline, a β2-agonist drug, augmented IL-17A. The drug reduced IFNγ levels 

indicating that a reciprocal regulation between Th17 and Th1 cells occurred.    
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2.1 Abstract 
 

Catecholamine hormones are powerful regulators of the immune system produced by 

the sympathetic nervous system. They regulate the adaptive immune system by altering T cell 

differentiation into T helper (Th) 1 and Th2 cell subsets, but the effect on Th17 cells is not 

known. Th17 cells, defined in part by chemokine receptor CCR6 and cytokine IL-17A, are crucial 

for mediating certain pathogen-specific responses, and are linked with several autoimmune 

diseases. We demonstrated that a proportion of human Th17 cells express β2-adrenergic 

receptor, the flow cytometry profile showed that 76.8% of the Th17 cells expressed β2AR, a G 

protein-coupled receptor that responds to catecholamines. Activation of peripheral blood 

mononuclear cells, which were obtained from venous blood drawn from healthy volunteers, 

with anti-CD3 and anti-CD28 and with a β2-agonist drug, terbutaline, augmented IL-17A levels 

(p<0.01) in the majority of samples. Terbutaline reduced IFNγ indicating that IL-17A and IFNγ 

are reciprocally regulated. Similar reciprocal regulation was observed with dbcAMP. 

Proliferation of Th cells was monitored by carboxyfluorescein diacetate N-succinimidyl ester 

(CFSE) labelling and flow cytometry with antibody staining for CD3 and CD4. Terbutaline 

increased proliferation by a small but significant margin (p<0.001). Next, Th17 cells (CD4+CXCR3- 

CCR6+) were purified using an immunomagnetic positive selection kit, which removes all other 

mononuclear cells. Terbutaline increased IL-17A from purified Th17 cells, which argues that 

terbutaline acts directly on Th17 cells. Thus, hormone signals from the sympathetic nervous 

system maintain a balance of Th cells subtypes through the β2-adrenergic receptor. 
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2.2 Introduction 
 

T cells are an essential part of the adaptive immune system; they are responsible for 

recognizing foreign antigens depicted by the major histocompatibility complex (MHC) on the 

APC such as dendritic cells (DC). T cells also maintain immunological memory of the recognized 

pathogen. T cell activation is the result of the T cell receptor (TCR), with the attached CD3 

component (22), responding to antigen/MHC complex, with co-stimulatory signals received 

through CD28 (22). T helper (Th) cells are defined by the presence of CD4 marker on their 

surface (258). Upon activation, Th cells differentiate into distinct lineages of effector/memory 

subsets such as Th1, Th2, and Th17 cells that express defining cytokines IFNγ, IL-5, and IL-17A 

(107,131,259,260). Th17 cells can be identified by chemokine receptor CCR6, and transcription 

factor RORγ (107,126,259,261). Th cells diversity provides the immune system with the ability 

to mount an appropriate response against various classes of pathogens (262). For example, 

upon infections with Candida albicans and Staphylococcus aureus Th17 cells are induced (263). 

The cytokine IL-17A, which comes primarily from Th17 cells, mediates the production of 

inflammatory cytokines such as IL-6 and IL-1 and chemokines CXCL-1,2,5,8, CCL-2 and CCL-20 

that in turn leads to the recruitment of neutrophils and macrophages to sites of inflammation 

(144–146). These cells are contributors for inflammatory autoimmune diseases, like multiple 

sclerosis, psoriasis, and rheumatoid arthritis (108,144–146).  

The balance of Th subsets is primarily determined by the strength of TCR engagement, 

co-stimulation, and polarizing cytokines produced by APCs. Catecholamine hormones also 

influence the balance of Th subsets. Catecholamines consist of two main hormones, 

norepinephrine (NE) and epinephrine, which mediate metabolic changes throughout the body 

in a fight or flight response. This response is controlled by the SNS. The SNS releases NE through 

adrenergic nerves in areas where T cells reside, such as the parenchyma of the lymph nodes 

and white pulp of the spleen (183–185). T cells express the β2 subtype of the adrenergic 

receptor (AR) family, which responds to catecholamines (243,249,250,264,265). AR are a family 

of G protein-coupled receptors present in most tissues. The β2AR transduces signals with 
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stimulatory Gα subunit, AC and increases the intracellular second messenger cAMP, which in 

turn activates PKA. β2AR is encoded by ADRB2, which has common single-nucleotide 

polymorphisms (SNPs) that lead to missense changes in amino acid residues and influence the 

pharmacodynamics of the receptor (222,223). The effect of β-agonists on Th cells depends on 

the species of animal, subtype of T cells and type of agonist used. β-agonists such as 

isoproterenol and fenoterol inhibited IFN (266), while NE raises the level of IFNγ in Th1 cells 

(267). Murine Th1 cells have variable effects in response to β-agonists (243,249,265,268,269). 

Human Th2 cells do not express β2AR or other AR due to histone modifications that prevent the 

gene from being expressed (250). However, Th2 cells expand in response to β agonists, since 

the competing Th1 cells are supressed (243,249,264–266,269–272). Catecholamines can 

indirectly influence Th17 differentiation by acting on APCs. DCs provide co-stimulation and 

cytokines necessary for CD4 cells to function (254), and produces IL-23 cytokine, which is 

necessary for Th17 expansion (131,147,273). Murine DC treated with β2AR -agonist-salbutamol 

made more IL-23, facilitating the differentiation of effector Th17 cells (255). β2AR stimulation 

with NE or salbutamol on mice DC induced IL-17A, and it decreased the production of IFNγ by 

CD4 cells (254,255). While it is clear that catecholamines influence APCs, there is comparatively 

less known about how catecholamines directly influence Th17 cells. We tested the hypothesis 

that β-agonists modulate Th17 responses using a β2-specific agonist, terbutaline. In the 

majority of samples tested, terbutaline increased IL-17A production in activated PBMCs, and 

concomitantly decreased IFNγ production. Purified Th17 cells treated with terbutaline had 

elevated IL-17A levels and decreased IFNγ. 

2.3 Materials and Methods 
 

Activation and treatment of cells 

Venous blood was drawn from healthy volunteers after obtaining informed consent. The 

project was approved by the Concordia University Human Research Ethics Committee. Our 

board of ethics is independent and conforms to the Helsinki guidelines. A venipuncture needle 

was used to draw up to six heparinized vacutainer tubes (BD, Franklin Lakes, NJ, USA).  Whole 
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blood was processed through a ficoll-hypaque (GE healthcare, Mississauga, ON, Canada) density 

gradient centrifugation technique as previously described (274). PBMCs were washed twice and 

suspended at 3.125 x106 cells/ml in R10 media made of Roswell Park Memorial Institute 

medium RPMI 1640 supplemented with 1mM penicillin, 1mM streptomycin, 2mM glutamine 

and 10% heat-inactivated fetal bovine serum (Wisent Inc. QC, Canada). In a round bottom 96 

well culture plate, 0.5 x 106 PBMCs were placed in media with either no activation or activation 

with soluble antibodies against CD3 (clone OKT3, eBioscience, San Diego, CA, USA) and CD28 

(clone CD28.2, eBioscience, San Diego, CA, USA), at a final concentration of 0.1 µg/ml each. 

Drug treatments (Sigma, ON, Canada) included terbutaline (10-5M based on reference(243)) and 

ICI118,551 antagonist (100 nM). The dbcAMP was added each day at 100µM for a final 

estimated concentration of 500µM. Each treatment was done with at least two replicates. 

Culture conditions were 5% CO2 and 37 C̊ for four days in a humidified incubator. Th17 cells 

(CD4+CXCR3- CCR6+) were purified using an immunomagnetic positive selection kit. PBMCs were 

first pre-enriched by negative selection with a human CD4+CXCR3- T cell cocktail, followed by a 

positive selection using CCR6 positive selection cocktail. The kit removes any cell expressing 

CD8, CD14, CD16, CD19, CD20, CD36, CD56, CD66b, CD123, TCRγ/δ, glycophorin A, CD45RA 

high, and CXCR3. The CD4+CXCR3-CCR6+ cells remained in the tube (Stemcell Technologies, 

Vancouver, Canada). Purified Th17 cells were activated with dynabeads human T-activator 

CD3/CD28, used according to the manufacturer’s instructions (Thermo Fisher Scientific, 

Mississauga, ON, Canada). 

Measuring proliferation and differentiated cells 

Prior to plating, PBMCs were labeled with (6)-Carboxyfluorescein diacetate N-

succinimidyl ester (CFDASE) (Sigma Aldrich, ON, Canada) as previously described (102). In brief, 

cells were suspended in pre-warmed R10 media and mixed with CFDASE diluted in PBS, at a 

final concentration of 5µM. This remained at room temperature for five minutes and was then 

washed three times with PBS containing 10% FBS (275). Cells were then used for the 

experiments. On day four, cell staining was done according to the published protocol (171). The 

conjugated antibodies were CD3-PercP and CD4-APC (eBioscience, San Diego, CA, USA) at 1:10 



 
70 

 

dilution. Samples were transferred to micro-centrifuge tubes and analyzed by flow cytometry 

(FACS verse BD Bioscience, Mississauga, ON, Canada). In order to observe differentiation, 

different cytokines were measured by enzyme-linked immunosorbent assay (ELISA), according 

to the manufacturer’s instructions (eBioscience, San Diego, CA, USA). 

Detection of β2AR by flow cytometry  

PBMCs were stained with either the primary antibody β2AR rabbit polyclonal (1mg/ml) 

at a 1:50 dilution or a rabbit Ig antibody, used as a negative control (5mg/ml), at a 1:250 

dilution. The secondary goat-anti-rabbit-FITC molecular was added at a 1:500 dilution. Primary 

antibodies for CD3-PercP, CD4-APC, and CCR6-PE were added (eBioscience, Mississauga, ON, 

Canada) to facilitate identification of Th cells in the PBMC mixture. Cells were washed twice 

with PBS and resuspended in 1% formaldehyde. Samples were transferred to microcentrifuge 

tubes and analyzed by the Acuri flow cytometer (BD Bioscience, Mississauga, ON, Canada).  

2.4 Results  
 

Expression and function of β2AR on Th17 cells 

To determine if Th17 cells express this receptor, PBMCs obtained from healthy human 

subjects were stained with antibody specific for human β2AR. Th17 cells were gated based on 

expression of CD3, CD4 and the chemokine receptor CCR6 (Figure 2.1a). A proportion of Th17 

cells expressed β2AR (Figure 2.1b). The CCR6-negative fraction expressed negligible amounts of 

β2AR (data not shown). Next, PBMCs were activated with a T cell-specific stimulus in the 

absence or presence of terbutaline, which is a β2AR-specific agonist. When PBMCs were 

exposed to only terbutaline without the activation stimulus, there were no cytokines detectable 

in the supernatant (data not shown). Upon activation in the presence of terbutaline, an 

increase of IL-17A concentration was observed in the majority of the samples (Figure 2.2a). A 

minority of the activated samples showed a trend of decreased IL-17A upon treatment with 

terbutaline (Figure 2.2a). When data was pooled together, the level of IL-17A produced by 

activated cells was increased by approximately 1.3-fold (p< 0.01) upon treatment with 
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terbutaline (Figure 2.2b). Terbutaline decreased IFNγ concentrations in the subjects’ samples to 

about 0.6 fold of the activated control group (Figure 2.2c,d).  The terbutaline effect on IL-17A 

and IFNγ was attenuated by the β2AR-specific antagonist ICI 118, 551 (Figure 2.2b,d). Together, 

this data demonstrates that a proportion of Th17 cells express a functional β2AR and that 

exposure of PBMC to a β2AR agonist tends to increase IL-17A and decrease IFNγ.    

 

 

 

Figure 2.1. Expression of β2AR on Th17 cells. a) PBMCs were stained for CD3, CCR6, β2AR and 

analyzed by flow cytometry. (b) Histogram plot of CD3+CCR6+ cells (gate R1) with the bracketed 

overlay derived from isotype-control staining denoting the positive expressing cells. The peak 

on the left of panel B, are the Th17 cells that do not express the β2AR. The peak on the right is 

the Th17 cells that do express the β2AR. It was determined by evaluating the isotype control 

staining which shows the non-specific staining. Note that panel B is the gated cells (R1) from 

panel A, which are the Th17 cells. This data represents samples from 5 different human 

subjects.  
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Figure 2.2 The reciprocal effects of β2AR specific agonist on IL-17A and IFNγ.  Anti-CD3 and 

anti-CD28 antibody-treated PBMCs were cultured for four days, with and without the β2AR 

agonist terbutaline (10-5M), and the β2AR antagonist ICI (100nM). Supernatants were collected 

and analyzed for IL-17A and IFNγ by ELISA. a,c) The concentrations of IL-17A and IFNγ for 

representative subjects are shown. b,d) Data was calculated as fold change compared to the 

activated group which was set to 1.0 (dotted line). (b) IL-17A fold change, pooled from 17 

experiments. (d) IFNγ fold change, pooled from 10 experiments. 1-way ANOVA followed by 

Tukey’s multiple comparison test (***<0.001, **< 0.01). Error bars show the standard 

deviation. 



 
73 

 

 It was surprising that terbutaline did not increase IL-17A levels in all subjects’ PBMC 

samples. IFNγ decreased in those samples indicating that they were still responsive to the drug. 

To evaluate the reproducibility of the results, a series of test/re-test experiments were 

performed. Representative subjects gave two blood samples drawn at least one week apart. For 

subject 1, where terbutaline augmented IL-17A in the first sample, terbutaline still augmented 

IL-17A in the second sample (Figure 2.3 a,b). For subject 2, where terbutaline reduced IL-17A in 

the first sample, terbutaline still reduced IL-17A in the second sample (Figure2.3 c,d). Thus, the 

pattern of the different responses was reproducible.  
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Figure 2.3. Test/retest of IL-17A levels upon β2AR stimulation with terbutaline. Blood was 

drawn and tested from the same subject at least two weeks apart. Samples were treated with 

terbutaline and the cytokine IL-17A was measured with ELISA. The concentration of IL-17A of 

subject 1 measured for (a) the first time, and (b) the second time. The concentration of IL-17A 

of subject 2 measured for (c) the first time, and (d) the second time. ACT= Activated samples 

with anti-CD3 and anti-CD28, ACT+TERB= Activated samples with terbutaline (10-5M). Unpaired 

t-test*p<0.05 ** p< 0.01***p<0.001,****p<0.0001. Error bars show the standard deviation. 
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Effect of β2-agonist on proliferation  

To determine if the effect of β2-agonist on cytokine levels was related to proliferation, 

PBMCs were stained with the fluorescent dye CFDASE prior to incubation with the reagents. As 

expected, without the activating stimulus, cells retained a high level of fluorescence signifying 

that they did not proliferate (Figure 2.4a). Upon activation, nearly 50% of Th cells had divided, 

upon activation with terbutaline, about 60% of Th cells had divided (Figure 2.4 b,c).  This effect 

was abolished by the addition of β2 antagonist (Figure2.4d). Pooling data together from several 

samples revealed that terbutaline increased proliferation by approximately 1.1 fold, which is a 

10% increase (Figure2.4e). All subjects PBMCs had a slightly elevated proliferation response 

when terbutaline was added, regardless of whether the IL-17A went up or did not change (data 

not shown). Cell viability, obtained from trypan blue counting of the samples, was constant 

through all conditions (Figure 2.4f).   
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Figure 2.4. Effect of β2AR agonist on proliferation of helper T cells. PBMCs were stained with 

CFDASE, a proliferation-tracking dye, and incubated with terbutaline and/or ICI as described in 

figure 2.2. At four days, samples were stained with CD3 and CD4 then analyzed by flow 

cytometry. Data was gated on CD3+CD4+ events (not shown). The level of CFDASE was plotted 

against CD3 for (a) non-activated, (b) activated, (c) activated plus terbutaline, and (d) activated 
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plus terbutaline plus ICI. Undivided (D0) and divided (D1) events are shown. (e) Pooled data 

from 11 experiments calculated as fold change relative to activated group. (f) Cell viability was 

determined by trypan blue counting. Data pooled from 15 experiments. 1-way ANOVA followed 

by Tukey’s multiple comparisons test. (****<0.0001, ***<0.001). Error bars show the standard 

deviation. 

cAMP promotes IL-17A and inhibits IFNγ  

The results with terbutaline, which is known to activate a G protein-coupled receptor, 

suggests that cAMP pathway promotes IL-17A production by Th cells while inhibiting IFNγ. To 

test this using an alternate approach, samples were activated in the presence of dbcAMP, 

which is a non-hydrolysable analogue of cAMP. A higher level of IL-17A was detected in the cell 

culture supernatants of activated samples treated with dbCAMP (p<0.01), relative to the 

activation control group (Figure 2.5a). The amount of IL-17A in the presence of dbcAMP had a 

trend to be higher than the amounts measured in the presence of terbutaline (Figure 2.5a). 

IFNγ levels were decreased (p< 0.0001) by dbcAMP in activated samples, relative to the 

activation group, which was similar to the effects of terbutaline (Figure 2.5b). Thus, cAMP is 

stimulatory for IL-17A while it has an opposite effect on IFNγ.   
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Figure 2.5. Treatment with dbcAMP causes reciprocal regulation of IL-17A and IFNγ.  PBMC 

samples were activated with anti-CD3 and anti-CD28 antibodies with either terbutaline, or 

dbcAMP (500µM). After four days of incubation the levels of (a) IL-17A and (b) IFNγ were 

measured with ELISA. 1-way ANOVA followed by Tukey’s multiple comparison test (*< 0.05,**< 

0.01 ,***<0.001, ****< 0.0001) relative to the activated group. Representative of three 

experiments. Error bars show the standard deviation. 
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Effect of β2AR on purified Th17 cells.   

The previous experiments used PBMC, which contains Th cells, and various other 

immune cell populations. To determine if the agonist effects were direct and specific for Th17 

cells, immunomagnetic positive selection kit was used to prepare a purified fraction of Th17 

cells, where live lymphocytes were 85.6% (Figure 2.6a) and resulted in 96.8% CD3+CD4+ cell 

population (Figure 2.6b). Cells expressing CD3+CD4+ were 93.2% positive for the CCR6 marker of 

Th17 cells (Figure 2.6c). The purified Th17 samples were then activated with a T cell-specific 

stimulus of anti-CD3 and anti-CD28 coated beads. Terbutaline increased the IL-17A levels and 

decreased IFNγ detected in the supernatants of purified Th17 cells (Figure 2.6 d,e). This 

demonstrates that the effect seen by terbutaline was likely due to a direct effect on Th17 cells 

and not due to other cells that could be found in the PBMC mixture. A schematic diagram that 

represents terbutaline and possible reciprocal regulation on IL-17A and IFNγ cytokine in Th cells 

is shown in Figure 2.7.  
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Figure 2.6. The effect of β2AR agonist on purified Th17 cells.  Th17 cells were obtained from 

PBMC cells by an immunomagnetic positive selection kit that yields purified CD3+CD4+CCR6+ 

cells. (a) Density dot plot of forward-scatter (FSC) vs side-scatter (SSC). Live cells are gated, 

indicating that 85.6% are live lymphocytes. (b) Purity was 96.8% selective for CD3+CD4+. (c) 

93.2% of the CD3+CD4+ cells were CCR6+ cells. (d, e) Purified CD3+CD4+CCR6+ cells were 

incubated with dynabeads coated with anti-CD3 and anti-CD28 for four days with or without 

terbutaline (10-5M). The level of d) IL-17A e) IFNγ in the supernatant was measured with ELISA. 

This data is representative of four experiments. Student t-test (*<0.05). Error bars show the 

standard error. 
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Figure 2.7. Modulation of activated Th17 and Th1 cells by β2-AR agonist terbutaline (TERB). 

Upon the treatment of activated Th17 cells with terbutaline, IL-17A secretion was promoted (-

>) possibly through the effect of adenylyl cyclase (AC). The IFNγ is inhibited by terbutaline in the 

Th17 cells and likely inhibited in the Th1 cells. * In a minority of samples from people 

terbutaline inhibited IL-17A.  
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2.5 Discussion 

Expression and function of β2AR on Th17 cells 

T cell differentiation is determined by a number of factors including the strength of TCR-

signalling, co-stimulation, and polarizing cytokines. Catecholamine hormones also influence this 

process by acting through adrenergic receptors. We demonstrated that a proportion of Th17 

cells express the β2AR and that a β2-specific agonist augments IL-17A production. The cells that 

expressed β2AR were likely to be previously activated in vivo due to the expression of CCR6, a 

chemokine receptor present on effector and memory Th17 cells (261). These results indicate 

that a proportion of Th17 cells express β2AR and should therefore respond to β2AR agonists. 

We found that terbutaline increased IL-17A in PBMCs and purified Th17 cells, but inhibited 

IFNγ. The effect on IFNγ is consistent with previous reports where Th1 cells responses are 

inhibited by adrenergic agonists (246,266,268). However, there is a controversy in the literature 

in results related to adrenergic agonists and Th1 cells. Reports have shown that treatment with 

adrenergic agonist increase Th1 cytokines (265,267), or inhibit Th1 cells (254). The experimental 

systems can explain the difference in Th1 cytokine levels obtained by our study and other 

reports; The timing and order of the addition of the adrenergic agonist and activation stimulus 

might alter the responses (243,276).   

Another example of reciprocal regulation was seen with Prostaglandin E2 (PGE2), a 

proinflammatory chemical that signals through a G protein-coupled receptor. PBMCs treated 

with PGE2 produced more IL-17A and less IFNγ (172). Reciprocal regulation also occurred when 

Th17 cells were cultured with mesenchymal stem cells that produced and secreted PGE2 

(171,172). Thus, agents that cause G protein signalling and elevate cAMP tend to promote IL-

17A responses while inhibiting IFNγ. The theoretical summary mechanism of action of how the 

IL-17A and IFNγ can be influenced by terbutaline is shown on figure 2.7.  

Terbutaline augmented IL-17A in the majority of PBMC samples tested, however, there 

were a minority of subjects' PBMC that showed no change in IL-17A or a downwards trend in IL-

17A in response to terbutaline. All of the samples tested had more IL-17A with dbcAMP 

exposure which points to differences in the upstream β2AR receptor pathway, or the receptor 
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itself. Common polymorphisms exist for the ADRB2 (223).  In asthma cohorts, the variability of 

lung capacity responses to β agonists has been correlated to polymorphisms in the ADRB2, 

which supports the idea that there is a link between gene and function for adrenergic drugs 

(229,230,277). A recent study did not find a correlation between the polymorphisms of ADRB2 

and IFNγ responses to isoproterenol in T cells (222). To date, there is no adequate explanation 

as to why ADRB2 polymorphisms are related to pharmacodynamics of the drug-receptor 

interaction. We are currently investigating the link between ADRB2 polymorphisms and the IL-

17A terbutaline phenotype.  

Effect of β2-agonist on proliferation  

We observed a small but significant proliferative effect on Th cells activated and treated 

with terbutaline. An anti-proliferation effect on T cells has been reported with various 

adrenergic agonists such as isoproterenol, fenoterol, NE, and the inflammatory mediator PGE2, 

which was among the strongest proliferation inhibitors (241,242,278–283). However, 

terbutaline is relatively weak in comparison with these agonists (244). Co-stimulation also 

partially reverses the anti-proliferative effect (284). The activation mix contained anti-CD28 co-

stimulatory antibodies, which may account for why we did not see an anti-proliferative effect.  

cAMP pathway promotes IL-17A 

We demonstrated that dbcAMP augments IL-17A levels in activated PBMCs. Generally, 

cAMP is thought inhibit T cell activation and proliferation (285). For Th1 cells, the cAMP 

pathway has been shown to be inhibitory (249). The fact that dbcAMP augmented IL-17A 

suggest that the signalling pathways in Th17 cells is different than other T cells. It has been 

shown that upstream signalling compartments are notably different in Th17 cells than other 

subsets(286). Moreover, knockouts of the stimulatory Gα subunit decreased cAMP 

accumulation in Th cells, which in turn reduced the differentiation of Th17 cells (287). Thus, 

Th17 cells appear to require the cAMP-PKA pathway for their development.   
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Effect of β2AR on purified Th17 cells.   

Performing the experiment on highly purified Th17 cells revealed that terbutaline 

augmented IL-17A levels to a similar extent as seen in the PBMC mix. β2AR agonist augmented 

the levels of IL-17A on highly purified Th17 cells. There was detectable IFNγ in these cells, and 

treatment with β2AR agonist decreased the level of IFNγ. The source of the IFNγ in the purified 

Th17 cells could be from Th17 cells that can produce IFNγ as well, or residual Th1 cells 

(263,288,289). The fact that terbutaline modulated purified Th17 responses rules out the 

involvement of APCs in the observed effects, since the magnetic columns removes myeloid 

cells.   

Potential physiological relevance 

Sustained activity of the SNS could result in NE secretion into the T cell areas of the 

secondary lymphoid tissues which primes DCs to favour Th17 differentiation after the naïve 

cells turn to effectors (254,255). In addition, lymphocytes are also capable of synthesizing 

catecholamines through the action of tyrosine hydroxylase, which may play a part in auto-

regulating the balance of Th cell subsets (252,290–295). There is a balance of subtypes of Th 

cells that is maintained within the body to effectively eliminate pathogens and keep a healthy 

immune system. The differential production of cytokines showed that stimulation of the β2AR 

with terbutaline augments the Th17 cell population. The parasympathetic nervous system, 

which generally opposes the function of the sympathetic nervous system, will inhibit Th17 cells 

via the neurotransmitter acetylcholine acting through the α7nAChR, a nicotinic receptor that 

responds to acetylcholine from cholinergic nerves (296). Thus, sympathetic signals boost Th17 

responses in most people, while parasympathetic signals inhibit Th17 responses.  
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Chapter 3 foreword (bridging text) 
 

In chapter 2, I demonstrated that terbutaline, a β2AR-specific agonist, augmented IL-

17A which is one of the major cytokines made by Th17 cells. That finding disproved the initial 

hypothesis that β2AR agonists would inhibit Th17 cell responses. The β2AR has a cell signalling 

pathway involving second messenger cAMP and PKA enzyme which are known to be 

suppressive towards Th cells such as Th1 cells, which is why it was hypothesized that Th17 cells 

would be inhibited. Upon further reading, I discovered that phosphorylated CREB might 

augment IL-17A, although no researcher had tested this idea in the context of adrenergic drugs. 

The fact that Th17 cells were reacting differently than Th1 cells to terbutaline suggested that 

there was either an alternative signalling pathway in Th17 cells or, Th17 cells were augmented 

by the cAMP-PKA pathway. In the previous chapter, I tested the cAMP analogue dbcAMP which 

activates PKA and showed that IL-17A was augmented. That finding supported a new 

hypothesis that a β2AR-specific agonist augmented IL-17A through a cAMP-PKA dependent 

pathway.  

There were some key unanswered questions remaining from Chapter 2. For example, I 

knew that terbutaline augmented IL-17A in PBMC samples, and in purified Th17 cells, however, 

it was not clear why there was more IL-17A. Using ELISA to measure IL-17A in cell culture 

supernatants is quantitative, but does not yield information on which cells, or how many cells 

have IL-17A. If IL-17A was augmented, it could be due to each cell making more cytokine, 

perhaps due to elevated IL-17A transcription, translation or secretion. Or, it could be due to 

more Th17 cells being present due to enhanced proliferation or differentiation and RORγ 

expression. Specific aim 2.1 was meant to address this. I determined if the augmented IL-17A 

was due to an increase in the proportion of Th17 cells in the samples, or if it was due to 

increased expression of Il-17A in each cell. To make the determination I used intracellular 

cytokine staining that measures IL-17A within each cell of the sample and provides intensity of 

staining in each cell. The Th17 transcription factor RORγ was also increased by terbutaline 

further arguing that it was Th17 cells that increased. These experiments supported the 
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conclusion that terbutaline was causing more cells to produce IL-17A, because there was a 

higher proportion of Th17 cells, but the amount of IL-17A per cell was unchanged. It was 

important to know this because it suggested that terbutaline was inducing proliferation of Th17 

cells which might explain why I saw a small increase in proliferation. There are some limitations 

to this interpretation that are discussed in the chapter discussion.  

For specific aim 2.2, I sought to determine if the β2AR agonist-induced the 

phosphorylation of the transcription factor CREB, which is a downstream substrate of PKA. 

Based on my readings phospho-CREB could augment IL-17A, but that was not known in the 

context of adrenergic drugs and Th17 cells. Using a flow-cytometry based approach I concluded 

that terbutaline increases phospho-CREB in the Th17 cells which supported the notion that 

terbutaline augments PKA activity which phosphorylates CREB. However, it does not 

demonstrate the involvement of PKA. To do that, I created specific aim 2.3 to determine if 

terbutaline augments IL-17A thought a cAMP-PKA dependent pathway. Using PKA inhibitors, 

and a cAMP activator, it was clear that terbutaline was inducing the cAMP/PKA pathway via 

β2AR which augmented IL-17A.  

Now that the mechanism of action by which terbutaline augmented IL-17A was more 

clear, I decided to test a drug that may oppose that pathway. Specific aim 2.4. was to determine 

if an inverse-agonist of β2AR, nebivolol, would diminish IL-17A levels. Since nebivolol is also a 

β1 agonist I included a β2AR-antagonist in the experiments to ensure specificity of the 

response. I also measured nebivolol effect on IFNγ since the goal of this project was to ideally 

find a new drug that would inhibit both IL-17A and IFNγ since they are both detrimental to 

autoimmune disease. The results showed that both IL-17A and IFNγ were inhibited by nebivolol 

in a β2AR-specific manner. In the discussion, I speculate on why the two drugs tested have 

differing effects on these two cytokines.  

Nebivolol is best known as a drug used to treat cardiovascular conditions. It had not 

been explored as an immunomodulator by immunology researchers. Therefore, my research 

indicates that a β2AR inverse-agonist has the potential to be a novel immunomodulatory drug.  
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Chapter 3 The effects of β2- adrenergic agonist terbutaline and inverse-agonist 

nebivolol on IL-17A production by Th17 cells.  
 

3.1 Abstract  
Background  

Immunomodulatory drugs that are used to treat cell-mediated autoimmune diseases typically 

suppress Th1 cells and augment Th2 cells. Drugs from the family of the β2-adrenergic receptor 

(β2AR) agonists have been tested as immunomodulators. They can inhibit Th1 cells and 

promote Th2 cells in human samples and animal models of autoimmunity. However, the effect 

of these drugs on Th17 cells is not completely understood. Recent results showed that β2AR-

agonist terbutaline augmented IL-17A secretion. In the context of autoimmunity, Th17 cells and 

IL-17A are considered to be pro-inflammatory, thus, augmenting them would not be beneficial 

in theory. In this report, we determined the cell signalling pathway responsible for the β2AR-

agonist effect on Th17 cells and showed that an inverse- β2AR-agonist nebivolol could suppress 

both IFNγ and IL-17A in human immune cell samples.  

 Methods 

Peripheral blood mononuclear cells (PBMCs) from healthy volunteers were collected from 

venous blood using ficoll techniques and activated in vitro with soluble anti-CD3 and anti-CD28 

antibodies, or anti-CD3/CD28 dynabeads. Cellular proliferation was measured with CFDASE with 

the flow cytometer. Intracellular cytokine staining was used to measure the proportion of IL-

17A and RORγ expressing cells, Ser133phospho-CREB by flow cytometer. Secreted cytokines IL-

17A and IFNγ were measured with ELISA. Chemicals used were terbutaline, H89 and rpcAMP 

which are PKA inhibitors, rolipram a phosphodiesterase inhibitor, and nebivolol a β2AR- 

inverse-agonist.  

Results  

Terbutaline augmented IL-17A (p<0.001) and diminished IFNγ (p<0.01) cytokine secretion from 

activated PBMC, while Th cells proliferation increased upon terbutaline treatment. The 
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proportion of Th17 (p<0.05) cells were augmented by terbutaline as determined by intracellular 

staining for IL-17A and RORγ. Terbutaline increased Ser133p-CREB in activated PBMC (p<0.05). 

The PKA inhibitors H89 and rpcAMP prevented terbutaline from augmenting IL-17A (p<0.05). 

Rolipram augmented IL-17A similar to the effect of terbutaline. In contrast, nebivolol 

suppressed both cytokines IL-17A and IFNγ.   

Conclusion 

We demonstrated that a β2AR-specific agonist terbutaline augmented Th17 cells through a 

cAMP and PKA-dependent pathway. Thus, terbutaline could exacerbate Th17-mediated 

autoimmune disease. In contrast, nebivolol diminished IL-17A and IFNγ and warrants further 

testing in Th17 mediated autoimmune diseases.  

 

3.2 Introduction 

The beta 2-adrenergic receptor (2AR), is one of the only adrenergic subtype expressed 

on T lymphocytes (264). Th1 cells express β2AR,  while Th2 cells do not express this receptor as 

shown with radioligand binding and a specific β2AR antagonist ICI 118,551 for 125I-

pindolol displacement (249). The reason that Th2 cells do not express 2AR is due to epigenetic 

modification oh histones on ADRB2 the gene encoding  2AR (250). The ligands for 2AR 

include endogenous catecholamines epinephrine and norepinephrine, and a variety of 

adrenergic drugs used to treat asthma and cardiovascular diseases. Catecholamines and other 

2AR agonists have potent modulatory effects on the function of adaptive T helper (Th) cells 

(297,298). For example, the βAR agonist isoproterenol decreased IL-2 and increase of cAMP in 

human memory T cells (242). Murine naïve CD4 cells treated with norepinephrine or terbutaline 

had lower levels of IL-2 (243). Murine Th1 cells treated with terbutaline had lower IFNγ but 

there was no change in the IL-4  from Th2 cells (249). Th1 cells treated with terbutaline had an 

increase of cAMP which correlated to the suppression of IFNγ (249). The βAR agonist salmeterol 

decreased IFNγ in human isolated CD4+ T cells activated with superantigen staphylococcal 

enterotoxin B or cytomegalovirus, and the effects were β2AR-specific since they were blocked 
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by the antagonist ICI 118,551 (248). Norepinephrine or epinephrine decreased IFNγ but had no 

effect on IL-4 in PBMCs that were stimulated with PHA, IL-2, tetanus toxin or anti-CD3, or plate-

bound anti-CD3 and anti-CD28 (246). The authors also showed that norepinephrine and 

epinephrine inhibited IFNγ from CD4+ T cells and CD8+ T cells, and this observation coincided 

with an elevation of cAMP in the cells (246). Epinephrine, norepinephrine, and terbutaline also 

inhibited IFNγ from PBMCs that were stimulated with lipopolysaccharide, an innate component 

of bacterial cell wall (251). The authors found that the adrenergic agonists increased Th2 

cytokines IL-10, IL-4 and IL-5 which may have been due to Th1 inhibition (251). When 

catecholamines suppressed Th1 cells in murine T cells, the Th1 transcription factor T-bet was 

decreased, which may have facilitated expansion of Th2 cells since the Th2 transcription factor 

was increased (252). This would account for how Th2 cells expand despite the fact that they do 

not express adrenergic receptors.  

Less is known about how adrenergic agonists modulate Th17 cells. Th17 cells are pro-

inflammatory Th cells that produce the cytokine IL-17A which mediates the recruitment of 

neutrophils to sites of infection (144). They are also identified by the transcription factor RORγ, 

and chemokine receptor CCR6 (107). The natural function of Th17 cells is to protect against 

bacteria (e.g straphylococcus aureus) and fungus (e.g Candida albicans) (113,299). Th17 cells 

can exacerbate autoimmune diseases such as multiple sclerosis or rheumatoid arthritis in 

people who have genetic and environmental susceptibility (108,300–302). In recent studies, 

norepinephrine caused higher levels of IL-17A and lower levels of IFNγ in murine T cells (256). 

Similarly, our group showed that human Th17 cells are augmented by the β2AR-specific 

agonist-terbutaline, as measured by elevated IL-17A levels, while Th1 cells responses were 

inhibited (303).  

We showed previously that dbCAMP, a non-hydrolysable version of cAMP reproduced 

the effect of terbutaline on Th17 cells, suggesting that cAMP signalling pathways augmented 

Th17 cells (303). The main signalling pathway induced by full agonists of the β2AR is a G-

protein-coupled receptor mechanism (Figure 3.1) where Gα stimulatory subunit activates AC 

(191). Conformational changes occur to accommodate the ligand in the β2AR binding pocket 
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which will then trigger an intracellular pathway response (193,304). AC catalyses the conversion 

of adenosine triphosphate to cAMP which will bind and activate the PKA (265,304). The 

activation of PKA leads to several intracellular changes in the cell, including the phosphorylation 

of the transcription factor cAMP response element-binding (CREB) (37,38). In the context of T 

cells, CREB promotes cell proliferation, survival, cell differentiation and T cell activation 

(37,38,40,41,305–307). Furthermore, CREB is required for the expression of IL-17A cytokines in 

T cells, which indicates that the cAMP pathway may promote Th17 cell phenotype (41,308,309). 

PKA can activate CREB by phosphorylation at Ser133 site which is prevented when the site is 

mutated (37,39,310,311). PKA inhibitors, such as H89 or rpcAMP, strongly inhibited the 

downstream phosphorylation and activity of CREB (37,38,312). Another regulator of cAMP in T 

cells is phosphodiesterase 4 (PDE4) which catabolizes cAMP thereby inactivating PKA 

(200,202,313). The chemical rolipram can selectively inhibit PDE4 which results in elevated 

cAMP in T cells (35,314).  

Depending on the stabilization of the receptor, the G protein-coupled or the β-arrestin 

signalling pathway can be triggered (201,315). Phosphorylation of the cytoplasmic tail of the 

β2AR by GRK recruits’ scaffold β-arrestin protein (199). The β-arrestin plays roles include the 

recruitment of phosphodiesterase enzymes which degrade cAMP molecules, thus counteracts 

the G protein-coupled signalling, also plays role in desensitizing and internalizing the receptor 

(199,204). Thus, the β2AR has the capacity to either raise or lower cAMP depending on the type 

of ligand encountered. For example, an agonist will activate the receptor while antagonist will 

oppose the g protein pathway and lower cAMP levels (191). Nebivolol is an inverse-agonists for 

the β2AR and it can promote the arrestin pathway over the cAMP-PKA pathway (2). Nebivolol is 

prescribed for cardiovascular diseases treatments because it releases nitric oxide from vascular 

cells leading to vasodilation (209). Nebivolol has not been studied as an immunomodulatory 

drug.  

In this study, we demonstrated the β2AR agonist terbutaline augments IL-17A cells and 

diminishes IFNγ cells in a cAMP and PKA-dependent manner. This suggests that terbutaline 

would exacerbate symptoms in a Th17 cell-mediated autoimmune disease. We discovered that 
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the inverse-agonist nebivolol diminished IL-17A and IFNγ in samples from healthy participants. 

Thus, nebivolol warrants further study as a possible new immunomodulatory drug to treat Th1 

and Th17-mediated autoimmune diseases.   

 

Figure 3.1. Signalling model of β2AR Function. Classic G protein-coupled receptor 

signalling where GαS activates AC, which elevates cAMP. cAMP activates PKA which 

phosphorylates a series of kinases, which inhibits T cell activation. PKA phosphorylate CREB. 

Phosphodiesterase 4 (PDE4) recruited by the β2AR stimulation, which degrades cAMP. Several 

chemicals were used to interrogate the pathway including dbcAMP (Chapter 2), rolipram, H89, 

rpcAMP (Chapter 3). The arrows indicate : ---] Inhibition → activation 
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3.3 Material and Methods  
Obtaining cells  

The study was approved by the Concordia University Human Research Ethics Committee 

(certificate 30009292). The Exclusion factors included cardiovascular disorders, autoimmune 

disease, neurological disorders, metabolic diseases, pregnancy, regular smokers, beta-blockers, 

beta-agonists, under the age of 18, or recent recreational drug use or nicotine within 24 hours 

of the study. Informed, signed consent was obtained prior to the blood donation. Venous blood 

collected in sodium heparin-coated vacutainers were processed by ficoll techniques to obtain 

PBMC (303). For the indicated experiments, PBMC were applied to Th cell negative selection by 

CD4/CD3 using EasySep™ Human CD4 Negative Selection Kit (Stemcells technologies 

Vancouver, BC, Canada). The purity was assessed with CD3-PercP (UCHT1) (1:10), CD4-APC 

(RPA-t4) (1:10) (BD Bioscience, Mississauga, ON, Canada) antibodies, and analyzed by flow 

cytometry (BD Bioscience, Mississauga, ON, Canada) with FlowJo software (Treestar Inc., AZ, 

USA). For flow cytometry analysis, the data was first gated on live cells using the forward- 

scatter (FSC) vs side-scatter (SSC) to exclude small debris. Helper T cells were then gated on 

CD3-PercP vs CD4-APC. At least 50,000 events were obtained on the flow cytometer (FACS 

Verse, BD Bioscience).  

Cell culture conditions 

PBMC were cultured in RPMI with 10% fetal bovine serum (FBS), 1mM 

penicillin/streptomycin, 2mM L-glutamine in an incubator maintained at 37⁰C and 5% CO2. 

Activation was done in vitro in 96 well plates using between 0.4 - 0.5x106 PBMC cells per well. 

The total number of cells per well was the same for each condition, but the value had to be 

adjusted for experiments depending on yield. To activate, soluble antibodies CD3 (clone OKT3, 

eBioscience, San Diego, CA, USA) and anti- CD28 (clone CD28.2, eBioscience, San Diego, CA, 

USA), were added at a final concentration of 0.1 µg/ml each. Where indicated, dynabeads were 

used to stimulate the purified T cells, they are pre-coated micro-particles with anti-CD3 and 

CD28 were used at a 1:1 ratio (Thermo Fisher Scientific, Mississauga, ON, Canada). The 

dynabeads were also used in the CREB experiment so they could be removed prior to the 
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staining to avoid cross-reaction with the other antibodies used for staining. The various drugs 

added were terbutaline (10-5M) (Sigma, ON, Canada), H89 (1μM, 2μM, 10μM) (Sigma, ON, 

Canada), rpCAMP (10μM) (Sigma, ON, Canada), and rolipram (1μM) (Sigma, ON, Canada). These 

chemicals are water-soluble, so they did not require a vehicle control. However, rpcAMP was 

soluble in DMSO so a vehicle control was used with matched dilution to what was used for the 

rpcAMP. Nebivolol was used at 10-5M (Nebivolol hydrochloride, N1915, Sigma Aldrich) and a 

DMSO vehicle control was included at a matching dilution. 

Proliferation and cytokine measurement 

Proliferation was measured using 5(6)-Carboxyfluorescein diacetate N-succinimidyl 

ester (CFDASE) dye (Sigma Aldrich, ON, Canada), as previously described(275,303). Before the 

cells were treated with the drugs, they were labelled with CFDASE. In brief, the cells were 

resuspended in RPMI with 10% fetal bovine serum (FBS), with CFDASE at a final concentration 

of 5µM incubated for 5 minutes and washed three times with 10% FBS in PBS to remove excess 

dye, counted, and put into cell culture. At the timepoint, cells were harvested and stained with 

CD3-PercP (UCHT1) (1:10), CD4-APC (RPA-t4) (1:10) (BD Bioscience, Mississauga, ON, Canada), 

and analyzed by flow cytometry and FlowJo software using the cell proliferation tool. Cytokines 

were measured from the cell culture supernatants using ELISA according to the manufacturer’s 

instructions for human IFNγ (BD Bioscience, Mississauga, ON, Canada), or human IL-17A 

(eBioscience, Mississauga, ON, Canada).  

Intracellular staining 

Intracellular IL-17A and RORγ were measured using established intracellular cytokine 

staining (ICS) procedures (173).  In brief, the cells were treated with a mixture of ionomycin 

(0.5μg/ml), brefeldin A (5μg/ml) and phorbol 12-myristate 13-acetate (PMA)(0.02μg/ml) for a 

five-hour incubation at 37⁰C at 5% CO2. The cells were fixed and permeabilized with BD 

fixation/permeabilization solution (BD Bioscience, Mississauga, ON, Canada). Fluorescently 

labelled antibodies were then added. Surface markers targeting helper T cells (CD3-PercP (1:10) 

and CD4-APC (1:10)) (BD Bioscience, Mississauga, ON, Canada) in addition of IL-17-PE (1:10), or 

RORγ-PE (1:10) (BD Bioscience, Mississauga, ON, Canada). Samples were incubated for 45 min, 
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on ice in the dark. Two washes (493 x g 5 min) with staining buffer (1% FBS in 1X PBS) was done 

and resuspended in 200 μl staining buffer in microcentrifuge tubes and then analyzed by flow 

cytometry, BD FACS verse (BD Bioscience, Mississauga, ON, Canada). At least 50,000 cells were 

obtained by flow cytometry.     

Measuring pCREB  

In order to ensure precise timing, cryopreserved PBMCs were thawed and used for the 

CREB experiments. The freeze/thaw procedures were optimized to result in a 99%+ viability 

after thawing, as published elsewhere (173). PBMC were rested in the incubator (37⁰C in 5 % 

CO2) for one hour. T cell blast was made by adding low doses of PMA (1ng/ml) and Ionomycin 

(1ng/ml) and incubating for 24h. The cells were then washed and incubated in media for an 

additional 24h rest period. The cells were then washed cultured in 0.01% FBS RPMI and 

activated with dynabeads and the indicated drug treatments for 15 min in a sterile 96 well 

plate. The cells were then placed on a magnet and washed to remove dynabeads, and fixed in 

4% formaldehyde, for 15 min at room temperature, washed two times in staining buffer (1% 

FBS in 1XPBS), and resuspended in 10μl of staining buffer. Then True-Phos™ Perm Buffer 

(Biolegend, San Diego, CA, USA) was added for one hour at -20⁰ C. Following steps are on ice 

otherwise indicated. Cells were washed two times with staining buffer and human serum IgG 

was added for 15 min to block nonspecific bindings. Antibodies were added for 30 min include: 

CD3-Percp, CD4-PeCy7, (BD Bioscience, Mississauga, ON, Canada), total CREB-PE (48H2) 

(Abcam, Toronto, ON, Canada), phospho- Ser133 CREB- A488 (87G3) (Abcam, Toronto, ON, 

Canada), and CCR6-APC (1:10) (BD Bioscience, Mississauga, ON, Canada). All experiments were 

done in triplicate wells. Cells were resuspended in staining buffer and analyzed by the flow 

cytometer (BD FACS verse). Sequential gating was done for characterisation of the cell 

population of the flow cytometry data. The gates and quadrants of the experiments are placed 

based on the controls, which include no stain control and single stain control (data not shown). 

The population characteristics, that is the percentages and fluorescence intensity were 

analyzed depending on the marker of interest.  
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3.4 Results 
To determine if the cAMP-PKA pathway was involved in β2-agonist effects on T cells, a 

series of cell signalling experiments were performed on human PBMC. As we previously 

showed, the selective β2 agonist terbutaline augmented IL-17A in PBMC samples activated with 

anti-CD3 and anti-CD28 (Figure 3.2A). In contrast, terbutaline diminished IFNγ in the same 

samples (Figure 3.2B). Since PBMC contain a mix of cell types, we tested the effects of 

terbutaline on purified helper T cells. The purified, activated helper T cells showed a similar 

pattern where terbutaline augmented IL-17A but diminished IFNγ (Figure 3.2C, D). The 

proliferation of Th cells increased upon terbutaline treatment (Figure 3.3).  
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Figure 3.2. IL-17A and IFNγ response to β2AR specific agonist terbutaline. A, B) PBMC were 

obtained from healthy humans, and the cells were exposed in vitro to activation (anti-CD3 and 

anti-CD28), or activation plus terbutaline for four days, then supernatants were collected. lL-
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17A and IFNγ were measured by ELISA. The data is calculated as fold change compared to the 

activated group which was set to 1.0, where the dotted line is indicated (A) IL-17A (B) IFNγ. 1-

way ANOVA followed by Tukey’s multiple comparisons test (**<0.01 ***<0.001). Error bars 

show the standard error. Data are pooled from 42 PBMCs samples, with at least two replicates 

of each experimental group.  The data is calculated as fold change compared to the activated 

group which was set to 1.0, where the dotted line is indicated C, D) Isolated helper T cells were 

activated with dynabeads (with anti -CD3 and anti-CD28) with or without terbutaline and 

measured by ELISA for (C) IL-17A (D) IFNγ. A comparison relative to the activated group was 

made, Student T-test (*<0.05 **<0.01). Error bars show the standard error. A representative of 

3 independent experiments. At least two replicates of each experimental group E) density dot 

plot of forward-scatter (FSC) vs side-scatter (SSC) for PBMCs, live cells are gated and named 

lymphocytes showing 75.8% live cells F) Purity check of isolated helper T cells stained with CD3 

and CD4, showing 94.5% purity. 
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Figure 3.3. Proliferation of Th cells treated with Terbutaline. Flow cytometer analysis of a 

representative PBMC stained with CFDASE dye, then treated with activation mixture anti-CD3 

and anti-CD28 and terbutaline for 4 days.  Samples were gated on Th cells (CD3 vs CD4), data 

not shown. Histogram plots for CFDASE are shown, for A) activated cells or B) activated cells 

plus terbutaline. On the y-axis is the number of cells and the x-axis is the fluorescence of 

CFDASE.  C) Proliferation was analyzed using the flowjo proliferation tool, results of the fold 

change of percent divided relative to the activated group. Data pooled from 8 independent 

experiments. Two replicates of each experimental group. Error bars are made with standard 

errors. Paired T-test (**<0.01). 

 

To determine if β2AR agonist augmented IL-17A and inhibited IFNγ in a PKA-dependent 

manner, the PKA inhibitors H89 and rpcAMP were used in cell culture experiments. H89 

abrogated the ability of terbutaline to inhibit IL-17A in comparison to the activated cells plus 

terbutaline group (Figure 3.4A). H89 abrogated the ability of terbutaline to inhibit IFNγ in 

comparison to the activated cells plus terbutaline group (Figure 3.4B). The dose of H89 used 

(2μM) was selected because a higher dose had shown inhibition of IL-17A and the same effect 

of IFNγ at 10μM compared to the 2μM of H89 (Figure 3.4 C, D) but the 10 μM significantly 

decreased proliferation (Figure 3.4E). The viability was not changed for the H89 doses tested 
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(Figure 3.4F). Thus, H89 blocks the terbutaline effects at the lower dose where it does not alter 

proliferation or viability.  

 

 

Figure 3.4. The effect of IL-17A and IFNγ of immune cells treated with H89. To determine the 

involvement of the cAMP pathway in IL-17A and IFNγ production, PBMCs were activated and 

treated with terbutaline and/or H89. Supernatants were collected and measured with ELISA.  

Act: activated (anti-CD3 and anti-CD28) plus Terb (Terbutaline). Addition of both H89 (2μM) and 

terbutaline was done and supernatants were measured for A) IL-17A (pg/ml) and B) IFNγ 

(pg/ml), data is representative of 3 independent experiments. C, D, E) The data was calculated 
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as fold change compared to the activated group which was set to 1.0, where the dotted line is 

indicated. Concentrations of H89 (1μM, 2μM, 10μM) C) Shows the IL-17A levels, Data pooled 

from 6 experiments. D) shows the IFNγ levels, data pooled from 6 experiments. E) Proliferation 

of cells was measured by staining with CFDASE. Data are pooled from 8 experiments. F) The cell 

viability was measured by trypan dye exclusion counting, data pooled from 6 experiments. Two 

replicates of each experimental group for A-F. Error bars show the standard error. One-way 

ANOVA followed by Tukey’s multiple comparisons test (*<0.05 **<0.01***<0.001).  

 

 

Since H89 may have off-target effects at the higher doses, another PKA inhibitor was 

tested (rpcAMP). Terbutaline augmented IL-17A secretion from activated PBMC. However, 

when it was combined with rpcAMP IL-17A levels were inhibited. Even without terbutaline, 

rpcAMP inhibited IL-17A secretion (Figure 3.5). These results demonstrated that terbutaline 

augmented IL-17A and in a cAMP-PKA dependent manner. 
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Figure 3.5. The effect of IL-17A of PBMCs treated with rpcAMP. To determine the involvement 

of the cAMP pathway in IL-17A production, PBMCs were activated and treated with rpcAMP. 

Supernatants were collected and measured with ELISA. Act: activated (anti-CD3 and anti-CD28) 

plus rpcAMP (10μM) and its vehicle control (VC). The concentration of A) IL-17A pg/ml, 

representative of 4 independent experiments. Two replicates of each experimental group. Data 

is compared relative to the activated group. Error bars show the standard error. One-way 

ANOVA followed by Tukey’s multiple comparisons test. (*<0.05**<0.01).  

 

Since previous experiments inhibited the pathway, we next promoted the pathway 

using rolipram a phosphodiesterase inhibitor. The addition of rolipram to the activated PBMC 

augmented IL-17A secretion (Figure 3.6A), whereas it diminished IFNγ (Figure 3.6B). The cell 

viability of these cells was not changed in the addition of rolipram indicating a lack of toxicity 

from this chemical (Figure 3.6C). These results showed that rolipram has similar effects as 

dbcAMP as we previously showed, and terbutaline, that is, it augmented IL-17A and inhibited 
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IFNγ. Together, these results demonstrate that the cAMP-PKA pathway augments IL-17A 

secretion.  

 

 

Figure 3.6. The effect of IL-17A and IFNγ of immune cells treated with rolipram. To determine 

the cAMP-PKA pathway involvement with IL-17A and IFNγ production, rolipram was added. 
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Supernatants of activated (anti-CD3 and anti-CD28) PBMCs in addition with rolipram (1μM) 

were measured for IL-17A and IFNγ with ELISA. A) Shows the IL-17A levels, a representative 

from 6 experiments. B) shows the IFNγ levels, a representative from 6 experiments. C) The cell 

viability was measured by trypan dye exclusion counting, data pooled from 3 experiments. Two 

replicates of each experimental group. Error bars show the standard error. One-way ANOVA 

followed by Tukey’s multiple comparisons test (***<0.001).  

 

Next, intracellular CREB and phospho-CREB was measured since it is a downstream 

substrate of PKA activity. A representative of the live lymphocytes density dot plots is shown in 

Figure 3.7A. Th cells (CD3+CD4+) were gated from the live lymphocyte’s population (Figure 

3.7B). In order to determine the effect in Th17 cells, the cells were also stained with CCR6. The 

gated Th17 (CCR6+CD4+) cells are shown in Figure 3.7C. There was an augmentation of pCREB in 

the gated Th17 cells when terbutaline was added compared to the activated group (Figure 3.7 

D, E). The fold change of the pooled experiments showed an augmentation in pCREB with the 

addition of terbutaline (Figure 3.7F). This demonstrates directly that terbutaline raises pCREB 

inside of Th17 cells.  
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Figure 3.7. Percentage of phosphorylated CREB in PBMC. PBMCs were activated (Dynabeads 

anti-CD3 and anti-CD28) and treated with terbutaline and p133 CREB was measured by flow 

cytometry. Sequential gating was performed to identify specific cell populations. A) the 

population of lymphocytes is gated based on the side-scatter (SSC) and forward-scatter (FSC) 

plot, the gate drawn identifies the live lymphocytes from the sample (66.7%). B) From the gated 

lymphocytes, the population is analyzed based on the markers identifying the Th cells, that is 

CD3 for TCR and CD4 for Th cells. On quadrant 2 of panel B, there is the cell population 

containing double-positive stains CD3+CD4+ (49%), identifying the Th cell subpopulations. C) 

From the Th subpopulation of panel B, the Th17 cell population was identified by markers CCR6 

and CD4. The Th17 cell population is in quadrant 2, which is the CCR6+CD4+ cell (10.4%) that is 

considered the Th17 cells. The quadrants were placed based on the controls, which include the 

non-stain and single stain controls (Data not shown). D, E) from the Th17 cell subpopulation of 

panel C, the pCREB population was identified by observing the markers CREB and pCREB, where 

the pCREB population was gated “pCREB Th17 cells”. Panel D is the activated samples (25.1%) 
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and panel E is the activated samples also with terbutaline (30.6%). F) pooled data of the pCREB 

of the Th17 cells. Three individual experiments were pooled. Three replicates of each 

experimental group. Error bars show standard error. Student T-test (*<0.05). 

 

To determine if terbutaline affected the proportions of Th17, a single-cell analysis was 

performed using intracellular staining of cytokines (ICS) for IL-17A. There was a higher 

percentage of Th17 cells with activation and terbutaline treatment as compared to activating 

the samples without terbutaline (Figure 3.8A-C). The mean fluorescence of IL-17A inside of the 

cells was unchanged, indicating that terbutaline did not change the amount of IL-17A on a per-

cell basis (Figure 3.8D). The amount of IL-17A in the cell culture supernatants from the single-

cell analysis experiments was analyzed for IL-17A. As expected, IL-17A was higher in the 

presence of terbutaline (Figure 3.8E). Thus, terbutaline augments IL-17A in the cell culture 

supernatants by boosting the proportion of Th17 cells. 

 

 

 

Figure 3.8. IL-17A Intracellular cytokine staining in PBMCs treated with terbutaline.  PBMCs 

were treated with activation mixture anti-CD3 and anti-CD28, and terbutaline. The cells were 

fixed, permeabilized and stained with anti-IL-17A and analyzed with the flow cytometer. A, B) 

Representative dot plots are shown for IL-17A on lymphocytes gated on CD3 vs IL-17A, A) 

activated cells B) activated cells plus terbutaline. C) The percentage of Th cells expressing IL-17A 

is shown. D) The mean fluorescence intensity (MFI) of IL-17A in the cells from the flow 



 
106 

 

cytometry data is plotted in arbitrary units (AU). E) IL-17A cytokine from the supernatant of 

these experiments was measured with ELISA. There is an increase in IL-17A when adding 

terbutaline. The data from this Figure are representative of 4 independent experiments. Two 

replicates of each experimental group. Unpaired T-test (*<0.05 **<0.01), error bars are 

standard error.  

 

To verify the finding that terbutaline expands the proportion of Th17 cells, the Th17-

specific transcription factor RORγ was analyzed in Th cells. Terbutaline augmented the 

proportion of Th cell expressing intracellular RORγ in activated Th cells gated from PBMC 

(Figure 3.9A-C). The control CD4 stain was included to show that the population gate from 

panels A and B is the population positively stained for RORγ (Figure 3.9 D). The fluorescence 

intensity of RORγ was not changed (Figure 3.9E). Cell culture supernatants from these 

experiments confirmed that terbutaline treatment resulted in higher levels of IL-17A (Figure 

3.9F). Thus, terbutaline increased the number of CD3+CD4+RORγ+ and IL-17A+ T cells which is 

consistent with the phenotype of Th17 cells.  
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Figure 3.9. RORγ Intracellular staining in PBMCs treated with terbutaline.  

A) CD3+CD4+ gated cells on PBMCs population, RORγ expression in Th cells from B) activated 

(anti-CD3 and anti-CD28) C) activated cells plus terbutaline samples. D) The CD4+ only stain 

control showed 0.41% on the RORγ population gated, which was subtracted from the RORγ 

percentage that is pooled and showed in panel E), where less than 1% is background. The no 

stain control and isotype control showed 0% on the gate drawn for the RORγ population. Data 

not shown E) The percentage of cells expressing RORγ was background subtracted and then 

pooled together. There was a higher percentage of cells expressing RORγ when treated with 

terbutaline. F) The mean fluorescence intensity (MFI) of RORγ is shown, the flow cytometry 

data is plotted in arbitrary units (AU). G) Secreted IL-17A was measured in the supernatant of 

these experiments by ELISA. The data of this figure is representative of two independent 
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experiments. Two replicates of each experimental group. Unpaired T-test (*<0.05), error bars 

are made with standard error.  

 

The finding that terbutaline augmented IL-17A in the majority of samples tested is not a 

desirable quality for potential new treatments for Th17-mediated autoimmune diseases. For 

this reason, we tested nebivolol which is considered an inverse-agonist of the β2AR. Its effects 

on T cells had not been previously researched. We conducted in vitro experiments to determine 

if this drug acted directly in the cells of interest. First, we applied nebivolol to purified Th cells 

that were activated in vitro and found that the inverse-agonist nebivolol suppressed IL-17A and 

IFNγ secretion in purified Th cells (Figure 3.10). Next, we showed that nebivolol suppressed IL-

17A in a β2AR-dependent manner using the specific antagonist ICI 118, 551 (Figure 3.11A) and 

confirmed that nebivolol was not altering cellular proliferation or viability (Figure 3.11B, C). The 

results showed that nebivolol inhibited both IL-17A and IFNγ in Th cells and PBMC samples, in a 

β2AR-dependent manner.  

 

 

 

 

Figure 3.10. Inverse-agonist nebivolol suppresses IL-17A and IFNγ secretion in purified Th 

cells. Th cells were obtained from 3 healthy participant PBMC samples and activated in vitro 

with dynabeads pre-coated with anti -CD3 and anti-CD28, without or with nebivolol. A) An 
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example of the purified Th cells prior to activation, stained with CD3 (y-axis) and CD4 (x-axis) 

and analyzed by flow cytometry. B, C) IL-17A and IFNγ cytokines were measured in 

supernatants after 4 days activation, the raw data was calculated as fold change relative to the 

activated group, which was set to 1.0, where the dotted line is indicated. ELISA for IL-17A (B) 

and IFNγ (C) were performed, they showed significant decrease of both cytokines measured. 

Pooled data from 3 individual experiments. Two replicates of each experimental group. Error 

bars are shown from standard error. Student T-test (**<0.01, ***<0.001).  
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Figure 3.11. Inverse-agonist nebivolol suppresses IL-17A in a β2AR-dependent manner. PBMC 

samples were activated with anti-CD3 anti-CD28 for 4 days and the IL-17A levels in 

supernatants were measured and expressed as fold change compared to activated control, 
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which was set to 1.0, where the dotted line is indicated. Nebivolol which required a vehicle 

DMSO was compared to just the vehicle added as a control (VC), and the β2AR-specific 

antagonist ICI 118, 551 was added to determine if the effects were via this receptor. A) 

Nebivolol suppresses IL-17A in a β2AR-dependent manner. Pooled data from 4 individual 

experiments. Two replicates of each experimental group. B) To determine if nebivolol altered 

cellular proliferation, PBMC were labelled with CFDASE, and the number of cell divisions 

(expressed as percentage of cells that divided at least once) is shown. There was no significant 

effects observed on proliferation. Three replicates of one experimental group. C) To determine 

if nebivolol altered cellular viability, PBMC were counted using trypan exclusion at the end of 

the incubation time. There was no significant effects observed on cell viability. Data pooled 

from 3 experiments. Two replicates of each experimental group.  One-way ANOVA followed by 

Tukey’s multiple comparisons test. (*<0.05, **<0.01,***<0.001).  

 

3.5 Discussion  

 

Adrenergic agonists are emerging as immunomodulatory compounds, however, their 

mechanism of action on the adaptive immune system is not completely understood. Recently, 

we demonstrated that the β2 agonist terbutaline augmented IL-17A and diminished IFNγ 

cytokine secretion in primary human T lymphocytes (303). One possible explanation for the 

decreased IFNγ was that the drug was altering proliferation of T cell. A previous study showed 

that the adrenergic agonists norepinephrine or terbutaline decreased proliferation on murine 

and human CD4+ T cells (243,244). However, we did not detect anti-proliferative effect of 

terbutaline, rather, we observed a small but significant increase in activated human T cells 

treated with terbutaline. Other studies have not found anti-proliferative effect of adrenergic 

agonists in T cells (245,246). Thus, it is possible that adrenergic agonists inhibit Th1 cells 

through various mechanisms of action depending on the type of agonist or source of the T cells. 

For example, Th1 cells were inhibited by adrenergic agonists via the cAMP second messenger 

pathway (264,265,316), and we showed that cAMP analogue (dbCAMP) inhibited IFNγ (303). 

Similarly, dbcAMP and Forskolin (which increases endogenous cAMP) reduced the IFNγ levels as 
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measured with cAMP enzyme-immunoassay, ELISA and western blot (317). The PKA inhibitor 

(Rp-cAMP) reversed the cAMP inhibitory effect on IFNγ, whereas the EPAC inhibitor had no 

effect (317). Those experiments were done on PBMCs from latent tuberculosis patients with no 

clinical or radiological evidence of active tuberculosis stimulated with heat-killed M. 

tuberculosis. The authors did not address β2AR effects in those studies. In another study, CREB 

inhibited the IFNγ promoter by competitive binding of Jun/ATF2 which these are proteins that 

positively regulate IFNγ production as shown with CREB overexpression plasmids and IFNγ 

promoter-luciferase reporter in T cells (318). Thus, cAMP inhibits IFNγ due in part by CREB 

suppressing IFNγ transcription.  

We further explored the mechanism of action by which terbutaline augmented IL-17A. 

The proportion of Th17 cells expressing intracellular IL-17A was increased even though the 

intensity of intracellular IL-17A on a per-cell basis was unchanged. This indicated that 

terbutaline was causing more Th17 cells in the activated cultures which accounted for the 

augmented IL-17A cytokines measured by ELISA. The augmentation of IL-17A was due to the 

acting of second messenger cAMP which plays a different role in Th17 cells as compared to Th1 

cells. For example, dbcAMP promotes a Th17 phenotype in human naïve T cells, PBMCs and 

murine CD4+ T cell (303,319,320). Moreover, we found that rolipram augmented IL-17A 

secretion while inhibiting IFNγ. This was similar to the literature where rolipram augmented IL-

17A in activated murine Th cells (321), and rolipram inhibited IFNγ in activated T cells from 

human samples (322). By inhibiting phosphodiesterase’s, rolipram is known to significantly 

elevate cAMP in T cells (323). Thus, the cAMP pathway augmented IL-17A while inhibiting IFNγ.  

The fact that dbCAMP augmented IL-17A does not directly demonstrate that the β2AR 

uses this pathway. To test the hypothesis that β2AR augmented IL-17A via a cAMP and PKA-

dependent manner, we included the PKA inhibitors H89 and rpcAMP. H89 is a widely used PKA 

inhibitor but it can have off-target effects at high doses, while rpcAMP a more specific PKA 

inhibitor (324). Both inhibitors prevented terbutaline from augmenting IL-17A in human 

lymphocytes, which confirms that β2AR augmented IL-17A via a cAMP and PKA-dependent 

manner. A previous study showed that H89 treatment of activated murine CD4+ T cell resulted 
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in diminished IL-17, however, adrenergic receptors were not studied (320). A similar conclusion 

was drawn by Tsai et al. who showed that inhibition of PKA by rp-Br-cAMP in activated 

CD3/CD28 human T cells inhibited the production of IL-17A (309). As further evidence that 

β2AR augmented IL-17A via PKA-dependent manner, we measured one of the PKA substrates 

CREB. Terbutaline increased phosphorylation of CREB at Ser133 in activated human T cells. 

Phosphorylated Ser133-CREB binds to the IL-17A promoter region and promotes transcription 

(41,309), and pCREB collaborates with RORγ in promoting Il17 transcription (41). Inhibition of 

CREB using negative polypeptides overexpression resulted in a reduction of IL-17 mRNA levels 

which further supports the role of pCREB in augmenting IL-17A (42).  Other evidence that cAMP 

is stimulatory for IL-17 was observed in mouse models where the Gα subunit was knockout on 

the Th cells, there was cAMP reduction and the Th17 cells differentiation was diminished (Li et 

al. 2012).  

The main goal for this research was to discover an immunomodulatory adrenergic 

agonist that may of use for treating Th1 and Th17-mediated autoimmune disease. Terbutaline 

was a potent inhibitor of IFNγ, however, it augmented IL-17A in most of the samples tested 

which suggest a detrimental outcome for a Th17-mediated autoimmune disease. Since the PKA-

cAMP-CREB cell signalling pathway augments IL-17A, we tested an inverse-agonist of the β2AR 

which is known to oppose the PKA-cAMP-CREB cell signalling pathway in other cell types (2). 

Nebivolol is an inverse-agonist of the β2AR used for cardiovascular disease (209), and it has not 

been studied as an immunomodulator. Nebivolol inhibited both IL-17A and IFNγ in vitro. This 

was observed in PBMC samples, and in purified Th cell samples. The nebivolol effect on IL-17A 

was β2AR-specific as shown with the β2AR-inhibitor, and it did not alter the proliferation or 

viability of T cells. Future experiments could be done to address the underlying mechanism of 

action by which nebivolol might inhibit both IFNγ and IL-17A. One possibility is the cell signalling 

molecule nitric oxide, which is explained in more detail in the general discussion section of this 

PhD thesis.  

In conclusion, β2AR drugs are emerging as immunomodulatory drugs. Terbutaline, an 

agonist of the β2AR suppressed Th1 cell cytokine IFNγ, however, it augmented Th17 cytokine IL-
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17A which could be detrimental in autoimmune disease. Nebivolol, an inverse-agonist, 

inhibited both cytokines in vitro, indicating that it warrants further study as an 

immunomodulator.  
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Chapter 4 foreword (bridging text)  
 

Throughout the previous two chapters, I demonstrated that terbutaline, a β2AR agonist, 

inhibited IFNγ but augmented IL-17A in most of the human lymphocyte samples that I tested. 

These effects were due to the cAMP-PKA-pCREB cell signalling pathway, as indicated by my 

results, together with the recent literature that was cited. A major goal of the thesis was to 

discover an adrenergic drug that would be a potentially useful immunomodulator for treating 

autoimmune disease. In my experiments, terbutaline inhibited IL-17A in a minority of the 

samples that I tested, but the majority resulted in augmented IL-17A. If terbutaline were to be 

used as an inhibitor of IL-17A, I predict that it would only be effective in a small proportion of 

people. Ideally, a drug should be effective on all samples tested and have a regular effect. 

When I considered this problem, and read the recent literature confirming that the cAMP-PKA-

pCREB promotes transcription of IL-17A, I decided to test an inverse-agonist (nebivolol) which 

opposed that pathway. Nebivolol inhibited both IFNγ and IL-17A in all of the samples tested 

although the sample size was small (N=4). In chapter 4 I tested nebivolol on a larger sample size 

and determined one of the factors that might influence drug response. Specific Aim 3.1 was to 

determine the complete sequence of ADRB2 in primary human PBMC. There SNPs in the 

immediate upstream region, and within the coding segment of ADRB2 the gene that encodes 

the β2AR, which I was able to determine in the blood samples. Specific Aim 3.2 was to 

determine if the combinations of SNP correlate to differential effects of β2AR agonist or 

inverse-agonist on IL-17A and IFNγ. I speculated that such single nucleotide polymorphisms that 

are located within, or nearby ADRB2, could have accounted for inter-individual variations. I 

found one polymorphism Arg16 that was homozygous in the samples where IL-17A did not 

respond or were inhibited by terbutaline. That suggests that genotyping might be needed to 

know which patient would benefit from terbutaline. However, in chapter 3 I identified nebivolol 

as a better candidate. Nebivolol suppressed IL-17A and IFNγ in all of the samples I tested, 

regardless of polymorphisms. In the chapter 4 discussion, I speculate why the two drugs are 

affected differently by polymorphisms.  
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In summary, nebivolol is a promising new immunomodulatory drug that warrants 

further study as a potential clinical treatment for Th1 and Th17-mediated autoimmune 

diseases. The next steps to reach that goal are described in the chapter 4 discussion and 

expanded on in the general discussion of the thesis.  
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Chapter 4 The influence of ADRB2 single nucleotide polymorphisms on 

immunomodulation of IL-17A by β2-adrenergic receptor agonist terbutaline and 

inverse-agonist nebivolol 

 
Abbreviated title: Influence of ADRB2 polymorphisms on IL-17A 

 

4.1 Abstract  

 

Background: Adrenergic drugs are emerging as immunomodulatory agents for pro-

inflammatory autoimmune diseases. Helper T (Th) cells coordinate immune responses with IL-

17A and IFNγ cytokines, but these cytokines may also exacerbate autoimmune diseases. β2-

adrenergic receptor (β2AR) agonists suppressed IFNγ, but their influence on IL-17A is not fully 

understood.  We assessed β2AR agonist and inverse-agonist effects on IL-17A and IFNγ, and the 

influence of β2AR gene (ADRB2) polymorphisms. 

Methods: Mononuclear cells from venous blood of healthy human participants was cultured 

with T cell activators anti-CD3 and anti-CD28 antibodies, with either terbutaline (β2AR agonist) 

or nebivolol (β2AR inverse-agonist). IL-17A and IFNγ were measured using enzyme-linked 

immunosorbent assay. Genomic ADRB2 and its immediate upstream region were sequenced 

using Sanger's method. Cytokine response to drug was analyzed based on polymorphisms.  

Results: Terbutaline augmented IL-17A and inhibited IFNγ in the majority of samples tested. 

Terbutaline failed to augment IL-17A in samples where ADRB2 encoded homozygous Arg16, 

although it still inhibited IFNγ. Nebivolol inhibited IL-17A in a β2AR-dependent manner, 

regardless of ADRB2 polymorphisms.  

Conclusions: Terbutaline augmented IL-17A except with Arg16 variation, and inhibited IFNγ. 

Nebivolol inhibited both IL-17A and IFNγ cytokines regardless of polymorphisms. Thus, the 

inverse-agonist nebivolol has more desirable properties for further exploration as a putative 

therapeutic for Th cell-mediated pro-inflammatory diseases since it inhibits both IL-17A and 

IFNγ regardless of ADRB2 polymorphisms.    
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4.2 Introduction 

 T helper (Th) cells coordinate adaptive immunity but they can also exacerbate 

proinflammatory autoimmune diseases. In particular, Th1 and Th17 cells are considered to be 

the main driver of autoimmune pathology in many inflammatory and autoimmune disorders, 

and researchers have worked on new immunomodulatory therapeutics to treat autoimmune 

diseases (325). The distinct Th1 subsets play a role in protective immunity partly by secreting 

cytokines. Th1 cells initiate immune responses against intracellular pathogens by secreting 

IFNγ, while Th17 cells initiate immunes response against fungi such as Candida albicans and 

extracellular pathogens such as Streptococcus pneumoniae, and Staphylococcus aureus by 

secreting IL-17A and other cytokines. In contrast, Th2 cells secrete humoral cytokines, promote 

antibody responses, and are considered to be anti-inflammatory (111,112,326,327). 

Accumulated evidence demonstrates that Th17 cells can become dysregulated in pro-

inflammatory autoimmune diseases, for example in MS and rheumatoid arthritis (328–331).   

Adrenergic drugs are used to treat cardiovascular disease or asthma, but their role as 

immunomodulatory agents is not fully understood (179). Adrenergic drugs interact with 

adrenergic receptors (ARs) divided into α and β with differing functions and tissue distribution. 

On T cells, the β2AR is the only AR family member known to be expressed. In particular, Th1 

cells and Th17 cells express β2AR, while Th2 cells do not express β2AR because the gene is 

repressed (249,250,268,270,303,316). When adrenergic agonist is added, Th1 cells tend to be 

suppressed leading to less IFNγ and expansion of Th2 cells which are normally suppressed by 

Th1 cells (249,251). Our group showed that β2AR-specific agonist terbutaline decreased IFNγ 

from Th1 cells, but augmented IL-17A in most of the samples. We noted that terbutaline had no 

effect on IL-17A or even suppressed IL-17A in ~15% of samples, which suggested that gene 

polymorphisms in ADRB2 were causing inter-individual variability to drug response in vitro 

(303).  

ADRB2, which is the gene encoding β2AR, is a relatively short, intronless gene located 

on chromosome 5q31-q32 that is translated into a 413 amino acid protein product forming a 
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classic seven-transmembrane G-protein coupled receptor (332). Within nucleotides -102 to -42 

upstream of the open reading frame of the ADRB2, there is a region that is transcribed and 

translated into 19 amino acid peptide called 'β2AR upstream peptide' (BUP). The BUP contains 

one non-synonymous polymorphism at nucleotide position -47 T/C which alters amino acid 

Cys19Arg (224). The other three common nonsynonymous polymorphisms within the ADRB2 

include nucleotide 46 G/A in the coding region which alters Gly16Arg, nucleotide 79 C/G which 

alters Gln27Glu, and nucleotide 491 C/T which alters Thr164Ile (191,223,333). The allelic 

frequencies of Cys19Arg, Gly16Arg, Gln27Glu, and Thr164Ile are 37%, 65%, 55%, and 1% 

respectively (191,225,334). The SNP at position 164 is located in the fourth transmembrane of 

the β2AR. The variant Ile164 had diminished ligand affinity to the agonist such as epinephrine, 

norepinephrine and isoproterenol and had diminished capacity to activate adenylyl cyclase 

enzyme (226).  

Researchers have evaluated ADRB2 polymorphisms and how asthma patients respond 

to β-adrenergic drugs. It was shown in asthmatic cohorts that the subjects with homozygous 

Arg16 treated with β-agonist albuterol or salbutamol had diminished responses in lung function 

as compared to the subjects with Gly16 (230–232). In a study on an asthma cohort, Drysdale et 

al. identified 12 haplotypes based on ADRB2 genotyping. The 4/6 and 2/2 haplotype pairs were 

found to confer the highest reactivity to the β2AR agonist albuterol, while 2/4 and 2/6 were 

intermediate, and 4/4 conferred the lowest reactivity to the drug when considering the 

improvement of airflow in asthma patients (219,223). Where haplotype 2/2 contains Gly16 and 

Glu27 and haplotype 4/4 contains Arg16 and Gln27. These findings suggest that the Arg16 

polymorphism corresponding to haplotype 4 will have a reduced response to adrenergic 

ligands.  

In the present study, we tested ADRB2 polymorphisms as they relate to 

immunomodulatory properties of two adrenergic drugs, terbutaline and nebivolol. Terbutaline 

is an adrenergic agonist commonly used for treating asthma, while nebivolol is an inverse 

adrenergic inverse-agonist used to treat cardiovascular disease (209,210,277,335). The receptor 

specificity of these drugs appears to be terbutaline as a β2-specific agonist (336,337). Nebivolol 
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is a β2AR-specific inverse-agonist and a β1AR-specific antagonist (2,219). The effects of 

nebivolol on T cell cytokine production has not yet been studied, nor has the interaction with 

receptor polymorphisms. We found that terbutaline augmented IL-17A, except in samples 

where Arg16 polymorphism is homozygous in ADRB2 (haplotype pair 4/4). Nebivolol inhibited 

IL-17A and IFNγ in the samples regardless of receptor polymorphisms. Therefore, nebivolol 

suppresses both of the cytokines tested in healthy human samples and warrants further study 

as a potential treatment for Th17-mediated autoimmune diseases. 

 

4.3 Materials and Methods 

4.3.1 PBMC Activation and Drug Treatment 

For activation of human lymphocytes, venous blood was drawn from 61 healthy volunteers 

after an informed, signed consent was obtained. The study was approved by the Concordia 

University Research Ethics committee (certificate 30009292). From 63 participants, 2 

participants were excluded due to not meeting the inclusion criterion of healthy condition, 

which was assessed by self-reporting of their health condition. Chronic illness, disease, or 

disorder was excluded from the study. Up to six heparinized vacutainer tubes (BD, Franklin 

Lakes, NJ, USA) were drawn and processed using ficoll-hypaque (GE healthcare, Mississauga, 

ON, Canada) density centrifugation techniques to isolate the peripheral blood mononuclear cell 

(PBMCs) fraction as previously described (274). PBMCs were suspended 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). 0.5 x 106 PBMCs were incubated 

in media in a round bottom 96 well culture plate (VWR, Mississauga, ON, Canada). Samples 

were activated with cell culture grade anti-CD3 (clone OKT3) and anti-CD28 antibodies (clone 

CD28.2) respectively (eBioscience, San Diego, CA, USA) in a soluble format at 0.1 g/mL each.  

Where indicated, dynabeads were used to stimulate the cells, they are pre-coated with anti-

CD3 and CD28 were used at a 1:1 ratio (Thermo Fisher Scientific, Mississauga, ON, Canada). The 

in vitro drug treatments included terbutaline 10-5M (Terbutaline hemisulfate salt, T2528, Sigma 
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Aldrich, Mississauga, ON, Canada) and ICI 118,551 antagonist used at 100 nM (Sigma Aldrich, 

Mississauga, ON, Canada) which both terbutaline and ICI118,551 are water-soluble and do not 

require an organic solvent control group. Nebivolol was used at 10-5M (Nebivolol hydrochloride, 

N1915, Sigma Aldrich) and a DMSO vehicle control was included at a matching dilution. A 

randomly selected subset of 39 samples was tested with nebivolol compared to terbutaline. 

4.3.2 Enzyme-linked Immunosorbent Assay (ELISA) 

To measure cytokines, cell culture supernatants were collected after four days of 

incubation. The cytokines were measured with enzyme-linked immunosorbent assay (ELISA), 

according to the manufacturer’s instructions for human IFNγ (BD Bioscience, San Jose, CA, USA) 

and human IL-17A (eBioscience, San Diego, CA, USA).  

4.3.3 Flow Cytometry 

Proliferation was measured using 5(6)-Carboxyfluorescein diacetate N-succinimidyl ester 

(CFDASE) dye (Sigma Aldrich, ON, Canada), as previously described (275,336). Before the cells 

were treated with the drugs, they were labelled with CFDASE. In brief, the cells were 

resuspended in RPMI with 10% fetal bovine serum (FBS), with CFDASE at a final concentration 

of 5µM incubated for 5 minutes and washed three times with 10% FBS in PBS to remove excess 

dye, counted, and put into cell culture. At the timepoint, cells were harvested and stained with 

CD3-PercP (UCHT1) (1:10), CD4-APC (RPA-t4) (1:10) (BD Bioscience, Mississauga, ON, Canada), 

and analyzed by flow cytometry and FlowJo software using the cell proliferation tool. The cell 

viability was measured by trypan dye exclusion counting. 

4.3.4  DNA Isolation and Sequencing  

For DNA isolation, approximately 2x106 cells of the PBMCs were taken for DNA isolation 

using QIAamp spin column according to manufacturer’s instructions (QIAGEN, Toronto, ON, 

Canada). The DNA was eluted and purity checked based on the absorbance ratio 260/280 of 

between 1.8 to 2, on the nanodrop (NanoDrop 2000c, Thermo Scientific). Sequencing was done 

by Sanger's method. The primer sets used to sequence the upstream and ORF regions of ADRB2 
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were the following; (1) ADRB2  I01 5’- TCCAGATAAAATCCAAAGGGTAAA-3’ (Forward), 5’- 

CTCTTCTGTGGCCGCTACCT-3’(Reverse); (2) ADRB2 I02 5’-TGTATTTGTGCCTGTATGTGC-

3’(Forward), 5’- CGCGCAGTCTGGCAGGT-3’ (Reverse).  Three sets of primers were used for the 

coding/exon in the region of ADRB2:  

(1) ADRB2  E01a 5’- CGCTGAATGAGGCTTCCAG-3’(Forward),5’- TCTGAATGGGCAAGAAGGAG-

3’(Reverse); (2) ADRB2  E01b 5’- ATCGCAGTGGATCGCTACTT-3’(Forward), 5’- 

GGGGATTGAAACCAGAATTG-3’(Reverse); (3) ADRB2  E01c 5’- TCTGCTGGCTGCCCTTCT-

3’(Forward), 5’- TGCCCTTCCTTCTGCATATC-3’(Reverse); obtaining product size of ~2441bp.  

4.3.5 Polymorphism and Haplotype Determination 

Individual SNPs at nucleotide positions 46 and 79 in the ADRB2 coding region were 

identified in 61 samples. Haplotype was determined for 56 samples due to five samples with 

insufficient DNA, partial sequencing failure, or one case of a previously unknown haplotype. To 

analyze the DNA sequence, polymorphisms were determined by the analysis package (Finch TV, 

Geospiza, Inc., Seattle, USA) and by inspecting the nucleotide chromatogram for the presence 

of two equally represented signals at the position if it was heterozygous, or one clear signal for 

homozygous. The polymorphisms were known SNP positions according to Drysdale et al.: -

1023, -709, -654, -468, -406, -367, -47, -20, 46, 79, 252, 491 and 523 (Table 4.1). Using this 

method (which is unphased), haplotypes could be unambiguously identified for most of the 

samples. However, six of the samples could have been either 4/6 or 8/11. We assigned 4/6 to 

these samples because the frequency of 4/6 is approximately 30%, whereas the frequency of 

8/11 is less than 1%(223). The main haplotype analysis presented in the paper was for 

haplotypes 2 and 4, which were unambiguously identified with our method.  
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Table 4.1 SNP localization and haplotype classification of the ADRB2. The number of the 

nucleotide is determined based on the first nucleotide of the start codon which is the +1.  The 

5’ indicates 5’ upstream of ADRB2 ORF; syn, synonymous SNP. BUP is the 19 amino acid peptide 

translated in the upstream region of the ADRB2, it can be Cys or Arg depending on the 

nucleotide, C at position -47 results in amino acid Cys and T in amino acid Arg. AA16 is the 

amino acid 16 can be either Gly if the nucleotide is G or Arg if the nucleotide is A, AA27 is the 

amino acid 27 can be either Gln if the nucleotide is C or Glu if the nucleotide is G, AA164 is the 

amino acid 164 can be either Thr if the nucleotide is C or Ile if the nucleotide is T of the ADRB2.  

The combination of the SNPs of the nucleotide positions shown on the first row of the table 

allowed to characterize the corresponding haplotypes. This table shows the haplotype 2 and 4 

because it was the most prevalent in our samples. The other haplotypes characterizations can 

be found in Drysdale et al. 2000. This table was based from Drysdale et al. (223). 

 

4.3.6 Statistics 

The cytokine concentrations obtained from ELISA for IL-17A and IFNγ were fit in a Linear 

Mixed-Effects Model with maximum likelihood in R (packages: lme4, lmerTest). Fixed variables 

included: the treatment, polymorphisms at SNP 16 and polymorphisms at SNP27, whereas the 

random variable was the human subject. This was followed by type III Analysis of Variance 

(ANOVA) using Satterthwaite's method and a significance level of 5% to evaluate the effects of 

the treatment or SNP on the cytokine response in cells. Furthermore, the cytokine 

concentrations were normalized using the removal of within-subject variance procedure (338) 

and used for graphing and performing multiple T-test with correction for multiple comparisons 

using the Holm-Sidak method and a significance level of 5%. Excel (Microsoft version 16.28) and 

Prism Graphpad 8.4.1 (GraphPad Software Inc. San Diego, California, USA) were used for the 

normalization and graphing respectively. The terminology and the reasoning behind the tests 

are expanded in the general thesis discussion.   
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4.4 Results 
4.4.1. IL-17A and IFNγ Response to β2AR Agonist Terbutaline 

Human PBMC samples from healthy participants were activated in vitro with T cell-

stimulating antibodies anti-CD3 and anti-CD28 in the presence of a β2 agonist, terbutaline. 

Mean values from the group showed that terbutaline augmented IL-17A (Figure 4.1A), and 

simultaneously diminished IFNγ (Figure 4.1B). There were 14 samples that had no change or 

diminished IL-17A levels out of the 61 samples treated with terbutaline (23%). This was similar 

to our previous study where a minority of samples (~15%) tested had no change or diminished 

IL-17A with terbutaline (336). We speculated that these outlier samples were due to common 

β2AR polymorphisms.    

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Modulation of IL-17A and IFNγ by β2-AR agonist-terbutaline as shown in pooled 

samples. PBMCs were activated in vitro for 4 days (ACT = anti- CD3 and anti-CD28) without or 

with β2-agonist terbutaline 10-5M (ACT + Terb). The amount of A) IL-17A and B) IFNγ in the cell 

culture supernatant was measured by ELISA. All of the samples were pooled to show the group 



 
125 

 

effect prior to taking into account SNP. Data pooled from 61 human PBMCs samples. Two 

replicates of each experimental group. Error bars show standard error. Student T-test. (**** 

p<0.0001).  

 

4.4.2 Frequencies of ADRB2 Polymorphisms and how they Relate to Terbutaline Effects on IL-17A 

and IFNγ 

Genomic DNA from the PBMC samples was sequenced for ADRB2, a relatively short, 

intron-less gene that encodes β2AR. The sequences were analyzed based on SNPs at positions 

46 and 79 where common, non-synonymous SNPs are known to occur within the coding region 

(Table 4.2). We found that the glycine codon was more frequent than arginine at SNP 46, while 

glutamine was more frequent than glutamic acid codon found at SNP 79 (Table 4.3). To 

determine the influence of SNPs on IL-17A and IFNγ responses after terbutaline treatment, the 

cytokine response was reclassified based on SNP identities. Terbutaline augmented IL-17A in 

samples heterozygous for Arg/Gly or homozygous for Gly/Gly at nucleotide position 46. In 

contrast, terbutaline had no effect on IL-17A in samples homozygous for Arg/Arg (Figure 4.2A). 

Terbutaline suppressed IFNγ in the samples regardless of SNP at position 46 (Figure 4.2B). Next, 

the samples were grouped by SNP 79. Terbutaline augmented IL-17A (Figure 4.2C), and it 

diminished IFNγ (Figure 4.2D) in all of the samples regardless of SNP 79 alleles. Next, the 

samples were classified based on the combinations of SNPs at positions 46 and 79. Terbutaline 

augmented IL-17A in samples with Gly/Arg-Gln/Glu, Gly/Arg-Gln/Gln, Gly/Gly-Glu/Glu 

polymorphisms. A trend of augmentation of IL-17A in Gly/Gly-Gln/Gln and Gly/Gly-Gln/Glu was 

observed. In contrast, terbutaline did not affect cytokines in samples grouped as Arg/Arg-

Gln/Gln (Figure 4.2E). Terbutaline suppressed IFNγ in all of the 46 and 79 SNP combination 

groups (Figure 4.2F). This data demonstrates that arginine at position 46 prevented terbutaline 

from augmenting IL-17A levels. The other polymorphisms had no influence on the two 

cytokines that we measured.    
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Table 4.2. SNP nucleotides and amino acid positions and the relation to haplotype 

designations.  Modified from Drysdale et al. (223). The nucleotide column refers to the SNP 

identity as positions 46 and 79 codons. The amino acid column refers to the corresponding 

amino acid position in the β2AR protein. The haplotype column indicates all of the possible 

haplotypes that contain the SNP.  

 

Table 4.3. ADRB2 polymorphisms occurrence of the human samples tested. Alleles at amino 

acid position 16 or 27 of β2AR (corresponding to nucleotide position 46 and 79 of ADRB2, 

respectively) were determined from genomic sequence from 61 healthy human PBMC samples. 

The occurrence percentage was calculated for amino acid position 16 and position 27 

separately (top two rows), and when considering the combinations of position 16 and position 
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27 (bottom row). Based on our data, and the data presented by Drysdale et al (223) where the 

most prevalent haplotypes were studied, Arg/Arg at position 46 was only found to be paired 

with Gln/Gln at position 79, other combinations were not observed for ADRB2 SNP or 

haplotypes (only haplotype 2 that has Glu is paired with Gly). 
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Figure 4.2.  IL-17A and IFNγ response to terbutaline classified based on SNP position 46 and 

79 of ADRB2. The cytokine response data presented in figure 4.1 was classified based on the 

identity of SNPs at position 46 (A, B), position 79 (C, D), or the combinations of 46 and 79 (E, F). 

With respect to IL-17A, the samples homozygous for arginine (due to SNP 46) failed to respond 

to terbutaline. Error bars show standard error.  Data from 61 humans PBMCs samples. At least 

two replicates of each sample were done on the experiments. Multiple T-test with correction 

for multiple comparisons using the Holm-Sidak method (* p< 0.05). N=61 samples. 

4.4.3 Frequencies of ADRB2 haplotypes and how they relate to terbutaline effects on IL-17A and 

IFNγ 

To determine haplotypes, further sequencing of the ADRB2 coding region and upstream 

BUP and untranslated region (~1000bp) was performed from genomic DNA in 61 PBMC samples 

(Figure 4.1). Up to 11 haplotype pairs were detected in the samples with 4 and 2 being the most 

prevalent; 16 samples were 2/4 heterozygous, 7 samples were homozygous for 2, and 6 

samples were homozygous for 4. We only included these haplotype pairs in the statistical 

model due to their abundance in the cohort, they represented 52% of the samples tested. To 

determine the influence of these haplotypes on IL-17A and IFNγ responses after terbutaline 

treatment, the cytokine response data shown in Figure 4.1 was reclassified based on haplotype 

identity. Terbutaline had no effect on IL-17A from samples with haplotype 4/4 and augmented 

IL-17A in samples with haplotypes 4/2 or 2/2 (Figure 4.3A). Terbutaline suppressed IFN in all 

samples including 4/4, 4/2 and 2/2 (Figure 4.3B). Thus, at least one copy of haplotype 2 was 

sufficient to confer terbutaline-induced IL-17A augmentation, while IFN was modulated 

regardless of ADRB2 haplotype. Of the samples in our study, only one had the rare 

polymorphism at position 491 (Thr164Ile) corresponding to haplotype 7 region. The data from 

the less abundant haplotype pairs are available in the supplemental data file (Figure S4.1). 
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Figure 4.3. IL-17A and IFNγ response to terbutaline classified based on common haplotypes of 

ADRB2. The cytokine response data presented in figure 4.1 was classified based on the identity 

of the common haplotype 2 and 4 for A) IL-17A, and B) IFNγ. With respect to IL-17A, the 

samples homozygous for 4 failed to respond to terbutaline, the other samples showed 

reciprocal modulation of IL-17A and IFNγ. Error bars show standard error. Data of 29 samples of 

human PBMCs samples. At least two replicates of each experimental group. Multiple T-test with 

correction for multiple comparisons using the Holm-Sidak method (* p< 0.05).  

 

4.4.4 Testing the effect of nebivolol inverse-agonist of β2-AR and its relation to ADRB2 

polymorphisms.   

We compared the effects of terbutaline to nebivolol at equivalent doses on the cytokine 

response of PBMCs in 39 of the samples where the DNA sequence of ADRB2 was known. As 

expected, terbutaline augmented IL-17A in samples with one or two copies of the glycine 16 
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codon and had no effect on IL-17A in samples homozygous for arginine 16 codon (Figure 4.4). 

Nebivolol suppressed IL-17A in all of the samples that were tested regardless of ADRB2 

polymorphisms at position 46 (Figure 4.4). In conclusion, nebivolol inhibits IL-17A in all of the 

samples tested regardless of polymorphisms of ADRB2.  

 

 

Figure 4.4 Modulation of IL-17A in activated PBMC by terbutaline as compared to the inverse-

agonist nebivolol. PBMCs were activated in vitro for four days (ACT = anti- CD3 and anti-CD28) 

without or with terbutaline (Terb, 10-5M) or nebivolol (Neb, 10-5M). The amount of IL-17A 

measured in the cell culture supernatant by ELISA. The samples were classified based on amino 

acid 16 (nucleotide position 46). Error bars show standard error. Data of 39 human PBMCs 

samples, with at least two replicates of each experimental group. Multiple T-test with 

correction for multiple comparisons using the Holm-Sidak method (* p< 0.05).  
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4.5 Discussion 
 Common polymorphisms located within or immediately upstream of ADRB2 are known 

to alter the response of β2AR ligands. We recently showed that a β2AR-specific agonist 

terbutaline suppressed IFNγ and augmented IL-17A in human PBMC samples (336). In the 

present study, we demonstrated that terbutaline, a β2AR-specific agonist, inhibited IFNγ in all 

of the samples tested. That finding was similar to Oostendorp et al. who reported that IFNγ was 

suppressed by isoproterenol, a non-selective β-adrenergic agonist. The suppression occurred 

regardless of ADRB2 polymorphisms (222). We also demonstrated that terbutaline augmented 

IL-17A in the majority of the samples. In theory, that was not a desirable outcome when 

considering the immunomodulatory properties in the context of autoimmune disease. 

Autoimmune diseases can be exacerbated by IL-17A and Th17 cells, for example in multiple 

sclerosis or rheumatoid arthritis (45,331,339). Terbutaline augmented IL-17A in samples that 

were homozygous or heterozygous for Gly16 in the β2AR. In contrast, terbutaline inhibited or 

had no effect on IL-17A in samples that were homozygous for Arg16 in the β2AR. Individuals 

homozygous for 4/4 (Contains Arg16) had no significant response to terbutaline, while 2/2 

homozygous (contains Gly16) or 2/4 heterozygous showed the expected augmentation in IL-

17A with terbutaline. This finding emphasizes the fact that one copy of Gly16 in haplotype 2 is 

sufficient for the drug response when the unresponsive haplotype 4 (Arg16) is present. Thus, in 

a minority of samples with the Arg16 codon, terbutaline may lower IL-17A which in theory 

would be beneficial for treating a Th17 autoimmune disease.  

 This study is the first to address ADRB2 polymorphisms with respect to IL-17A 

modulation. There are other contexts where it could be beneficial. For example, Th17 cells and 

IL-17A is essential for immunity against Candida albicans, Streptococcus pneumoniae, and 

Staphylococcus aureus infections (111,340). Terbutaline could be beneficial by augmenting 

Th17 cells and IL-17A in those scenarios, however, adrenergic agonists suppress T cell 

proliferation in some studies (242–244). More pre-clinical research is required to determine the 

efficacy of adrenergic agonists as immunomodulators in the context of infections.    
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 The Arg/Gly 16 codon was the strongest determining factor for terbutaline effect on IL-

17A. It is not completely known how Arg or Gly at codon position 16 influences the response of 

β2AR to β-agonists. Another study showed that Arg19Gly16Glu27 which is haplotype 2 had less 

cAMP desensitization by isoproterenol in PBMCs than haplotype Cys19Gly16Glu27 and 

Cys19Arg16Gln27, which could be haplotype 5, 6, 7, 10, 11 and haplotype 1, 3, 4, 8, 9, 12, 

respectively (222). This suggests that in our study, the Arg16 receptor variant may have been 

more desensitized and thus lost its effect on IL-17A as compared to the Gly16 variants which 

would retain full activity. Moreover, the polymorphism at position 27, did not show a 

differential response in respect with IL-17A or IFNγ. Thus, indicating that the effect of the SNP 

at position 16 may be the one that influences the response of these cytokines.  

 The immunomodulatory profile of terbutaline in the healthy samples we tested 

suggested that IFNγ is suppressed and IL-17A is augmented. Ideally, a drug would suppress both 

of these cytokines to be beneficial in the context of autoimmune diseases that are mediated by 

Th1 and Th17 cells. Previously we showed that stimulation of PKA by dbcAMP augmented IL-

17A (336), indicating that a drug that opposes this pathway may suppress IL-17A. Nebivolol is 

an inverse-agonist of β2AR prescribed for high blood pressure or heart failure due to its 

vasodilatory properties which improve oxygen delivery to stressed cardiac tissue (210,341). 

Nebivolol is called an inverse- (or partial-, biased-) agonist because it favours an alternative cell 

signalling pathway that opposes the classic G-protein pathway. To our knowledge, the effects of 

nebivolol on immune system cytokines has not been previously explored. We found that 

nebivolol diminished IL-17A and IFNγ from activated PBMCs in vitro. Nebivolol mediated its 

effects in vitro regardless of ADRB2 polymorphisms, which suggests that putative therapeutic 

effects would be more consistent than terbutaline which only inhibited IL-17A in a small 

proportion of samples. Further studies on autoimmune patient blood samples, animal 

modelling studies, and clinical trials would have to be carefully conducted before nebivolol 

could be considered for approval in patients. Off label use of nebivolol would have effects on 

blood flow to cardiac tissues, which would have to be monitored.  
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 The mechanism of action by which terbutaline and nebivolol transmit signals via the 

β2AR is not completely understood. Our results showed that both of these drugs inhibited IFNγ, 

while only nebivolol consistently inhibited IL-17A. The drugs have several key differences in 

their biochemistry. Terbutaline is a racemic mix when used as therapeutic for asthma patients 

(3). The R-terbutaline enantiomer was more potent than the S-Terbutaline as an anti-asthmatic 

effect (3). Nebivolol has up to ten stereoisomers, two of which are pharmacologically active: 

(+SRRR)-nebivolol (d-nebivolol) and (-RSSS)-nebivolol (l-nebivolol) (219). The d- and l-nebivolol 

isomers function through distinct mechanisms to synergistically produce the pharmacological 

and therapeutic effects (219). Blood pressure reduction is attributed to both isomers, but 

effects on heart rate and hypotension are caused by d- and l-nebivolol respectively (219). The l-

enantiomer promotes endothelial nitric oxide (NO) synthesis and inhibits endothelial NO 

synthase uncoupling (219). Thus, the racemic version of nebivolol could induce NO which 

suppressed both IL-17A and IFNγ. 

 The cell signalling pathways triggered by the two drugs can differ. Terbutaline mediates 

its signal via the cAMP pathway. For instance, Th1 cell lines when treated with terbutaline 

showed an increase of cAMP, which showed to have an inhibitory effect as IFNγ was decreased 

(249). Similarly, isolated CD4+ and CD8+ T cells treated with terbutaline increased the levels of 

cAMP, and the cytokine IFNγ was decreased (246). We demonstrated that dbcAMP which 

activated PKA and decreased IFNγ, which was similar effects as terbutaline (303). In contrast, 

nebivolol has functional selectivity. It mediated its signal via the GRK/ β-arrestin pathway and 

not the cAMP pathway, as shown in mouse embryonic fibroblasts (2). However, in the context 

of immunomodulation of cytokines IL-17A and IFNγ, nebivolol has not been studied. Another 

feature of nebivolol is that it could increase NO synthesis by promoting nitric oxide synthase 

activity in endothelial cells (209,219). Experiments were published using a chemical compound 

that releases NO in cell culture. When the compound was added at 100μM, the resulting NO 

inhibited IL-17A and IFNγ in CD4+ T cells (342). More research is required to determine if 

nebivolol induces NO in T cells and what are the effects of IL-17A. The general discussion of the 

thesis includes detailed proposed experiments.  
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 The evidence indicates that the β2AR has different signalling pathways depending on 

the nature of the ligand. My results showed that the Gly/Arg SNP at position 16 abrogated part 

of the terbutaline effects. There may be a biochemical explanation for this phenomenon. 

Computational studies suggested that the Gly16 variant of β2AR had a 15 residues coil present 

in the secondary structure that is not present with the Arg16 variant. With Arg16, the vestibule 

formed by the transmembrane (TM) 5, 6, 7 is more of an open configuration and the ligand-

binding site is enlarged, which enhanced the binding of albuterol (236). The SNP Glu27 variant 

resulted in better binding of the agonists including terbutaline, albuterol and isoproterenol as 

compared to the Gln27 variant (343). The interactions that are associated with ligand binding of 

the β2AR (Asp113, Ser203,204 and 207, Asn293 and Asn 312) did not change within the Gln or 

Glu variant (343).  

 The transmembrane portion of β2AR may also account for which cell signalling 

pathways are engaged. When an agonist binds, it leads to conformational changes in 

transmembrane domain 6 that change the cytoplasmic tail conformation and modulates G-

protein binding (213). For example, isoproterenol is a full agonist of β2AR and binds the 

transmembrane domain 6 which results in Gs coupling as measured with fluorescent probes 

and labelled Cys 265 in sf9 insect cells (214).  

 It is not known why the Arg/Arg ADRB2 variant does not respond well to terbutaline, but 

it responds to the inverse agonist nebivolol. I speculate that SNP Gly16 allowed terbutaline to 

induce G-protein coupling to the cytoplasmic tail, which induced downstream cAMP/PKA and 

augmentation of IL-17A. To test this, I suggest that an immunoprecipitation could be performed 

where β2AR is pulled down with antibodies specific for the receptor attached to dense mico-

beads, and the resulting bound products would be western blotted for G-protein. Doing 

immunoprecipitations requires a large number of cells in the millions, so a model cell line may 

be used such as Jurkat T cells which are a mature T cell with intact signalling pathways 

commonly used to research T cell signalling (344). The Jurkat cells could be transfected with 

overexpression constructs with ADRB2, comparing the ones with Arg or Gly 16 codons. Another 

experiment could be to obtain the crystal structure or computational study comparing β2AR 
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interaction with either Arg16 or Gly16 to determine how the ligand-binding differs. In a 

published study, the SNP at position 16 and 27 of the ADRB2 did not correlate to ligand binding, 

however, the authors did not express downstream G protein binding (223,345).  

 To explain why nebivolol was not sensitive to the Gly/Arg 16 SNP, further information 

on how this drug binds to the receptor would be required. There is a crystal structure for 

nebivolol and β2AR (346). The structured showed key amino acids that are essential 

interactions in the binding cavity of the β2AR, for example, Asp113 (TM3) and Ser204 (TM5) 

(347). Nebivolol was shown with computational studies to have the hydrogen bonding pattern 

with those key amino acids and thus docked in the active site of β2AR. There was an interaction 

with Phe194 (situated in the middle of extracellular loop 2) and Tyr308, Ile309 (extracellular 

ends of helices 6 and 7) which are binding sites of nebivolol in β2AR (346). Computational 

studies showed that terbutaline interacted with amino acids that are agonist binding sites, 

which include the Asp 113 (transmembrane 3), the 3,5 hydroxyl groups which have hydrogen 

bonding interaction with Ser 203, 207(transmembrane 5) and Asn 312 (transmembrane 7), 

there is also increased interaction of the tert-butyl group with Phe193 (Extracellular loop 2) 

(343,348). Thus, there could be some differences between the way the two ligands interact 

with the receptor suggesting that SNP could have different effects on their function.  

 In this report, the sex, age or ethnicity were not analyzed. In published asthma studies 

there was no association of age or sex with the differential responses observed in the SNP of 

the ADRB2 (222,223,230,231,234,349). There can be differences in immune cells percentages 

between female and male, as one study showed that females had higher CD4+ T cells (350). 

There are differences in age groups, for example, there was a positive association with CD4+ T 

cell with older age. Moreover, the was no change in the frequency of Th17 cells with age, sex or 

ethnicity (350). Ethnicity could be associated with the responses and the SNP of the ADRB2. The 

frequency of Caucasians having haplotype 2 was higher (~8 times) compared for instance with 

African Americans (223). African Americans responded less, or not at all, to β-agonist 

treatments for asthma, as compared to whites (238,239). Thus, the sex, age and ethnicity of 

participants should be part of future studies of the SNP of the ADRB2 and the IL-17A responses.  
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 In conclusion, β2AR is emerging as a relevant therapeutic target for immunomodulation. 

Our findings will help to predict individual variability to β-agonists based on polymorphisms, 

and we identified for the first time an inverse-agonist that warrants more study as an 

experimental immunomodulatory therapeutic.   
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Supplementary data  

 

 

 

Figure S4.1. IL-17A and IFNγ response in haplotype pair of ADRB2 for all of the haplotypes 

detected in the entire 56 samples. PBMCs were activated in vitro for four days (ACT = anti- CD3 

and anti-CD28 at 0.1µg/ml) without or with β2-agonist terbutaline 10-5M (ACT + TERB). The 

cytokines IL-17A and IFNγ were measured in cell culture supernatants using ELISA. The ADRB2 

sequence was categorized as haplotype pairs. The amount of A) IL-17A and B) IFNγ are shown 

for haplotypes that were represented in at least 2 or more samples. The amount of C) IL-17A 

and D) IFNγ are shown for haplotypes that were only represented in one sample. Data of 56 
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human PBMCs samples, with at least two replicates in each experimental group. Error bars 

show standard error Multiple T-test with correction for multiple comparisons using the Holm-

Sidak method (* p< 0.05). 
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Chapter 5 General discussion  
 

5.1 The effect of β2AR agonist on IL-17A from Th17 cells and IFNγ from Th1 cells. 
 

The goal of my thesis was to determine if adrenergic drugs could suppress Th17 cells.  

Researchers have been discovering new drug treatments to suppress these T cell subtypes 

because they are detrimental in patients with autoimmune diseases. In MS patients, Th17 cells 

are considered pro-inflammatory because they secrete IL-17A which opens the blood-brain 

barrier and causes tissue damage, thus, IL-17A is often used as a measure of a detrimental Th17 

response in vitro (108). IL-17A can also recruit and activate neutrophils that can cause tissue 

damage (351). It had already been shown that adrenergic drugs could suppress Th1 cells, 

however, little was known about how adrenergic drugs would modulate IL-17A from Th17 cells. 

The β2AR is the only adrenergic receptor expressed on Th cells (268). For these reasons, I 

explored β2AR -specific adrenergic drugs as a possible way to suppress both IFNγ and IL-17A 

from human T cells.   

In Chapter 2, the specific aim 1 was to determine if β2AR agonist inhibits IL-17A from 

Th17 cells in a cAMP/PKA dependent manner. Aim 1.1 was to determine if Th17 cells express 

β2AR protein. This was important to address because there was no literature on the topic, and I 

knew from other Th cells that the expression of β2AR could be promoted or suppressed by 

histone modifications (250). I found that a proportion of Th17 cells expressed β2AR protein on 

the cell surface using a specific antibody and flow cytometry. The proportion of Th17 cells that 

expressed β2AR could represent a new subset of Th17 cells, or it could represent Th17 cells that 

are at different phases of activation. More detailed subset analysis would be required for 

example using single-cell RNA sequencing which can discover subsets based on gene clustering. 

The next step, specific Aim 1.2 was to determine if a β2AR-specific agonist inhibited activated 

helper T cells. The initial hypothesis was that β2AR agonist would suppress IL-17A from Th17 

cells. This hypothesis came from the NSERC operating grant that funded research program at its 

outset. It was based upon literature showing that Th1 cells are suppressed, and proliferation of 

T cells was inhibited by β2-agonists (250,268,270). Moreover, it was hypothesized that the 
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β2AR agonist would inhibit Th17 cells because cAMP has been extensively studied as an 

immunosuppressant in T cells due to the cAMP pathway being inhibitory for T cell activation 

and proliferation (19,28,33,352–354). I demonstrated that Th17 cells express β2AR, that β2AR-

agonist augmented IL-17A, and that β2AR-antagonist prevented the augmentation. This was 

also observed in purified Th17 human cells. Furthermore, the β2AR-agonist suppressed IFNγ as 

expected (303). The finding that a β2AR-specific agonist augmented IL-17A disproved the initial 

hypothesis was that β2AR agonist would suppress Il-17A from Th17 cells. I discovered in the 

literature, that cAMP and phosphorylation of CREB by PKA might augment IL-17A, which could 

explain my discrepant findings. To conclude the first chapter I tested dbcAMP which directly 

activates PKA and found that it augmented IL-17A (303). I did not see any anti-proliferative 

effect of the agonist on T cells. The proliferation results (repeated in chapter 2 and 3) are in 

contrast to other studies which showed an anti-proliferation effect on T cells with different 

adrenergic agonists (e.g. Isoprotenerol) (241,242,278–283). Among the various agonists, 

terbutaline is weaker in comparison to the other agonists in its anti-proliferative effects (244). 

In other studies, there was no change in proliferation when murine CD4 cells were treated with 

norepinephrine and activated with ConA (245). Human PBMCs there was no change in 

proliferation treated with norepinephrine or epinephrine and activated with PHA (246). Thus, 

the apparent discrepancy is likely because the literature used different agonists than used in 

our study.  

Our initial hypothesis that Th17 cells would be suppressed by adrenergic agonist was 

not supported by the data. Even though Th1 were suppressed, and the literature showed anti-

proliferative effects of β2AR-agonists, my results suggested that cAMP, PKA, and CREB 

augmented IL-17A. A paper published by Case et al. also found mouse Th cells treated with 

norepinephrine had lower levels of IFNγ, but higher levels of IL-17A which was similar to what I 

found in human cells (256). In contrast, Liu Y et al. showed that Th17 cells responses were 

inhibited by the stimulation of β2AR with norepinephrine and terbutaline in a PKA-dependent 

manner, in a mouse model of rheumatoid arthritis (257). The inhibitory effect on Th17 cells that 

Liu et al. reported was only seen in the mice that were immunized with adjuvant and collagen 

antigens and not the control group, indicating that in a healthy mouse the adrenergic agonist is 
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not inhibitory. In my study, and in the Case et al. study the cells were from healthy T cells from 

human and mice, respectively. More research is required to know how immunizations or 

rheumatoid arthritis might alter the function of adrenergic agonists on Th17 cells. 

 

5.2 Mechanisms of action of β2AR agonist-terbutaline on IL-17A and IFNγ cytokine levels 

 

To understand why β2AR-agonist augmented IL-17A from Th17 cells I explored the cell 

signalling pathways in more detail. In specific aim 1.3, I determined if direct stimulation of PKA 

replicates the effect of β2AR agonist, that was done using dbCAMP which is an analogue of 

cAMP that stimulates PKA. It also augmented IL-17A in activated PBMC samples, indicating that 

the PKA pathway was not suppressing IL-17A-producing cells rather, it appeared to augment IL-

17A  (303). That result did not demonstrate that β2AR-agonist was using the PKA pathway 

however since the dbcAMP was added directly to activated cells. To confirm how the β2AR-

agonist was working, and to find a drug that would suppress IL-17A, I developed specific Aim 2 

which was to determine how the β2AR agonist was augmenting IL-17A and to determine if an 

inverse-agonist of β2AR will diminish Th17 cells response.  

There were remaining questions about what the drug was doing to the IL-17A producing 

cells. In the Aim 1 experiments, most of the results used ELISA, which is excellent for 

quantifying the concentration of cytokines that cells secrete into cells culture supernatant, but 

it does not tell us which cells made the cytokine. As outlined in the introduction, Th17 cells are 

the major producers of IL-17A but some minor subsets could make IL-17A. In specific aim 2.1, I 

determined if the augmented IL-17A was due to an increase in the proportion of Th17 cells in 

the samples, or, if it was due to increased expression of IL-17A in each cell. For this reason, I 

established an intracellular staining protocol which allowed me to measure cytokines inside of 

cells along with other markers of Th cells using flow cytometry. This approach allowed me to 

determine if the proportion or numbers of Th17 cells changed when treated with β2AR agonist-

terbutaline. I showed a higher percentage of cells producing IL-17A and RORγ when treated 

with terbutaline. This suggests that terbutaline is stimulatory for the proliferation of 



 
142 

 

differentiation of Th17 cells which may explain why I observed a small but significant increase in 

proliferation.  

To know if Th17 cells proliferated more experiments would be required such as 

obtaining pure Th17 cells and attempting the proliferation assay. Since the intensity of IL-17A 

(on a per-cell basis) was unchanged, I concluded that terbutaline was not increasing expression 

of IL-17A in the cells, rather, it was increasing the proportion of cells that express IL-17A. In 

other words, the augmented IL-17A I measured by ELISA was due to more Th17 cells making the 

cytokine.  

For specific aim 2.2, I determined if β2AR agonist-induced phosphorylation of CREB, a 

downstream substrate of PKA. My Chapter 2 results indicated that a PKA activator would cause 

more IL-17A. Based on my readings I knew that CREB could be responsible for augmenting IL-

17A. For example, a study in murine cells showed that dbcAMP would increase IL-17mRNA in 

murine Th17 cells (355). A study in human Th17 cells showed that dbcAMP increased CD4+ IL-

17+ T cells, RORc and secreted IL-17A, as it was determined using flow cytometry, real-time RT-

PCR and ELISA respectively (356). Furthermore, PKA phosphorylated CREB which augmented 

the IL-17A gene promoter, thus inducing L-17A production (309). Thus, it was plausible that β2-

agonists augmented IL-17A by inducing PKA and CREB activity. I measured phosphorylated-

ser133 CREB using intracellular staining and flow cytometry. Terbutaline caused a small but 

significant increase in the phospho-ser133 CREB in Th cells which indicates that CREB was more 

active. This supports the hypothesis that Th17 cells response (IL-17A) mediated by β2AR 

stimulation is in a PKA-dependent manner. Usually, this pathway is inhibitory for T cells, even in 

my experiments I say that dbcAMP inhibited Th1 cells. Other researchers confirmed that Th1 

cells are suppressed by the PKA-CREB pathway. For example, IFNγ was decreased when 

dbcAMP was added to PBMCs stimulated with heat-killed M. tuberculosis, IFNγ was inhibited 

(317). The addition of dbcAMP to anti-CD3 and anti-CD28 activated PBMCs cultures, inhibited 

IFNγ as compared to the activated only samples as measured with ELISA (357).  In umbilical 

cord blood CD4 cell samples, dbcAMP resulted in increased cAMP and diminished cytokines 

including IFNγ (358). These results indicate that Th17 cells are somewhat unique in that the 

PKA-CREB pathway augments Th17 cells. In summary, Th17 cells require the cAMP-PKA-pCREB 
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signalling pathway to express IL-17A. In contrast, IFNγ is inhibited by this pathway in Th1 cells. 

Thus, adrenergic drugs are immunomodulators of Th cells, but their effects are dependent on 

which cell type and which gene is being studied. 

 

5.2.1 cAMP and PKA signalling pathway is stimulatory for IL-17A 

 

The experiments described in the previous section relied on adding dbcAMP which 

directly activated PKA, but it does not demonstrate that β2AR-agonist activates PKA. Since CREB 

was phosphorylated I assumed that PKA had been activated by the agonist. To test this, specific 

aim 2.3 was to determine if the β2AR-agonist augments IL-17A in a cAMP-PKA dependent 

manner. I blocked the PKA pathway with H89 and rpcAMP which are PKA inhibitors and 

promoted the PKA pathway with a phosphodiesterase inhibitor (rolipram). My results showed 

that H89 and rpCAMP diminished IL-17A compared to the activated plus terbutaline treated 

group. These results demonstrated that blocking the PKA pathway can prevent β2AR from 

augmenting IL-17A. My results are in agreement with Tsai et al. who showed that using PKA 

inhibitors prevented IL-17A expression (309). My results also showed that the PKA inhibitors 

prevented terbutaline from inhibiting IFNγ, which confirms that this cell signalling pathway can 

be suppressive towards cells that make IFNγ including Th1 cells. 

To further confirm that the cAMP pathway augmented IL-17A I tested rolipram which 

inhibits phosphodiesterases thereby elevating cAMP (35). When added to activated PBMC, 

rolipram augmented IL-17A and inhibited IFNγ, which was similar to what I observed with 

terbutaline. These findings are similar to other studies, where an increase of IL-17A was 

observed on purified T helper cells when treated with rolipram, in a mouse model for multiple 

sclerosis (321). Another example of how rolipram modulates T cells responses has been seen 

where Th1 cytokines are suppressed favouring the shifts of cytokine balance toward Th2 cells 

profile (359,360).  

My results showing that the cAMP, PKA, CREB pathway augments Th17 cells is contrary 

to the paradigm that this pathway is an immunosuppressant in T cells (33,352,353). I do not 
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dispute the paradigm with its supporting papers because I also observed that the pathway 

inhibits Th1 cytokines. It seems that Th17 cells respond differently to numerous stimuli that 

either promote or inhibit the cAMP, PKA, CREB pathway (Figure 5.1). Future studies should 

directly measure the cAMP levels upon β2AR stimulation in addition of the PKA inhibitors and 

activator. This could aid to further demonstrate the cAMP-PKA pathway being stimulatory for 

IL-17A in the context of β2AR. 

 

 

 

Figure 5.1 Summary of results of the thesis incorporated with the literature: The β2AR 

signalling model for stimulation of IL-17A response in Th cells.  Terbutaline ligates β2AR, which 

releases Gs, thereby activating cAMP production by adenylyl cyclase. Second messenger cAMP 

then activates PKA, pCREB, which augments gene expression of RORγ which causes the T cell to 
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produce IL-17A. My results indicated that more T cells produce IL-17A in response to 

terbutaline in a PKA and cAMP-dependent manner. The experiments used pharmacological 

agents that increased the cAMP (dbCAMP or rolipram), PKA inhibitor (H89 and rp-cAMP), the 

phosphorylated CREB was measured, the use of anti-CD3 and anti-CD28 antibodies to activate 

the cells and the cytokine in the supernatant and intracellular cytokine staining for IL-17A.  

My discovery that terbutaline augments IL-17A via the β2AR is novel because other 

researchers had not addressed Th17 cells and adrenergic drugs, and no researcher has done 

similar experiments in humans. There was a recently published finding with another G protein-

coupled receptor system. PGE2 is an example of a ligand that interacts with a G-protein coupled 

receptor and augments IL-17 via the cAMP-PKA pathway. PGE2 is a proinflammatory molecule 

that is secreted by damaged tissues, or directly from APC which can ligate the PGE2 receptor 

EP2 and EP4 on T cells (320). These receptors are G-coupled protein receptors associated with 

Gαs and induce AC that increases cAMP that leads to activation of PKA, which then initiates 

activation (phosphorylation) of transcription factor CREB (361). A study by Yao et al. showed 

the PGE2 pathway was mediated via cAMP-PKA and augmented IL-17 (320). The authors also 

included the PKA inhibitor H89 in combination with PGE2 or other agonists EP2 or EP4, which 

prevented the augmentation of IL-17. More evidence that PGE2 was augmenting IL-17 was in a 

study by Napolitani et al, who showed that IL-17 was augmented in the addition of PGE2 in 

memory CD4+T cells activated with anti-CD3 and anti-CD28 antibodies. The authors obtained T 

cells from healthy individuals and measured cytokines (IL-17) with ELISA (362). Another piece of 

evidence that stimulatory Gα is capable of augmenting IL-17 was found in a knockout mouse. In 

a murine model, the stimulatory Gα subunit was knockout on Th cells, and the cAMP was 

decreased in T cells, and differentiation of Th17 cells was reduced (287). Together with my 

results on β2AR and IL-17A, these data demonstrate that at least two different G-protein 

coupled receptors will augment IL-17A in T cells.  
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5.2.2 Inverse agonist nebivolol inhibits IL-17A and IFNγ, has therapeutic potential  
 

 The initial hypothesis from the was that terbutaline would suppress Th17 cells, which 

would be useful to treat autoimmune disease. My results disproved the hypothesis and showed 

that the cAMP, PKA, CREB pathway augments Th17 cells. Upon reading the literature I found 

that nebivolol is a β2AR-specific inverse-agonist, and a β1AR-specific antagonist (2,219). Since T 

cells do not express β1AR, where mRNA expression of β1AR, β2AR, β3AR was measured in 

murine naïve CD4+ T cells and only the β2AR was expressed (265). Nebivolol would, in theory, 

be β2AR-specific towards T cells. My specific Aim 2.4 was to determine if nebivolol will diminish 

Th17 cells responses. I observed that adding nebivolol to activated PBMCs, or isolated Th cells, 

suppressed both cytokines IL-17A and IFNγ. The effects were confirmed to be β2AR-specific 

since ICI 118 551 attenuated the suppressive effects of nebivolol (ICI 118 551 is β2AR-specific 

antagonist). It is not known why terbutaline augmented IL-17A while nebivolol suppressed IL-

17A. In other cell types, nebivolol recruits β-arrestin to the cytoplasmic portion of  β2AR, for 

example, nebivolol stimulated the β-arrestin -ERK pathway in mouse embryonic fibroblast (2). 

Nebivolol can also induce NO synthase (NOS) and NO in cardiac tissues (209). NO is known to be 

a suppressor of IL-17A, as was shown with a chemical that produces NO in vitro (342). More 

research is required to know if nebivolol induces arrestin recruitment or NO production in T 

cells causing suppression of IL-17A and IFNγ. I tested another inverse-agonist called carazolol, 

but its effects were inconsistent (shown on appendix Figure A3).  

Nebivolol has therapeutic potential to be used as an immunomodulator by diminishing 

both pro-inflammatory cytokines (IL-17A and IFNγ) that are involved in autoimmune diseases. 

There are existing treatments used in the autoimmune disease MS such as dimethyl fumarate, 

which decreases both Th1 and Th17 cells and promotes an anti-inflammatory Th2 response 

(363). Another example is IFN-β, which is an antiviral cytokine also used as a drug. IFN-β 

reduced both IFNγ and IL-17 cytokine levels which shifted towards a protective Th2 phenotype 

(45,169,364). In my results, the β2AR specific agonist terbutaline augmented IL-17A while 

inhibiting IFNγ, which could be overall detrimental for Th17 mediated diseases like MS. 
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Nebivolol decreased both IFNγ and IL-17 which would be beneficial, although more research 

would be done before it could be used in patients (see section 5.6). Thus, adrenergic drugs such 

as inverse-agonists of the β2AR are candidates for further exploration as immune-modulatory 

drugs for treating autoimmune diseases.  

5.2.3 Why can cAMP-PKA CREB signalling pathway be stimulatory for one cytokine but 

inhibitory for the other? 
 

Inducible cAMP early repressor (ICER) is part of the CREB/CREM family of transcription 

factors. pCREB will induce the expression of ICER in cells. Then, ICER will repress transcription of 

other genes that are mediated by CREB by binding to CRE-like motifs, and by interfering with 

the recruitment of CBP/p300 (365). In this way, ICER is a negative feedback signal since it is 

induced by pCREB, and then inhibits other genes induced by pCREB. With respect to cytokines, 

ICER inhibits IL-2, as demonstrated in thymocytes from humans (366). Moreover, the β2AR 

agonist fenoterol caused CD4+ T cells to express higher levels of ICER in the hyperreactive SNS 

model, and this inhibited IFNγ (367). In contrast, ICER is required for IL-17 expression in CD4+ 

cells as shown in ICER/CREM -/- murine CD4 T cells. T cells from those genetically modified mice 

expressed less Th17 related genes including Il23r, Il17a and Il17f (368). The authors could 

rescue the Th17 phenotype by transfection with vectors containing ICER, which demonstrates 

the requirement of this transcription factor in Th17 cell differentiation (368). Besides the 

murine experiments, significantly higher amounts of ICER was expressed in memory sorted 

Th17 activated by anti-CD3 and anti-CD28 from healthy individuals (368). These papers show 

that ICER is stimulatory for IL-17A cells whereas inhibitory for IFNγ cells, indicating that the 

same pathway can have the opposite outcome. As another example that cAMP response 

element modulator (CREM) α is associated with the IL-17A, as it was observed in Isolated CD4+ 

T cells from patients with autoimmune disease juvenile systemic lupus erythematosus showed 

higher IL-17A expression CREMα expression levels and lower IL-2 expression, as compared to 

healthy individuals (369). It was associated with the higher disease activity of the patients. That 

is, the high diseases activity had increased IL-17A, CREMα and reduced IL-2 (369). Thus, the 

ICER and CREM which are mediated by CREB are stimulators for the IL-17A. The same pathway 
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can be stimulatory for IL-17A whereas inhibitory for IFNγ. The stimulation of the β2AR is 

mediated via the cAMP-PKA pathway that results in being stimulatory for IL-17A but inhibitory 

for IFNγ as shown in this thesis.  

5.2.4. Nitric oxide may account for some of the effects of β2AR agonists on T cells.   
 

To discover new pathways that might be differentially induced by terbutaline and 

nebivolol in activated Th17 cells, I did a pilot experiment using single-cell RNA drop sequencing 

revealed some interesting genetic patterns suggesting a wider difference between terbutaline 

and nebivolol than just the cytokine effects (Appendix Figure A2). One possible explanation for 

these discrepancies effects is nitric oxide, a potent cell signalling molecule that is rapidly 

produced in T cells by an enzyme called inducible nitric oxide synthase (iNOS) from L-arginine, 

NADPH and oxygen (195). Nebivolol is known to cause smooth muscle cells to induce NO, which 

in turn causes vasodilation when used as a cardiac drug (341). NO binds to the Fe+2 heme group 

of soluble guanylate cyclase (sGC), an enzyme that converts GTP to cGMP. This second 

messenger binds to three things including protein kinase G (PKG), cGMP-gated channels, and 

cGMP regulated phosphodiesterase (195,370). Broeders et al. showed that nebivolol increased 

NO levels in mouse aorta, and when coadministration with butoxamine (a β2AR antagonist) the 

increase of NO was prevented. The authors measured NO using Griess method (220). 

Terbutaline induced NO on murine urothelial cells and was abrogated with antagonist ICI 118 

551 (371). The NO release was mediated via the adenylyl cyclase-cAMP pathway, as 

demonstrated using GTP analogue, cAMP analogues, forskolin, phosphodiesterase inhibitor and 

measuring cAMP levels (371). Thus, adrenergic receptors can induce NO synthesis and cGMP 

second messenger signalling in other cell types but this has not been demonstrated in T cells. 

With respect to T cells, iNOS and NO are potent inhibitory factors that suppress T cell 

activation (372). The concentration of NO is a key variable when predicting how it may affect 

cytokines.  This was demonstrated by Obermajer et al, who added a NO donor chemical called 

(DETA-NONOate) to CD4+ T cells and measured the cytokines after T cell activation (342). With 

NO at concentrations of ≥100μM, the authors observed that IL-17A and IFNγ were suppressed 
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on CD4+ T cells (342). These results indicated that the concentration of NO higher than 100μM 

is inhibitory for IL-17A and IFNγ by CD4+ T cells. However, at lower concentrations than 100 μM 

it is stimulatory for IL-17A. The cytokines IL-17A, IL17F and IL-23 were suppressed when NOS 

and NOS2 were inhibited, as it was measured in CD4+ T cells (342). The second messenger cGMP 

is stimulatory for IL-17A as it was showed that cGMP analogue increased IL-17A and inhibitor of 

cGMP decreased IL-17A (342). The latter study showed that depending on the concentration of 

NO it would result in inhibition of IL-17A and IFNγ, but NO is also stimulatory for IL-17A at a 

lower concentration than 100μM and is mediated via the cGMP. Similarly, to the latter study, in 

a study by Niedbala et al. the IL-17A was inhibited at a concentration of exogenous NO (NOC-

18) of ≥100μM, as measured with ELISA, mRNA expression and intracellular cytokine staining. 

Additionally, the mRNA expression of IL-21, IL-22 and IL-23R was inhibited with the addition of 

NO (373). The authors showed that IL-17A and IL-22 was inhibited with exogenous NO at 

≥100μM in isolated CD4+T cells stimulated with bead coated anti-CD3 and anti-CD28 from 

healthy individuals as it was measured with ELISA and intracellular cytokine staining by the flow 

cytometer (373).  

As a future direction, I hypothesize that the addition of nebivolol to the PBMCs or CD4 

cells in my study can lead to increase NO (≥100 μM) in the cells. NO could inhibit IL-17A and 

IFNγ. Future experiments can consist in the measurement of the NO levels to determine if the 

stimulation of the β2AR with the different agonist will raise or lower the levels of NO and how 

much it will change the levels of NO. If the stimulation of the β2AR with nebivolol would 

increase NO levels in the cells by ≥100 μM, that could indicate that nebivolol triggers the 

synthesis of NO in immune cells. Nebivolol has not been studied in this context. The NOS2 

expression can be measured to determine if its functioning and if there is an increase or 

decrease when the agonist of the β2AR are added. Additionally, the cGMP signalling pathway 

that is stimulatory for IL-17A. Therefore, adding a cGMP analogue and cGMP inhibitor 

concomitantly to the agonist of the β2AR to determine if its synergistic or inhibitory effect with 

the agonist added, respectively. Techniques would include NO assay, flow cytometry for 

characterization the NOS, intracellular cytokine staining for IL-17A, RORγ and IFNγ cells as well 
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as CFSE to measure the proliferation, all these performed on PBMCs, CD4+ T cells and Th17 cells 

from healthy individuals.  

 

 

 

Figure 5.2, Model of theoretical inhibitory signalling pathway of the stimulation of 

β2AR with inverse-agonist nebivolol. Nebivolol could mediate signalling by increasing nitric 

oxide (NO) by the Inducible nitric oxide synthase (iNOS). The NO binds to soluble guanylyl 

cyclase that converts GTP to cGMP. This pathway may be inhibitory for IL-17A at concentrations 

higher than 100μM, however, the cGMP signalling pathway is stimulatory for IL-17A at lower 

concentrations of NO. This model is a speculation of what may have happened in our samples 

tested with nebivolol which showed a decrease of IL-17A. Future studies can dissect this 

pathway in details to determine if this is how nebivolol reduced the IL-17A.  
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5.3 Link of polymorphisms of ADRB2 and IL-17A and IFNγ cytokine response to adrenergic 

drugs. 
 

Human variability is a factor to consider when exploring new adrenergic drugs. Not all samples 

had the same Th17 cell response when β2AR is stimulated by terbutaline-the vast majority 

showed the augmentation, but about 15%-20% showed no effect or suppression of IL-17A by 

terbutaline. Specific Aim 3 was to determine if SNP located within and adjacent to ADRB2 are 

linked to β2AR agonist or inverse-agonist effects on IL-17A and IFNγ. Asthma studies, discussed 

in the introduction, showed attenuated adrenergic drug response in lung function of patients, 

so we reasoned that such polymorphisms could explain our results on T cells. My specific Aim 

3.1 was to determine the complete sequence of ADRB2 in primary human PBMC. The complete 

sequence of ADRB2 and its upstream region was performed from blood samples using sanger 

sequencing. There are up to 13 SNP known to be in the ADRB2 and its upstream region. ADRB2 

has no introns so all of the SNP after the start codon were in the coding regions. Upstream, 

there is a short translated peptide (BUP) that has one known SNP, and in the upstream 

untranslated region, there are additional known SNP according to Drysdale et al. (223). I did not 

discover new SNP since they were already extensively characterized in the literature. Next, my 

specific Aim 3.2 was to determine if the combinations of SNP correlate to differential effects of 

β2AR agonist or inverse-agonist on IL-17A and IFNγ. We demonstrated that there is a link 

between the SNPs of the ADRB2 and the IL-17A. Individuals having the nonsynonymous SNPs at 

position 46 (Arg16Gly), had diminished or no change in IL-17A levels upon treatment of 

activated cells in vitro with terbutaline. In contrast, there was no link with the IFNγ and SNPs of 

the ADRB2. Similarly, Oostendorp et al. found no connection between β-agonist and Th1 

responses, but the authors did not address Th17 responses (222). The reasons explaining the 

link between ADRB2 polymorphism and the terbutaline response are not understood, it may be 

related to receptor desensitization as mentioned in chapter 4 of my thesis. Asthma studies on 

the SNP and haplotypes of the β2AR did not report an association between the response of the 

treatment with β2AR agonists and sex or age of participants (222,223,230,231,374), however, 

there could be an association of haplotypes and ethnicity. For instance, Caucasian showed to 
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have higher frequency percentage of haplotype 2 (~48%) as to compare for instance with 

African Americans (~6%) (223). We did not record ethnicities of participants and thus should be 

considered for future studies to determine if there would be an association of the haplotypes, 

ethnicity and the IL-17A response. In Chapter 4 I confirmed that the inverse-agonist nebivolol 

inhibited IL-17A from activated lymphocytes in a larger sample size that chapter 3. All of the 

samples tested were inhibited by nebivolol, and there was no link with the various SNP within 

or surrounding ADRB2.    

In summary, my results show that terbutaline is most likely to augment IL-17A in human 

immune cells which is not a desirable outcome if the end goal is treating autoimmune diseases. 

However, nebivolol suppressed IL-17A and was not affected by gene SNP, indicating that it 

warrants further study as a therapeutic (discussed in section 5.6).  

 

5.4 Strengths and limitations of experimental approaches 

 

One of the features of my thesis was that all of the research was done on human 

samples. This provides better interpretation of the biological relevance to humans, as 

compared to rodent research which is common in immunology.  I also employed the 

appropriate technology for my studies. Many experiments I used the PBMC mix (all white blood 

cells). PBMCs contains up to 70% T cells and is also easier to obtain in higher quantities to 

perform experiments, compared to isolated subtypes of immune cells like the Th or Th17 cells. 

Isolated Th or Th17 cell experiments are used to measure the direct effect of the treatments 

given, but the yields are typically much lower and the cost per experiment higher as compared 

to using PBMC. The amount of isolated Th cells and Th17 cells is more limited to perform a 

series of experiments, therefore PBMCs are a preference for experiments that require many 

test conditions. Th17 cells can be as low as 5% of the total T cells in a human sample, which 

means even less since T cells are only about 40% of a blood draw. Very low yields of Th17 cells 

means that a Western blot is not possible and using a cruder fraction will mostly include Th1 

cells which can be as high as 50% of the T cells. Where indicated, I performed limited 
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experiments on the purified Th17 cells to validate the key point of β2AR modulating the Th17 

cell directly.  

Flow cytometry is one of the few ways to deal with the characterization of subtypes of 

Th cells amongst a mixed immune cell sample, I used it to pinpoint the molecules of interest like 

the cytokine IL-17A, the transcription factor RORγ, and the signalling molecules CREB and the 

phosphorylated counterpart. If would have purified Th17 cells, the phosphorylated CREB can be 

measured using the western blot techniques. For instance, in THP1 cells the phosphorylated ( 

Ser 133) CREB was measured with western blot techniques on the effects of a metabolite of 

arachidonic acid on the IL-17A production (375). Moreover, the phosphorylated CREB was 

measured with western blot in murine T cells polarized for Th1 and Th2 cells, that were treated 

with fenoterol or PGE2 plus anti-CD3 and anti-CD28 (36). These papers showed that 

phosphorylated CREB can be measured with western blot techniques. However, Th17 cells low 

yield obtained from isolated PBMCs from healthy individuals would not be able to perform 

western blot to measure the phosphorylated CREB on these cells. The experimental approach in 

human cells provides a high standard of evidence that brings us one step closer to having a drug 

that may warrant further testing in humans.  

There are some limitations when studying human samples, for example, humans have a 

wide variety of genetic variations. If a mouse model system were used, the mice are usually 

from an inbred colony with very similar genetics between mice which makes the mouse 

experimental results more reproducible and robust. To overcome the human variability that is 

encountered in studies using primary cells, I repeated the experiments using a relatively large 

number of samples for such a study. For example, I tested up to 61 blood samples for the SNP 

study and took into account the most relevant SNP that were within or adjacent to the ADRB2. 

An advantage to mouse studies is that genetic knockout or insertional mutants can be created 

to dissect the function of receptors and enzymes. This can not be easily done in primary human 

lymphocyte samples, although transfection, transduction, suppression, and gene-editing 

technology is now making it possible to do reliable studies in primary cells in vitro.  
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Immunology experiments typically use polyclonal stimulation of the T cell which may be 

considered a limitation. In a natural immune response, an APC presents antigen in the form of a 

peptide bound to MHC molecules- this provides a dense surface of receptors that cause TCR 

and CD28 to cluster and induce cell signalling. It is not practical to do this in vitro because only a 

very small proportion of T cells will react to a given peptide/MHC. Polyclonal activation means 

that the majority of T cells get activated regardless of their antigen specificity. For my thesis, I 

used different types of polyclonal stimulators depending on the source of the immune cells. In 

the majority of experiments, I studied PBMCs which are mixtures of immune cells. PBMCs were 

activated with two antibodies including anti-CD3 and anti-CD28 in a soluble format. CD3 

antibodies stimulate the TCR complex by binding to the extracellular portion of CD3 and cross-

linking it with other TCR complexes. The anti-CD28 binds to CD28 and stimulates it. The 

antibodies were used in soluble format meaning that they were suspended in a buffer and not 

attached to any surface. They are used this way because it is less expensive than substrate-

bound options. The soluble antibodies will adhere to the Fc receptors on monocytes in the 

PBMC, which effectively creates a surface where the anti-CD3 and anti-CD28 bind to, which 

further increases the crosslinking. Cross-linking means that the antibodies are causing TCR 

complex and CD28 to cluster together, which promotes downstream cell signalling. In some 

experiments, I used highly purified Th cells that were devoid of monocytes, so the soluble 

antibodies would not work properly. To activate purified Th cells, I used anti-CD3 and anti-CD28 

antibodies that were pre-coated onto a nano-beads (Dynabeads). The nano-bead is considered 

a surrogate APC, it clusters the antibodies on a solid cell surface and induces TCR and CD28 

cross-linking.   

Another factor that may influence the different T cells responses observed between 

studies on adrenergic agonists is the timing of the addition of the drug. For example, when 

β2AR agonist-norepinephrine or terbutaline was added to murine naïve CD4 cells at the same 

time as the activation and differentiation stimulus (anti-CD3/anti-CD28 and IL-12), there was 

increased levels of IFNγ when compared to naïve CD4 cells that were activated without the 

drug, the naïve cells were priming into Th1 cells when agonist added (265). When 
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norepinephrine or terbutaline was added to murine Th1 cells after they had been activated 

with ovalbumin and IL-2 and re-stimulated with anti-CD3 and anti-CD28 there was no change in 

IFNγ (243). Thus, when the adrenergic agonist was added after the T cell was activated it lost its 

effect. In my experiments, I added terbutaline at the same time as the T cells were being 

activated, resulting in suppression. That is in line with the literature on how Th1 are affected. 

There was a decrease of IFNγ in PBMCs stimulated at the same time with tetanus and 

epinephrine or terbutaline (251). Since those papers were separate studies using different 

agonists, it would be useful in future studies, to add adrenergic agonist at different time points, 

either before, during, or after the activation of T cells. If the adrenergic agonist is added at the 

same time the T cell is being activated, then I expect to observe Th1 suppression.  

When conducting in vitro experiments, the use of growth media can be viewed as a 

limitation because it is different from the normal growth environment of lymphocytes in blood 

and lymph fluid in the body. I used a media which contains FBS which contains high levels of 

vitamins, minerals, glucose and hormones including low levels of catecholamines that could 

alter the responses. There are synthetic growth medias now available however they are costly 

and do not outperform the use of FBS. Another issue that is inherent to in vitro studies is the 

oxygen levels in the incubator, which is the same as atmospheric oxygen (~18%), which is 

considerably higher than in blood (~6%) (376). There are nitrogen-infused incubators that lower 

the oxygen to physiological levels, and there are serum-free media that can be employed. It 

would be useful to include this in the budget of future projects in the laboratory to improve the 

apparatus.  

There were some limitations regarding the flow cytometry approach. To measure single-

cell Th17 responses I used intracellular staining and flow cytometry. This approach is commonly 

used in immunology to determine how subsets of immune cells are affected in a complex 

mixture like PBMC or tissues. One limitation of that approach is the number of fluorescent-

antibodies that you can combine in a single test sample, which will determine how deep the 

analysis goes into the subtype, is limited in number. In mid to late 1990's it was common to use 

2 or 4 colour flow cytometry which allowed basic phenotyping since 2000's the number has 
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steadily increased, but the technology appears to be limited when the number of colour 

parameters gets over 10. The flow cytometer I used, FACSVerse, has three lasers and can 

measure up to 8 colour parameters. I used in my experiments up to 5 fluorochromes, an 

example was a combination of CD3 (For TCR), CD4 (For Th cells), CCR6 (for Th17 cells), CREB and 

pCREB. It gets more complicated when using secondary antibodies that cross-react with other 

primary antibodies. That can limit the options since each antibody would have to be of a unique 

species or isotype. One way to overcome these limitations is to use a new technology called 

single-cell RNA sequencing. During my PhD, I collaborated with Dr. Dumeaux and Dr. Hallet to 

learn and implement single-cell RNA analysis using the drop sequencing method. The mRNA of 

a single cell is isolated in a droplet with a bead that has unique barcoded primers. It forms 

single-cell transcriptomes attached to microparticles (STAMPs), which are then reverse 

transcribed followed by amplification which is then sequenced (377). Because of the STAMPs 

that were barcoded the transcript of each cell can be identified. This technique allows to have 

the expression profile of individual cells. As seen in the appendix (Figure A2), I was able to 

perform drop-sequencing on purified Th17 cells that were activated and treated with 

terbutaline or nebivolol. The results suggested that the adrenergic drugs are associated with a 

wider range of gene changes that we previously thought. My preliminary results suggest that it 

is feasible, and also revealed an interesting hypothesis of new gene expression pathways. Now, 

this technology combines the sequencing with RNA-coded antibodies, making it possible to gain 

information on single-cell RNA expression protein-based expression. In the future such 

technology will likely make flow cytometry less relevant, however, the cost of drop sequencing 

and the reagents would need to be included in a research budget with the appropriate 

justification that the methods are valid and informative.  

There was a limitation in the sample sizes available for study. The highest sample size 

was in chapter 4 where up to 61 participant samples were analyzed. We did not perform a 

power calculation because this was not a clinical study with just one dependent variable. In a 

previous clinical project in multiple sclerosis, between 5 and 10 samples were statistically 

sufficient to detect differences in IL-17A and IFNγ secretion in patient samples measured by 
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enzyme-linked assay similar to what was done in my thesis (173). For our genetic analysis, we 

tested 61 because it resulted in sufficient numbers in the main SNP categories, for example, the 

N value for the most common haplotype 2/4 had N=16, 2/2 N=7, and 4/4 N=6. These N values 

were in the range of the published clinical study (173). In a study by Israel et al. the number of 

samples analyzed for Arg16 were 37 and for Gly16 were 41. The authors observed the 

association between the SNP and use of albuterol in forced expiratory volume (231). Another 

example from Wechsler et al. the sample size for Arg16 was 42 and for Gly16 was 45, where 

they observed the effect of SNP of ADRB2 and salmeterol on morning expiratory flow (349). In 

the paper by Oostendorp et al. were they did not observe a difference in IFNγ and the 

haplotypes of ADRB2, the authors had a size sample of 25 (222). Drysdale et al. had 125 

Caucasian patients with asthma to observe the haplotype association with the agonist drug 

response (223). Taylor et al. had a sample size of N=17 for Arg16 and N=51 for Gly16 and N=40 

for Arg/Gly, where they observed the asthma exacerbations and the association with the SNP16 

of ADRB2 (232). Our study falls within the range of those studies, however, some of those 

studies had double or more sample size. The sample size limitations can be overcome in future 

studies with a change in study design and a larger operating budget. With each blood draw and 

experiment, there is an associated reagent and sequencing cost. Despite some budgetary 

considerations, the sample sizes in this thesis were appropriate and similar to the normal 

sample sizes used in comparable immunology studies as cited above.   

In my experiments where various drugs were compared and different measures were 

obtained, I considered the minimum standard of acceptability to be that an experiment was 

done at least 3 times on different human participants. Each experiment was defined by a 

unique participant, with internal replicates on the in vitro test plate. One exception was the 

experiment for RORγ that was done 2 times. If the data from the experiments had a 

representative finding that was significant, then we showed one representative experiment. In 

some cases, the data could be pooled together from the three experiments, which is indicated 

in the captions. The pooling of data is considered a stronger way to show data, however, in the 

immunology field it is common practice to show representative data. 



 
158 

 

A final limitation to discuss is the use of in vitro experiments. The question arises: how 

can I interpret the biological relevance of the magnitude of changes that I observed in vitro? 

When statistically significant differences are observed in vitro, they do not necessarily translate 

into a biologically significant (impactful) difference in vivo. The body has many homeostasis and 

metabolism systems that would potentially alter the pharmacokinetics of a drug administered. 

In my in vitro experiments, I regularly observed a 20-30% magnitude increase in IL-17A 

response to terbutaline or a similar-sized decrease with nebivolol. A question is whether or not 

such a change would be impactful in a real physiological situation where IL-17A is involved. The 

only way to directly test this in vivo in humans would be to administer adrenergic drugs to a 

participant that was undergoing an immunological stimulus such as a vaccine, or to do a mouse 

study where Th17 activation is administered with terbutaline. Those type of experiments have 

not been reported in the literature, and they were not within the scope of the operating grant 

or research ethics for the thesis studies.  The question is whether or not a ~30% change in IL-

17A would be impactful in a physiological situation in vivo. One study looked at the effects of 

cold exposure (0⁰ C environment), which increased the levels of norepinephrine in human 

participants. The authors' measured immune system factors such as pro-and anti-inflammatory 

cytokines (e.g IL-6, IL-10, IL-12, IL-17A and more) during exercise that found a similar level of 

increase (~25%) in IL-17A (378). In a study with asthma cohorts, children having asthma attacks 

had 30% more IL-17A compared to healthy control groups (379). Theses situations demonstrate 

that in physiological settings IL-17A fluctuates by ~25%. Thus, the fluctuations I observed in my 

in vitro experiments are in line with physiological fluctuations of IL-17A reported in the 

literature. Actual in vivo experiments would have to be performed to determine if drug 

pharmacokinetics would alter the responses in vivo, for example, the doses I used in vitro may 

be too low since the liver typically metabolizes a proportion of ingested drugs which would 

require a higher in vivo dose.       
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5.5 Demographic considerations for immunology studies  
 

One of the ways that immunology research can be improved is to take into account 

demographics such as age, sex, ethnicity, and physical attributes of the participants. In my 

research, I did not control the results for human variations such as age, sex, demographics, drug 

use, and health status, just to name a few. One way to control for these would be to obtain a 

detailed survey of their demographics, and then perform an adjustment technique where the 

measured drug response is adjusted based on age for example.   

 Demographics have not been widely studied by immunologists; however, it is an 

important and growing area of research. New research on COVID-19 by Takahashi et al. showed 

that men had a stronger innate response (e.g IL-8, IL-18) to SARS CoV-2 infection while females 

had a stronger adaptive response (380). There were higher amounts of activated T cells (e.g 

markers for activated T cells: HLA-DR and CD38) as compared to men. With respect to age, the 

authors showed that the older men had a worse outcome than young men, whereas the 

outcome was not affected by age for women. This indicates that sex and age may influence 

how innate and adaptive immunity occurs in patients infected with SARS CoV-2. The underlying 

mechanisms of action by which age and sex alter T cell responses require more research to fully 

understand (380).  

 A study compared the percentage of CD4+T cells between female. The authors showed 

that female had higher CD4+T cells than male, and the percentage of CD8+T cells and NK cells 

was lower in females than males (350). The frequencies of CD4+T cells, CD4+/CD8+ T cell ratio, 

Th1 and Treg were positively associated with older age, where five age groups were studied.  

The ranges of age studied started with 20-30 years old and the last group age was a range of 61 

-70 years old (350). The group of 20-30 years old ~ % 4 of Th1 cells and the group of 61-70 years 

old ~% 42 of Th1 cells. Whereas the proportion of Th2 was the opposite with age, that is there 

are less Th2 cells as the age of individuals increases (350). Thus, according to recent research, 

there could be an influence of sex and age with certain subtypes of immune cells.  
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To address demographics in future studies, a multifactor regression would be another 

approach to find groups of variables that might be linked to the dependent variable (i.e. the 

effect of a drug on IL-17A). It is uncommon to control for such human variable in an 

immunology study, primarily due to sample size. Immunology studies can be found with as few 

as 1 sample per figure, but less than 10 samples are common due to the cost and complexity of 

the measures. The reason I was unable to conduct a demographic study was because it was not 

part of the initial study design. Future studies should include a demographic questionnaire for 

the participants to fill out and have sufficient sample size to address the possible confounding 

variables related to demographics. Another option is to include age and sex-matched healthy 

controls in the event that MS patient samples are being tested. That is a more common way to 

control for major demographic variables. The demographic of sex may not be relevant in the 

context of Th17 cells, since in a published study, the proportion Th17 cells were not correlated 

with sex or age in a sample of healthy Chinese individuals (350). The authors observed a higher 

proportion of Th17 cells in Italian individuals compared to Chinese individuals from the Shanxi 

district, indicating that ethnicity may be related to the proportion of Th cells (350).  

Even though demographics were not part of the study design, I took several measures 

to minimize the impact of confounding variables by using an exclusion factor list. We excluded 

any person by asking them if they had any medical conditions diagnosed or were taking 

prescription or recreational drugs. Some exceptions included birth control for example since it 

would not, in theory, affect the results. The age of the blood donors was not recorded since we 

were not statistically powered to stratify data by age or conduct a regression or multi-factor 

analysis, in our inclusion criteria it was 18 years and older. It is uncommon to do so in a primary 

human immunology manuscript due to limitations in cost and time of studying human samples. 

Another limitation is that we did not formally record or analyze the sex of the participant, 

again, this would be very uncommon in immunology manuscripts, but we recognize its 

importance. We observed that blood samples acquired from females and males had no obvious 

difference, by reviewing the participants' names (which is not an ideal way to assess sex) we 

saw no instance where the terbutaline response was linked to sex. The SNP variations in their 
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ADRB2 genes were significantly related to terbutaline response, which argues against some 

other variate being involved. We acknowledge that a larger sample size with a more extensive 

demographic analysis would be of value for future studies. 

 

5.6 Future direction: pre-clinical study on nebivolol as an immunomodulatory drug for 

treatment of Th17-mediated autoimmune disease. 
 

Conducting in vitro experiments on human immune cell samples facilitates rapid 

screening of potential new therapeutic compounds. My in vitro results on healthy human 

immune cell samples suggests that nebivolol the inverse β2AR agonist has potential as a 

suppressor of Th1 and Th17 cells. The next steps of research could include in vitro testing on 

blood samples acquired from MS patients to determine if the drugs have the effects that I 

documented in healthy participants. Age and sex-matched MS patient samples and healthy 

human participants would be compared using the in vitro test of activated PBMC with the 

nebivolol drugs and solvent ((vehicle) controls). In theory, if those studies showed that 

nebivolol suppressed Th1 and Th17 cells in MS patients to the same or greater extent as the 

healthy sample, it is promising for further exploration. Clinician-scientists might consider 

further testing in patients in the form of phase 1 clinical trial. A clinical trial was published 

where β-agonist salbutamol was administered to healthy participants in vivo, and their cytokine 

responses in blood or lung tissues were measured. Salbutamol resulted in inhibition of 

cytokines necessary for Th1 cells development (IL-12) and augmented cytokines necessary for 

Th2 cell development (IL-4) (381). To my knowledge, that type of study focusing on Th17 cells 

has not been done. Another study compared albuterol combined with the approved drug 

Copaxone in MS patients. The safety profile was acceptable and the data suggested efficacy 

although the limitations were that the phase 1 trial is not designed for efficacy, and Th17 cells 

were not measured at the time (179). Another example is patients with secondary progressive 

MS who took oral salbutamol. There was a decrease of IL-12 in activated monocytes and 

increase of anti-inflammatory cytokines (IL-10, IL-4, IL-5) from PBMCs taken at various points 
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during three weeks of the study (382). Moreover, MS patients who took oral terbutaline 

alongside other treatments (e.g Interferons, Copaxone etc.) and the other group were MS 

patients without any pharmacological treatment (383). The cytokines measured after oral 

terbutaline on the whole blood showed on MS patients that have other treatments alongside, a 

slight increase in anti-inflammatory cytokine IL-10 and untreated MS patients a decrease of IL-

10, whereas IL-12 had the opposite reaction for the MS groups. IFNγ was slightly increased for 

both MS groups contrary to the healthy controls samples that showed a decrease of IFNγ 

response (383). My research indicates that nebivolol warrants further testing and could be 

perhaps considered for a clinical trial by doctors in the future. The studies that have been 

published on adrenergic drugs and MS consistently find that pro-inflammatory Th1 is 

suppressed while anti-inflammatory Th2 is augmented, but none of the studies to date 

addressed Th17 cells. I speculate that adrenergic agonists would augment pro-inflammatory 

Th17 cells in MS patients which is not a desirable effect given the ability for Th17 cells to 

infiltrate CNS and exacerbate MS tissue damage. Nebivolol in theory would suppress both Th1 

and Th17 which is a better indicator than I observed with terbutaline which suppressed Th1 but 

augmented Th17 cytokine. To my knowledge, there are no studies published to date that 

perform clinical testing of inverse-β2 agonists as immunomodulators for treatment of Th17-

mediated autoimmune disease.   

To get health Canada approval of a new drug, or for off-label use of approved drugs, 

there has to be some evidence of efficacy in laboratory studies. My studies on healthy human 

samples support the efficacy of nebivolol. Another common approach to testing new 

compounds is to use an animal model typically primate or rodent. For MS, there are many 

suitable models, the most common being the murine EAE which involves immunization with 

adjuvant and antigen from the central nervous system (44). The suggested experiments that 

can be carried out in the future to investigate how the adrenergic agonist (e.g nebivolol) would 

modulate the response of Th17 cells and affect the symptoms of the EAE model, would first 

consist in having a control animal which can be the wild type mice (C57BL/6J) and then the EAE 

induced mice (44). The experiments with the mice models would consist in measuring the β2AR 
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expression on the isolated Th cells and Th17 cells. The latter would be accomplished with flow 

cytometry techniques as it would be able to provide single-cell characteristics. The animal 

models would then be administered with the agonist drugs, terbutaline, nebivolol and ICI 

118,551. When the animals would be administered the drugs, there should be monitoring of 

the cardiovascular parameters since nebivolol is a drug used for cardiovascular diseases. The 

clinical scores of the EAE mouse models should be noted to observe if there is improvement or 

exacerbation upon administration of the adrenergic compounds. Moreover, the Th cell and 

Th17 cells from mice models should be isolated before and after administration of the drugs. 

Where cytokines responses should be measured with ELISA, including the IL-17A and the IFNγ. 

With these measurements and comparing to the clinical scores, it can be observed if the 

treatment would cause exacerbation of symptoms or it would be diminishing the symptoms. I 

predict that nebivolol would diminish symptoms since in the in vitro study done in this thesis 

showed to have decreased both pro-inflammatory cytokines, IL-17A and IFNγ, that are 

contributors to the exacerbation of the chronic inflammation that occurs in MS. However, the 

treatment with terbutaline I predict would exacerbate the symptoms in the EAE model, as the 

in vitro study showed there was an augmentation of IL-17A which is pro-inflammatory and 

therefore not ideal for autoimmune diseases like MS.  

 

5.7 The immunomodulatory properties of adrenergic drugs may have relevance for 

asthma treatment  
 

While the main focus of my thesis was on potential new drugs for Th17-mediated 

autoimmune disease, there are other fields where my thesis has relevance such as asthma. 

Asthma is a disease that causes airway inflammation; this results in obstruction of the airflow 

and airway hyper-responsiveness (384,385). There are different phenotypes of asthma, one of 

which is Th17 mediated airway inflammation (384). The IL-17A released by Th17 cells promotes 

the recruitment of inflammatory cells, such as neutrophils or monocytes to sites where airway 

inflammation occurs (384,386,387). In patients with moderate and severe asthma, increased 
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levels of IL-17A are found in bronchoalveolar lavage fluids and bronchial biopsies; this is 

associated with airway reactivity and disease severity (384). The combination of IL-17 mediated 

effects on airway epithelial cells are contributors to the inflammation in asthma. To target 

airway diseases such as asthma, treatments include a combination of bronchodilators 

(commonly β-agonists are used for short-term and long-term therapy) and other drugs with 

anti-inflammatory properties. The β2AR ligand used for this research is terbutaline, which is 

currently given as a treatment for asthma (335). The use of terbutaline for the treatment of 

asthma can be beneficial for the bronchodilation and impact the underlying inflammation that 

occurs in this respiratory disease (388). My data suggests that terbutaline could increase IL-17A 

levels, which could, in theory, worsen the inflammation and make the disease worse. It can also 

suggest that individuals with Arg16 (haplotype 4) homozygous, will have diminished 

bronchodilation, but may also have less IL-17A increase which could be beneficial to the 

underlying inflammation. The underlying inflammation present in asthma could be modulated 

in a cell-dependent manner with the stimulation of the β2AR on immune cells. Indeed, anti-

inflammatory effects were observed in macrophage cells upon addition of salbutamol and 

terbutaline, as those two β2-receptor agonists inhibited the expression of the macrophage 

inflammatory chemokine (388). Therefore, the same drug that helps improve airway function 

could also worsen the underlying inflammation making the disease worse in the long run. More 

research would be needed to address terbutaline effects on IL-17A in asthmatic patients.  

 

5.8. The immunomodulatory properties of adrenergic drugs may have relevance for 

immunity to pathogens 
 

Another area of relevance for my research is the immunity to pathogens and how it is 

altered by endogenous stress hormones (epinephrine and norepinephrine). My discovery that 

beta2-agonist increases Th17 cells as observed in this thesis challenges the paradigm which 

states that catecholamines hormones are regarded as an immunosuppressant. For instance, 

there has been an association between psychological stress and the susceptibility to the 
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common cold, where the rate of infection was increased suggesting that stress inhibits the 

immune system (389). Immunomodulation can occur in vivo when the endogenous hormones 

are released by the sympathetic nervous system upon stressors like endurance exercise (e.g 

Marathon runners) or psychological stressors (e.g tests). For instance, in a study where they 

measured catecholamines levels in the blood before and right after participation to a marathon 

race, there was a three-fold increase in both epinephrine and norepinephrine, indicating that 

there was an activation of the sympathetic nervous system (390). After seven days of the 

marathon, the catecholamine levels showed to return to the baseline (390). This shows that 

stressor like running a marathon (endurance exercise training) activates the sympathetic 

nervous system and thus increases catecholamines levels in the blood. The increase in 

catecholamines can in turn modulate the immune responses. The levels of effector T cells 

measured in marathon trained individuals showed lower levels of IFNγ T cells and an increase of 

IL-4 T cells and Th1/Th2 ratio compared to controls, as measured with flow cytometry 

techniques from PBMCs (391). This study showed that there are more Th2 cells in response to 

endurance exercise training, which as demonstrated by Chmura et al. (390) there is an increase 

of catecholamines in marathon runners. Thus, showing that there is an immunomodulatory 

effect in vivo that appears to have higher Th2 cells responses. However, there should be 

concomitant measurements of Th17 cells responses to observe the immunomodulatory effect 

that increased catecholamines like marathon runners can have. Another example of 

endogenous hormones released by the activation of the sympathetic nervous system can be 

through psychological stressors, which in turn can have immunomodulatory effects in vivo. For 

instance, subjects performed physiological stress test (Trier Social Stress Test) to observe the 

effect of immune responses, focusing on Th1 and Th2 cells responses (392). The Th1 response 

(IFNγ) was increased two hours after the test but returned to baseline after 24h. On the other 

hand, Th2 cells response (IL-4) decreased two hours after the test. The effect of the  

physiological stress test did not show a shift towards the anti-inflammatory responses (392). 

The mRNA levels of β2AR increased at six and 24h, whereas the levels of glucocorticoid 

receptors were unchanged. It was measured in PBMCs from healthy individuals, cytokines were 

measured with the flow cytometer and mRNA with PCR (392). The latter study showed that 
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there is a change in cytokine responses to stressors, which can activate both the sympathetic 

nervous system and the hypothalamic-pituitary-adrenal axes. However, the levels of 

catecholamines and glucocorticoids were not measured in that study. That study by Xiang et al. 

does appear to be contradictory to the observations made in vitro, where the Th1 response 

(IFNγ) were decreased when exposed to adrenergic agonists, as observed in my published 

article (303) or others (393,394). However, the timing of the measurements on the cells were 

only until one day, compared to the in vitro study as the one presented in this thesis which was 

for four days and using an agonist (terbutaline) that is not degraded by the enzymes that 

normally degrade catecholamines (Catechol-O-methyltransferase) (208), thus the possible 

effect of the agonist in my study is longer. The stimulation of the receptor can be speculated to 

be longer and thus increasing the levels of cAMP which results to be inhibitory for IFNγ and 

stimulatory for IL-17A in this thesis.  

My research focused on Th1 and Th17 cells, however, previous researchers have been 

focused on the Th1 and Th2 response to catecholamines or βAR-agonist. Cells may react 

differently depending on their interaction with hormones and their specific environment; this 

can potentially influence the host's ability to defend and protect itself against pathogens. The 

other studies also observed an increase in Th2 cells response to catecholamines 

(250,290,395,396). Th1 cells are known to suppress Th2 cells, so when adrenergic drugs inhibit 

Th1 cells it allows Th2 cells to expand. Thus, the paradigm that the adrenergic drugs are 

immunosuppressant applies to Th1 cells in certain circumstances, but Th2 cells may expand as a 

result of Th1 suppression, and IL-17A may increase with adrenergic drugs. It is better to view 

adrenergic drugs as immunomodulators with context-specific effects. Immunomodulation is not 

necessarily beneficial for infections. Suppressing Th1 cells could make an individual be 

susceptible to intracellular pathogens, but it would also shift the response to Th2 which 

protects against certain viruses and parasites. As each subtype of Th cell has a function in the 

body, altering the Th cell balance with the stimulation of β2AR by ligands or endogenous 

hormones can be beneficial or disadvantageous for certain pathogens encountered. Th17 cells 

target extracellular fungus and bacteria. Since each immune cell is different, understanding 
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how Th17 cells respond upon stimulation of the β2AR could provide valuable insight into the 

potential effect of hormones like norepinephrine have in the host protection against infections. 

For instance, an increase in Th17 cells response would be beneficial when the host encounters 

pathogens like Staphylococcus aureus, as Th17 cells can provide the optimal protection against 

it (113). Therefore, the host protection provided by Th1 or Th17 cells could be modulated by 

the release of the hormones, which can alter the host protection provided.  It is more correct to 

view adrenergic drugs as modulators, rather than suppressors.  

 

5.9 Explanation and justification of statistical methods used  
 

In this thesis, I worked with samples from human subjects where the cytokines levels 

were measured after activating the samples for 4 days. The level of cytokine differed between 

subjects with just activation, for example, subject A could have 100 units of IL-17A, subject B 

could have 5000 units of IL-17A. If the drug caused subject A to drop to 50 units, and subject B 

to 2500 units, they would both have a 50% decrease, but the data could not be combined as 

such. To correct for the baseline cytokine level, the fold change was calculated in chapters 2 

and 3 figures. The fold change calculation normalizes the activated control sample to a value of 

one, and the treatment groups become relative to one. For example, if a treatment group was 

0.5 it would be inhibited by 50%, and if it was 1.5 it would be augmented by 50%. In doing this 

calculation, each experiment has an activated control value of 1, and the data can be pooled 

with other experiments and analyzed by one-way ANOVA to determine if there is a difference 

amongst the groups. If the ANOVA is significant to <0.05, then a post hoc test, in this case 

Tukey’s multiple comparison test, is performed in order to determine if the null hypothesis is 

rejected for the between-group means. In other words, if two groups were significantly 

different, the Tukey's post hoc would be below 0.05. There are 3 key assumptions that must be 

met for Tukey’s test to be valid, which include; normal distribution, independent variable and 

homoscedasticity (i.e homogeneity of variance). By reporting the fold change the data became 

normalized, thus making the data set eligible for the statistical test chosen. To test the 
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assumption of homoscedasticity (i.e homogeneity of variance), F test was used. Excel was used 

for the calculation and the F value reported was smaller than the F critical, thus accepting the 

null hypothesis, which indicated the population had equal variances.  

 In chapter 4, to study the significance of different drug treatments or different SNPs, the 

data was normalized through the removal of within-subject variance procedure (338). This 

method was used because it brings the baseline values closer by removing the variance 

between subjects which enables more consistent figures, improves the ANOVA and allows data 

to be pooled. The removal of within-subject variance procedure involves calculating the grand 

mean which is the average of all values in the data set, and then calculating the subject mean 

for every participant which is the average of all values coming from the same participant. The 

subject deviation from the grand mean is then calculated for every participant by subtracting 

the grand mean from the subject mean. Subsequently, a new data set is generated by 

subtracting the subject deviation from the grand mean for a certain participant from each value 

of that participant. This procedure is applied to bring the participant's data closer to the 

average of the overall data set, thereby reducing variance between groups. After the removal 

of within-subject variance was performed, the data was used for graphing and performing 

multiple T-test with correction for multiple comparisons using the Holm-Sidak method and a 

significance level of 5%. The Holm-Sidak method is an extension of the Bonferroni-method 

which controls false-negative discoveries or type 1 errors when performing various hypotheses. 

It tests the hypotheses that are not negatively dependent which results in a more powerful test 

than the Bonferroni-method. In the Holm-Sidak method the p-values are arranged from 

smallest to largest after the multiple T-test has been performed. There is the significance level 

α set to 5%. The number of comparisons is defined (i). The smallest p-value is compared to 1-(1- 

α)(1/i) (397,398). This method was chosen because it is powerful and reduces the chances in a 

non-rejection of a false null hypothesis (type II error). In experiments where I was comparing 

mean values between just two treatments, a student T-test was used, and significance was 

considered at p ≤0.05. The tests were indicated in figure captions.  



 
169 

 

 The N value indicated in figure captions of the results in chapter 2, 3 and 4, indicates the 

number of participant’s sample. For instance, n=3 indicates that it is data from 3 participants’ 

cell samples. After the primary cells are isolated from the participants, these cells with the 

corresponding cell culture medium and corresponding treatment are placed in culture plates 

wells with replicates of each condition. Under the caption of the figures, the number of 

replicates is indicated as experimental groups. That is for each condition (e.g terbutaline, ICI 

118-551) from one participant’s sample, there are at least two replicates of each experimental 

group as indicated in figure captions.  

To study the effects of the drug treatment and SNPs on the cytokine concentrations while 

accounting for the human variation, the concentrations of the IL-17A and IFNγ cytokines 

obtained from enzyme-linked immunosorbent assays (ELISA) were fit in a linear Mixed-Effects 

Model with maximum likelihood. The Linear Mixed Models assumes the dependent variable 

(cytokine concentrations) to be linearly related to the other variables and coming from a 

normal distribution. To meet the normality assumption, a LOG10 transformation of the data 

was required and the normal distribution was verified visually in a bar plot. The linearity 

assumption was met and verified in a Q-Q plot. The treatment, genotype at SNP16 and 

genotype at SNP27 were the fixed variables, whereas the random variable was the human 

subject. This enabled us to test the significance of the treatment or SNP on the cytokine 

response while taking human variation into consideration. The model was analyzed by type III 

Analysis of Variance (ANOVA) using Satterthwaite's method and a significance level of 5% to 

evaluate the effects of the treatment or SNP on the cytokine response in cells. The 

Satterthwaite's t-test or also known as Welch’s t-test, makes the assumption that the 

distributions of the populations are normal. The ANOVA demonstrates the fixed variables that 

significantly explain the variance observed in the dependent variable that is the cytokine 

concentration. Type 3 ANOVA was used because the number of replicates per subject was 

varying (399). 
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5.10 Conclusion  
 

In conclusion, previous studies have focused on the Th1/Th2 balance but have not 

investigated the Th17 cells response and their regulation by β2AR. In my thesis, I showed the in 

vitro fine-tuning of immune response that can be provided by the stimulation of β2AR, shifting 

the response towards Th17 cells, or away from Th17 cells depending on the agonist used. I 

identified a precise genetic element in the ADRB2 that confers reactivity to the β-agonist. I 

discovered an inverse-agonist that has promising aspects for treating autoimmune disease. A 

better understanding of how adrenergic drugs modulate Th cell subsets will help in the tailoring 

of therapies for specific infections or associated diseases where cytokine balance is important.  
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85.  Levy DE, Garcıá-Sastre A. The virus battles: IFN induction of the antiviral state and 
mechanisms of viral evasion. Cytokine Growth Factor Rev. 2001 Jun 1;12(2):143–56.  

86.  Nicolet BP, Guislain A, Alphen FPJ van, Gomez-Eerland R, Schumacher TNM, Biggelaar M 
van den, et al. CD29 identifies IFN-γ–producing human CD8+ T cells with an increased 
cytotoxic potential. Proc Natl Acad Sci. 2020 Mar 24;117(12):6686–96.  

87.  Bae HR, Leung PSC, Hodge DL, Fenimore JM, Jeon S-M, Thovarai V, et al. Multi-omics: 
Differential expression of IFN-γ results in distinctive mechanistic features linking chronic 



 
178 

 

inflammation, gut dysbiosis, and autoimmune diseases. J Autoimmun. 2020 
Jul;111:102436.  

88.  Gadotti AC, de Castro Deus M, Telles JP, Wind R, Goes M, Garcia Charello Ossoski R, et al. 
IFN-γ is an independent risk factor associated with mortality in patients with moderate 
and severe COVID-19 infection. Virus Res. 2020 Nov;289:198171.  

89.  Zheng W, Flavell RA. The transcription factor GATA-3 is necessary and sufficient for Th2 
cytokine gene expression in CD4 T cells. Cell. 1997 May 16;89(4):587–96.  

90.  Morimoto Y, Bian Y, Gao P, Yashiro-Ohtani Y, Zhou X-Y, Ono S, et al. Induction of surface 
CCR4 and its functionality in mouse Th2 cells is regulated differently during Th2 
development. J Leukoc Biol. 2005;78(3):753–61.  

91.  Deo SS, Mistry KJ, Kakade AM, Niphadkar PV. Role played by Th2 type cytokines in IgE 
mediated allergy and asthma. Lung India Off Organ Indian Chest Soc. 2010;27(2):66–71.  

92.  Guo L, Huang Y, Chen X, Hu-Li J, Urban JF, Paul WE. Innate immunological function of T H 
2 cells in vivo. Nat Immunol. 2015 Oct;16(10):1051–9.  

93.  Goswami R, Jabeen R, Yagi R, Pham D, Zhu J, Goenka S, et al. STAT6-Dependent 
Regulation of Th9 Development. J Immunol. 2012 Feb 1;188(3):968–75.  

94.  Veldhoen M, Uyttenhove C, van Snick J, Helmby H, Westendorf A, Buer J, et al. 
Transforming growth factor-beta “reprograms” the differentiation of T helper 2 cells and 
promotes an interleukin 9-producing subset. Nat Immunol. 2008 Dec;9(12):1341–6.  

95.  Kara EE, Comerford I, Bastow CR, Fenix KA, Litchfield W, Handel TM, et al. Distinct 
chemokine receptor axes regulate Th9 cell trafficking to allergic and autoimmune 
inflammatory sites. J Immunol Baltim Md 1950. 2013 Aug 1;191(3):1110–7.  

96.  Putheti P, Awasthi A, Popoola J, Gao W, Strom TB. Human CD4+ Memory T Cells Can 
Become CD4+IL-9+ T Cells. PLOS ONE. 2010 Jan 14;5(1):e8706.  

97.  Petit-Frere C, Dugas B, Braquet P, Mencia-Huerta JM. Interleukin-9 potentiates the 
interleukin-4-induced IgE and IgG1 release from murine B lymphocytes. Immunology. 
1993 May;79(1):146–51.  

98.  Méndez-Enríquez E, Hallgren J. Mast Cells and Their Progenitors in Allergic Asthma. Front 
Immunol. 2019;10:821.  

99.  Sehra S, Yao W, Nguyen ET, Glosson-Byers NL, Akhtar N, Zhou B, et al. TH9 cells are 
required for tissue mast cell accumulation during allergic inflammation. J Allergy Clin 
Immunol. 2015 Aug 1;136(2):433-440.e1.  



 
179 

 

100.  Reitz M, Hartmann W, Rüdiger N, Orinska Z, Brunn M-L, Breloer M. Interleukin-9 
promotes early mast cell-mediated expulsion of Strongyloides ratti but is dispensable for 
generation of protective memory. Sci Rep. 2018 Jun 5;8(1):8636.  

101.  Lee YK, Turner H, Maynard CL, Oliver JR, Chen D, Elson CO, et al. Late developmental 
plasticity in the T helper 17 lineage. Immunity. 2009 Jan 16;30(1):92–107.  

102.  Oppmann B, Lesley R, Blom B, Timans JC, Xu Y, Hunte B, et al. Novel p19 protein engages 
IL-12p40 to form a cytokine, IL-23, with biological activities similar as well as distinct from 
IL-12. Immunity. 2000 Nov;13(5):715–25.  

103.  Durant L, Watford WT, Ramos HL, Laurence A, Vahedi G, Wei L, et al. Diverse targets of 
the transcription factor STAT3 contribute to T cell pathogenicity and homeostasis. 
Immunity. 2010 May 28;32(5):605–15.  

104.  Yang XP, Ghoreschi K, Steward-Tharp SM, Rodriguez-Canales J, Zhu J, Grainger JR, et al. 
Opposing regulation of the locus encoding IL-17 through direct, reciprocal actions of 
STAT3 and STAT5. Nat Immunol. 2011;12(3):247–54.  

105.  Gulen MF, Bulek K, Xiao H, Yu M, Gao J, Sun L, et al. Inactivation of the enzyme GSK3α by 
the kinase IKKi promotes AKT-mTOR signaling pathway that mediates Interleukin-1-
induced Th17 cell maintenance. Immunity. 2012 Nov 16;37(5):800–12.  

106.  Ivanov II, McKenzie BS, Zhou L, Tadokoro CE, Lepelley A, Lafaille JJ, et al. The Orphan 
Nuclear Receptor RORγt Directs the Differentiation Program of Proinflammatory IL-17+ T 
Helper Cells. Cell. 2006 Sep 22;126(6):1121–33.  

107.  Singh SP, Zhang HH, Foley JF, Hedrick MN, Farber JM. Human T cells that are able to 
produce IL-17 express the chemokine receptor CCR6. J Immunol. 2008;180(1):214–21.  

108.  Kebir H, Kreymborg K, Ifergan I, Dodelet-Devillers A, Cayrol R, Bernard M, et al. Human 
TH17 lymphocytes promote blood-brain barrier disruption and central nervous system 
inflammation. Nat Med. 2007;13(10):1173–5.  

109.  Liu H, Rohowsky-Kochan C. Regulation of IL-17 in Human CCR6+ Effector Memory T Cells. 
J Immunol. 2008 Jun 15;180(12):7948–57.  

110.  Sałkowska A, Karaś K, Karwaciak I, Walczak-Drzewiecka A, Krawczyk M, Sobalska-Kwapis 
M, et al. Identification of Novel Molecular Markers of Human Th17 Cells. Cells. 2020 Jul 
3;9(7).  

111.  Montgomery CP, Daniels M, Zhao F, Alegre M-L, Chong AS, Daum RS. Protective 
Immunity against Recurrent Staphylococcus aureus Skin Infection Requires Antibody and 
Interleukin-17A. Infect Immun. 2014 May;82(5):2125–34.  



 
180 

 

112.  Huang W, Na L, Fidel PL, Schwarzenberger P. Requirement of Interleukin-17A for 
Systemic Anti-Candida albicans Host Defense in Mice. J Infect Dis. 2004 Aug 
1;190(3):624–31.  

113.  Borbón TY, Scorza BM, Clay GM, Lima Nobre de Queiroz F, Sariol AJ, Bowen JL, et al. 
Coinfection with Leishmania major and Staphylococcus aureus enhances the pathologic 
responses to both microbes through a pathway involving IL-17A. PLoS Negl Trop Dis. 
2019 May;13(5):e0007247.  

114.  Gaffen SL, Moutsopoulos NM. Regulation of host-microbe interactions at oral mucosal 
barriers by type 17 immunity. Sci Immunol. 2020 Jan 3;5(43).  

115.  Liang SC, Long AJ, Bennett F, Whitters MJ, Karim R, Collins M, et al. An IL-17F/A 
Heterodimer Protein Is Produced by Mouse Th17 Cells and Induces Airway Neutrophil 
Recruitment. J Immunol. 2007 Dec 1;179(11):7791–9.  

116.  Huppert J, Closhen D, Croxford A, White R, Kulig P, Pietrowski E, et al. Cellular 
mechanisms of IL-17-induced blood-brain barrier disruption. FASEB J. 2010;24(4):1023–
34.  

117.  Muranski P, Restifo NP. Essentials of Th17 cell commitment and plasticity. Blood. 
2013;121(13):2402–14.  

118.  Darlington PJ, Stopnicki B, Touil T, Doucet J-S, Fawaz L, Roberts ME, et al. Natural Killer 
Cells Regulate Th17 Cells After Autologous Hematopoietic Stem Cell Transplantation for 
Relapsing Remitting Multiple Sclerosis. Front Immunol. 2018 May 7;9.  

119.  Yazdani MR, Khosropanah S, Doroudchi M. Interleukin-17 production by 
CD4+CD45RO+Foxp3+ T cells in peripheral blood of patients with atherosclerosis. Arch 
Med Sci Atheroscler Dis. 2019 Aug 26;4:e215–24.  

120.  Duhen T, Geiger R, Jarrossay D, Lanzavecchia A, Sallusto F. Production of interleukin 22 
but not interleukin 17 by a subset of human skin-homing memory T cells. Nat Immunol. 
2009 Aug;10(8):857–63.  

121.  Plank MW, Kaiko GE, Maltby S, Weaver J, Tay HL, Shen W, et al. Th22 Cells Form a 
Distinct Th Lineage from Th17 Cells In Vitro with Unique Transcriptional Properties and 
Tbet-Dependent Th1 Plasticity. J Immunol. 2017 Mar 1;198(5):2182–90.  

122.  Sabat R, Ouyang W, Wolk K. Therapeutic opportunities of the IL-22–IL-22R1 system. Nat 
Rev Drug Discov. 2014 Jan;13(1):21–38.  

123.  Wolk K, Kunz S, Witte E, Friedrich M, Asadullah K, Sabat R. IL-22 Increases the Innate 
Immunity of Tissues. Immunity. 2004 Aug 1;21(2):241–54.  



 
181 

 

124.  Sugimoto K, Ogawa A, Mizoguchi E, Shimomura Y, Andoh A, Bhan AK, et al. IL-22 
ameliorates intestinal inflammation in a mouse model of ulcerative colitis. J Clin Invest. 
2008 Feb 1;118(2):534–44.  

125.  Boniface K, Blumenschein WM, Brovont-Porth K, McGeachy MJ, Basham B, Desai B, et al. 
Human Th17 Cells Comprise Heterogeneous Subsets Including IFN-γ–Producing Cells with 
Distinct Properties from the Th1 Lineage. J Immunol. 2010 Jul 1;185(1):679–87.  

126.  Acosta-Rodriguez EV, Rivino L, Geginat J, Jarrossay D, Gattorno M, Lanzavecchia A, et al. 
Surface phenotype and antigenic specificity of human interleukin 17-producing T helper 
memory cells. Nat Immunol. 2007;8(6):639–46.  

127.  van Langelaar J, van der Vuurst de Vries RM, Janssen M, Wierenga-Wolf AF, Spilt IM, 
Siepman TA, et al. T helper 17.1 cells associate with multiple sclerosis disease activity: 
perspectives for early intervention. Brain J Neurol. 2018 01;141(5):1334–49.  

128.  Noster R, Riedel R, Mashreghi M-F, Radbruch H, Harms L, Haftmann C, et al. IL-17 and 
GM-CSF expression are antagonistically regulated by human T helper cells. Sci Transl 
Med. 2014 Jun 18;6(241):241ra80.  

129.  Bryson BD, Rosebrock TR, Tafesse FG, Itoh CY, Nibasumba A, Babunovic GH, et al. 
Heterogeneous GM-CSF signaling in macrophages is associated with control of 
Mycobacterium tuberculosis. Nat Commun. 2019 May 27;10(1):2329.  

130.  Papp KA, Gooderham M, Jenkins R, Vender R, Szepietowski JC, Wagner T, et al. 
Granulocyte–macrophage colony-stimulating factor (GM-CSF) as a therapeutic target in 
psoriasis: randomized, controlled investigation using namilumab, a specific human anti-
GM-CSF monoclonal antibody. Br J Dermatol. 2019;180(6):1352–60.  

131.  Harrington LE, Hatton RD, Mangan PR, Turner H, Murphy TL, Murphy KM, et al. 
Interleukin 17-producing CD4+ effector T cells develop via a lineage distinct from the T 
helper type 1 and 2 lineages. Nat Immunol. 2005;6(11):1123–32.  

132.  Djuretic IM, Levanon D, Negreanu V, Groner Y, Rao A, Ansel KM. Transcription factors T-
bet and Runx3 cooperate to activate Ifng and silence Il4 in T helper type 1 cells. Nat 
Immunol. 2007 Feb;8(2):145–53.  

133.  Yu C-R, Mahdi RM, Ebong S, Vistica BP, Chen J, Guo Y, et al. Cell Proliferation and STAT6 
Pathways Are Negatively Regulated in T Cells by STAT1 and Suppressors of Cytokine 
Signaling. J Immunol. 2004 Jul 15;173(2):737–46.  

134.  Hoeve MA, Savage NDL, de Boer T, Langenberg DML, de Waal Malefyt R, Ottenhoff THM, 
et al. Divergent effects of IL-12 and IL-23 on the production of IL-17 by human T cells. Eur 
J Immunol. 2006 Mar;36(3):661–70.  



 
182 

 

135.  O’Connor W, Kamanaka M, Booth CJ, Town T, Nakae S, Iwakura Y, et al. A protective 
function for interleukin 17A in T cell–mediated intestinal inflammation. Nat Immunol. 
2009 Jun;10(6):603–9.  

136.  Ionescu L, Urschel S. Memory B Cells and Long-lived Plasma Cells. Transplantation. 
2019;103(5):890–8.  

137.  Pennock ND, White JT, Cross EW, Cheney EE, Tamburini BA, Kedl RM. T cell responses: 
naïve to memory and everything in between. Adv Physiol Educ. 2013;37(4):273–83.  

138.  McGeachy MJ. Th17 memory cells: live long and proliferate. J Leukoc Biol. 2013 
Nov;94(5):921–6.  

139.  Brummelman J, Pilipow K, Lugli E. The Single-Cell Phenotypic Identity of Human CD8+ and 
CD4+ T Cells. Int Rev Cell Mol Biol. 2018;341:63–124.  

140.  Kryczek I, Zhao E, Liu Y, Wang Y, Vatan L, Szeliga W, et al. Human TH17 Cells Are Long-
Lived Effector Memory Cells. Sci Transl Med. 2011 Oct 12;3(104):104ra100.  

141.  Bonilla FA. Vaccines in Patients with Primary Immune Deficiency. Immunol Allergy Clin 
North Am. 2020 Aug;40(3):421–35.  

142.  Valenzuela RM, Kaufman M, Balashov KE, Ito K, Buyske S, Dhib-Jalbut S. Predictive 
cytokine biomarkers of clinical response to glatiramer acetate therapy in multiple 
sclerosis. J Neuroimmunol. 2016 15;300:59–65.  

143.  Sandquist I, Kolls J. Update on regulation and effector functions of Th17 cells. 
F1000Research. 2018 Feb 19;7.  

144.  Ouyang W, Kolls JK, Zheng Y. The Biological Functions of T Helper 17 Cell Effector 
Cytokines in Inflammation. Immunity. 2008;28(4):454–67.  

145.  Tesmer LA, Lundy SK, Sarkar S, Fox DA. Th17 cells in human disease. Immunol Rev. 
2008;223(Journal Article):87–113.  

146.  Jin W, Dong C. IL-17 cytokines in immunity and inflammation. Emerg Microbes Infect. 
2013 06;2(9):e60.  

147.  Langrish CL, Chen Y, Blumenschein WM, Mattson J, Basham B, Sedgwick JD, et al. IL-23 
drives a pathogenic T cell population that induces autoimmune inflammation. J Exp Med. 
2004;201(2):233–40.  

148.  Jäger A, Dardalhon V, Sobel RA, Bettelli E, Kuchroo VK. Th1, Th17 and Th9 effector cells 
induce experimental autoimmune encephalomyelitis with different pathological 
phenotypes. J Immunol. 2009 Dec 1;183(11):7169–77.  



 
183 

 

149.  Kroenke MA, Carlson TJ, Andjelkovic AV, Segal BM. IL-12– and IL-23–modulated T cells 
induce distinct types of EAE based on histology, CNS chemokine profile, and response to 
cytokine inhibition. J Exp Med. 2008 Jul 7;205(7):1535–41.  

150.  Domingues HS, Mues M, Lassmann H, Wekerle H, Krishnamoorthy G. Functional and 
pathogenic differences of Th1 and Th17 cells in experimental autoimmune 
encephalomyelitis. PloS One. 2010 Nov 29;5(11):e15531.  

151.  Prajeeth CK, Löhr K, Floess S, Zimmermann J, Ulrich R, Gudi V, et al. Effector molecules 
released by Th1 but not Th17 cells drive an M1 response in microglia. Brain Behav 
Immun. 2014 Mar;37:248–59.  

152.  Setiadi AF, Abbas AR, Jeet S, Wong K, Bischof A, Peng I, et al. IL-17A is associated with the 
breakdown of the blood-brain barrier in relapsing-remitting multiple sclerosis. J 
Neuroimmunol. 2019 Jul 15;332:147–54.  

153.  Brambilla R. The contribution of astrocytes to the neuroinflammatory response in 
multiple sclerosis and experimental autoimmune encephalomyelitis. Acta Neuropathol 
(Berl). 2019;137(5):757–83.  

154.  Murphy AC, Lalor SJ, Lynch MA, Mills KHG. Infiltration of Th1 and Th17 cells and 
activation of microglia in the CNS during the course of experimental autoimmune 
encephalomyelitis. Brain Behav Immun. 2010 May;24(4):641–51.  

155.  Chabaud M, Durand JM, Buchs N, Fossiez F, Page G, Frappart L, et al. Human interleukin-
17: A T cell-derived proinflammatory cytokine produced by the rheumatoid synovium. 
Arthritis Rheum. 1999;42(5):963–70.  

156.  Shahrara S, Pickens SR, Dorfleutner A, Pope RM. IL-17 Induces Monocyte Migration in 
Rheumatoid Arthritis. J Immunol. 2009 Mar 15;182(6):3884–91.  

157.  Komiyama Y, Nakae S, Matsuki T, Nambu A, Ishigame H, Kakuta S, et al. IL-17 plays an 
important role in the development of experimental autoimmune encephalomyelitis. J 
Immunol Baltim Md 1950. 2006;177(1):566–73.  

158.  Hofstetter HH, Ibrahim SM, Koczan D, Kruse N, Weishaupt A, Toyka KV, et al. Therapeutic 
efficacy of IL-17 neutralization in murine experimental autoimmune encephalomyelitis. 
Cell Immunol. 2005 Oct;237(2):123–30.  

159.  Koenders MI, Lubberts E, Oppers-Walgreen B, van den Bersselaar L, Helsen MM, Di 
Padova FE, et al. Blocking of Interleukin-17 during Reactivation of Experimental Arthritis 
Prevents Joint Inflammation and Bone Erosion by Decreasing RANKL and Interleukin-1. 
Am J Pathol. 2005 Jul 1;167(1):141–9.  



 
184 

 

160.  Bush KA, Farmer KM, Walker JS, Kirkham BW. Reduction of joint inflammation and bone 
erosion in rat adjuvant arthritis by treatment with interleukin-17 receptor IgG1 Fc fusion 
protein. Arthritis Rheum. 2002 Mar;46(3):802–5.  

161.  Sanford M, McKeage K. Secukinumab: First Global Approval. Drugs. 2015 Feb 
1;75(3):329–38.  

162.  Havrdová E, Belova A, Goloborodko A, Tisserant A, Wright A, Wallstroem E, et al. Activity 
of secukinumab, an anti-IL-17A antibody, on brain lesions in RRMS: results from a 
randomized, proof-of-concept study. J Neurol. 2016 Jul 1;263(7):1287–95.  

163.  Skepner J, Ramesh R, Trocha M, Schmidt D, Baloglu E, Lobera M, et al. Pharmacologic 
Inhibition of RORγt Regulates Th17 Signature Gene Expression and Suppresses Cutaneous 
Inflammation In Vivo. J Immunol. 2014 Mar 15;192(6):2564–75.  

164.  Yang J, Sundrud MS, Skepner J, Yamagata T. Targeting Th17 cells in autoimmune diseases. 
Trends Pharmacol Sci. 2014 Oct 1;35(10):493–500.  

165.  Huh JR, Leung MWL, Huang P, Ryan DA, Krout MR, Malapaka RRV, et al. Digoxin and its 
derivatives suppress TH17 cell differentiation by antagonizing RORγt activity. Nature. 
2011 Apr 28;472(7344):486–90.  

166.  Xu T, Wang X, Zhong B, Nurieva RI, Ding S, Dong C. Ursolic Acid Suppresses Interleukin-17 
(IL-17) Production by Selectively Antagonizing the Function of RORγt Protein. J Biol Chem. 
2011 Jul 1;286(26):22707–10.  

167.  Solt LA, Kumar N, Nuhant P, Wang Y, Lauer JL, Liu J, et al. Suppression of TH17 
Differentiation and Autoimmunity by a Synthetic ROR Ligand. Nature. 2011 Apr 
28;472(7344):491–4.  

168.  Dominguez-Villar M, Raddassi K, Danielsen AC, Guarnaccia J, Hafler DA. Fingolimod 
modulates T cell phenotype and regulatory T cell plasticity in vivo. 49. 2019 Jan 1;  

169.  Rommer PS, Milo R, Han MH, Satyanarayan S, Sellner J, Hauer L, et al. Immunological 
Aspects of Approved MS Therapeutics. Front Immunol. 2019;10.  

170.  Rafei M, Campeau PM, Aguilar-Mahecha A, Buchanan M, Williams P, Birman E, et al. 
Mesenchymal Stromal Cells Ameliorate Experimental Autoimmune Encephalomyelitis by 
Inhibiting CD4 Th17 T Cells in a CC Chemokine Ligand 2-Dependent Manner. J Immunol. 
2009 May 15;182(10):5994–6002.  

171.  Darlington PJ, Boivin MN, Renoux C, Francois M, Galipeau J, Freedman MS, et al. 
Reciprocal Th1 and Th17 regulation by mesenchymal stem cells: Implication for multiple 
sclerosis. Ann Neurol. 2010 Oct;68(4):540–5.  



 
185 

 

172.  Rozenberg A, Rezk A, Boivin MN, Darlington PJ, Nyirenda M, Li R, et al. Human 
Mesenchymal Stem Cells Impact Th17 and Th1 Responses Through a Prostaglandin E2 
and Myeloid-Dependent Mechanism. Stem Cells Transl Med. 2016;(Journal Article).  

173.  Darlington PJ, Touil T, Doucet JS, Gaucher D, Zeidan J, Gauchat D, et al. Diminished Th17 
(not Th1) responses underlie multiple sclerosis disease abrogation after hematopoietic 
stem cell transplantation. Ann Neurol. 2013;73(3):341–54.  

174.  Bourdette D. Rituximab for treating multiple sclerosis: Off-label but on target. Neurology. 
2016 15;87(20):2070–1.  

175.  Berntsson SG, Kristoffersson A, Boström I, Feresiadou A, Burman J, Landtblom AM. 
Rapidly increasing off-label use of rituximab in multiple sclerosis in Sweden - Outlier or 
predecessor? Acta Neurol Scand. 2018 Oct;138(4):327–31.  

176.  Hellgren J, Risedal A, Källén K. Rituximab in multiple sclerosis at general hospital level. 
Acta Neurol Scand. 2020 Jun;141(6):491–9.  

177.  Davies M, Wilton L, Shakir S. Safety profile of modafinil across a range of prescribing 
indications, including off-label use, in a primary care setting in England: results of a 
modified prescription-event monitoring study. Drug Saf. 2013 Apr;36(4):237–46.  

178.  Beiske GAG, Holmøy T, Beiske AG, Johannessen SI, Johannessen Landmark C. 
Antiepileptic and Antidepressive Polypharmacy in Patients with Multiple Sclerosis. Mult 
Scler Int. 2015;2015.  

179.  Khoury SJ, Healy BC, Kivisakk P, Viglietta V, Egorova S, Guttmann CR, et al. A randomized 
controlled double-masked trial of albuterol add-on therapy in patients with multiple 
sclerosis. Arch Neurol. 2010;67(9):1055–61.  

180.  Hartung DM, Bourdette DN, Ahmed SM, Whitham RH. The cost of multiple sclerosis drugs 
in the US and the pharmaceutical industry: Too big to fail? Neurology. 2015 May 
26;84(21):2185–92.  

181.  Nebivolol Price of 65 Brands / Trade Names | Medindia [Internet]. [cited 2020 Nov 30]. 
Available from: https://www.medindia.net/drug-price/nebivolol.htm 

182.  Elenkov IJ, Wilder RL, Chrousos GP, Vizi ES. The sympathetic nerve–an integrative 
interface between two supersystems: the brain and the immune system. Pharmacol Rev. 
2000 Dec;52(4):595–638.  

183.  Livnat S, Felten SY, Carlson SL, Bellinger DL, Felten DL. Involvement of peripheral and 
central catecholamine systems in neural-immune interactions. Spec Issue 
Neuroimmunomodulation. 1985;10(1):5–30.  



 
186 

 

184.  Felten DL, Ackerman KD, Wiegand SJ, Felten SY. Noradrenergic sympathetic innervation 
of the spleen: I. Nerve fibers associate with lymphocytes and macrophages in specific 
compartments of the splenic white pulp. J Neurosci Res. 1987;18(1):28–36, 118–21.  

185.  Felten SY, Olschowka J. Noradrenergic sympathetic innervation of the spleen: II. Tyrosine 
hydroxylase (TH)-positive nerve terminals form synapticlike contacts on lymphocytes in 
the splenic white pulp. J Neurosci Res. 1987;18(1):37–48.  

186.  Kraal G. Cells in the marginal zone of the spleen. Int Rev Cytol. 1992;132:31–74.  

187.  Straub RH, Wiest R, Strauch UG, Härle P, Schölmerich J. The role of the sympathetic 
nervous system in intestinal inflammation. Gut. 2006 Nov;55(11):1640–9.  

188.  Kohm AP, Tang Y, Sanders VM, Jones SB. Activation of Antigen-Specific CD4+ Th2 Cells 
and B Cells In Vivo Increases Norepinephrine Release in the Spleen and Bone Marrow. J 
Immunol. 2000 Jul 15;165(2):725–33.  

189.  Kolb P, Rosenbaum DM, Irwin JJ, Fung JJ, Kobilka BK, Shoichet BK. Structure-based 
discovery of beta2-adrenergic receptor ligands. Proc Natl Acad Sci U S A. 2009 Apr 
21;106(16):6843–8.  

190.  Weis WI, Kobilka BK. The Molecular Basis of G Protein–Coupled Receptor Activation. 
Annu Rev Biochem. 2018 Jun 20;87:897–919.  

191.  Johnson M. Molecular mechanisms of beta(2)-adrenergic receptor function, response, 
and regulation. J Allergy Clin Immunol. 2006;117(1):18–24; quiz 25.  

192.  Fan X, Wang Y. β2 Adrenergic receptor on T lymphocytes and its clinical implications. 
Prog Nat Sci. 2009;19(1):17–23.  

193.  Katritch V, Reynolds KA, Cherezov V, Hanson MA, Roth CB, Yeager M, et al. Analysis of full 
and partial agonists binding to beta2-adrenergic receptor suggests a role of 
transmembrane helix V in agonist-specific conformational changes. J Mol Recognit JMR. 
2009 Aug;22(4):307–18.  

194.  Shen A, Chen D, Kaur M, Bartels P, Xu B, Shi Q, et al. β-blockers augment L-type Ca2+ 
channel activity by targeting spatially restricted β2AR signaling in neurons. Nelson MT, 
Boudker O, Xiao R, editors. eLife. 2019 Oct 14;8:e49464.  

195.  Francis SH, Busch JL, Corbin JD. cGMP-Dependent Protein Kinases and cGMP 
Phosphodiesterases in Nitric Oxide and cGMP Action. Pharmacol Rev. 2010 Sep 
1;62(3):525–63.  

196.  Ozakca I. Antihypertrophic Effects of Nebivolol on Neonatal Cardiomyocyte Hypertrophy 
Models. J Cardiovasc Pharmacol. 2019 Mar;73(3):155–64.  



 
187 

 

197.  Horinouchi T, Mazaki Y, Terada K, Miwa S. Extracellular Ca2+ promotes nitric oxide 
production via Ca2+-sensing receptor-Gq/11 protein-endothelial nitric oxide synthase 
signaling in human vascular endothelial cells. J Pharmacol Sci. 2020 Aug 1;143(4):315–9.  

198.  Chen C, Du J, Feng W, Song Y, Lu Z, Xu M, et al. β-Adrenergic receptors stimulate 
interleukin-6 production through Epac-dependent activation of PKCδ/p38 MAPK 
signalling in neonatal mouse cardiac fibroblasts. Br J Pharmacol. 2012 May;166(2):676–
88.  

199.  Nobles KN, Xiao K, Ahn S, Shukla AK, Lam CM, Rajagopal S, et al. Distinct Phosphorylation 
Sites on the β(2)-Adrenergic Receptor Establish a Barcode That Encodes Differential 
Functions of β-Arrestin. Sci Signal. 2011;4(185):ra51–ra51.  

200.  Baillie GS, Houslay MD. Arrestin times for compartmentalised cAMP signalling and 
phosphodiesterase-4 enzymes. Curr Opin Cell Biol. 2005;17(2):129–34.  

201.  Violin JD, Lefkowitz RJ. Beta-arrestin-biased ligands at seven-transmembrane receptors. 
Trends Pharmacol Sci. 2007;28(8):416–22.  

202.  Perry SJ, Baillie GS, Kohout TA, McPhee I, Magiera MM, Ang KL, et al. Targeting of cyclic 
AMP degradation to beta 2-adrenergic receptors by beta-arrestins. Science. 2002 Oct 
25;298(5594):834–6.  

203.  Ahn S, Nelson CD, Garrison TR, Miller WE, Lefkowitz RJ. Desensitization, internalization, 
and signaling functions of β-arrestins demonstrated by RNA interference. Proc Natl Acad 
Sci. 2003 Feb 18;100(4):1740–4.  

204.  O’Hayre M, Eichel K, Avino S, Zhao X, Steffen DJ, Feng X, et al. Genetic evidence that β-
arrestins are dispensable for the initiation of β2-adrenergic receptor signaling to ERK. Sci 
Signal. 2017 Jun 20;10(484).  

205.  Peaston RT, Weinkove C. Measurement of catecholamines and their metabolites. Ann 
Clin Biochem. 2004 Jan;41(Pt 1):17–38.  

206.  Gavriilidou AFM, Hunziker H, Mayer D, Vuckovic Z, Veprintsev DB, Zenobi R. Insights into 
the Basal Activity and Activation Mechanism of the β1 Adrenergic Receptor Using Native 
Mass Spectrometry. J Am Soc Mass Spectrom. 2019 Mar;30(3):529–37.  

207.  Irsfeld M, Spadafore M, M BP. β-Phenylethylamine, a Small Molecule with a Large 
Impact. WebmedCentral. 2013 30;4(9):4409.  

208.  Orlovius AK, Guddat S, Parr MK, Kohler M, Gütschow M, Thevis M, et al. Terbutaline 
sulfoconjugate: characterization and urinary excretion monitored by LC/ESI-MS/MS. Drug 
Test Anal. 2009;1(11–12):568–75.  



 
188 

 

209.  Olawi N, Kruger M, Grimm D, Infanger M, Wehland M. Nebivolol in the treatment of 
arterial hypertension. Basic Clin Pharmacol Toxicol. 2019;125(3):189–201.  

210.  Maack C, Tyroller S, Schnabel P, Cremers B, Dabew E, Südkamp M, et al. Characterization 
of beta(1)-selectivity, adrenoceptor-G(s)-protein interaction and inverse agonism of 
nebivolol in human myocardium. Br J Pharmacol. 2001;132(8):1817–26.  

211.  Ortega VE. Pharmacogenetics of beta2 adrenergic receptor agonists in asthma 
management. Clin Genet. 2014 Jul;86(1):12–20.  

212.  Shi L, Liapakis G, Xu R, Guarnieri F, Ballesteros JA, Javitch JA. Beta2 adrenergic receptor 
activation. Modulation of the proline kink in transmembrane 6 by a rotamer toggle 
switch. J Biol Chem. 2002 Oct 25;277(43):40989–96.  

213.  Rasmussen SGF, Choi H-J, Fung JJ, Pardon E, Casarosa P, Chae PS, et al. Structure of a 
nanobody-stabilized active state of the β2 adrenoceptor. Nature. 2011 Jan 
13;469(7329):175–80.  

214.  Yao XJ, Vélez Ruiz G, Whorton MR, Rasmussen SGF, DeVree BT, Deupi X, et al. The effect 
of ligand efficacy on the formation and stability of a GPCR-G protein complex. Proc Natl 
Acad Sci U S A. 2009 Jun 9;106(23):9501–6.  

215.  Wisler JW, DeWire SM, Whalen EJ, Violin JD, Drake MT, Ahn S, et al. A unique mechanism 
of beta-blocker action: carvedilol stimulates beta-arrestin signaling. Proc Natl Acad Sci U 
S A. 2007 Oct 16;104(42):16657–62.  

216.  Small KM, Brown KM, Forbes SL, Liggett SB. Modification of the β2-Adrenergic Receptor 
to Engineer a Receptor-Effector Complex for Gene Therapy. J Biol Chem. 2001 Aug 
24;276(34):31596–601.  

217.  Liapakis G, Ballesteros JA, Papachristou S, Chan WC, Chen X, Javitch JA. The forgotten 
serine. A critical role for Ser-2035.42 in ligand binding to and activation of the beta 2-
adrenergic receptor. J Biol Chem. 2000 Dec 1;275(48):37779–88.  

218.  Petzold T, Feindt P, Menger MD, Gams E. Beta-adrenoceptor inhibition for induction of 
acute cardiac failure in pigs. Lab Anim. 1999 Oct;33(4):366–71.  

219.  Ignarro LJ. Different Pharmacological Properties of Two Enantiomers in a Unique β-
Blocker, Nebivolol. Cardiovasc Ther. 2008;26(2):115–34.  

220.  Broeders MA, Doevendans PA, Bekkers BC, Bronsaer R, van Gorsel E, Heemskerk JW, et 
al. Nebivolol: a third-generation beta-blocker that augments vascular nitric oxide release: 
endothelial beta(2)-adrenergic receptor-mediated nitric oxide production. Circulation. 
2000 Aug 8;102(6):677–84.  



 
189 

 

221.  Shastry BS. SNPs in disease gene mapping, medicinal drug development and evolution. J 
Hum Genet. 2007 Nov;52(11):871–80.  

222.  Oostendorp J, Postma DS, Volders H, Jongepier H, Kauffman HF, Boezen HM, et al. 
Differential desensitization of homozygous haplotypes of the beta2-adrenergic receptor 
in lymphocytes. Am J Respir Crit Care Med. 2005;172(3):322–8.  

223.  Drysdale CM, McGraw DW, Stack CB, Stephens JC, Judson RS, Nandabalan K, et al. 
Complex promoter and coding region beta 2-adrenergic receptor haplotypes alter 
receptor expression and predict in vivo responsiveness. Proc Natl Acad Sci U S A. 
2000;97(19):10483–8.  

224.  Johnatty SE, Abdellatif M, Shimmin L, Clark RB, Boerwinkle E. β2 adrenergic receptor 5′ 
haplotypes influence promoter activity. Br J Pharmacol. 2002 Dec;137(8):1213–6.  

225.  McGraw DW, Forbes SL, Kramer LA, Liggett SB. Polymorphisms of the 5’ leader cistron of 
the human beta2-adrenergic receptor regulate receptor expression. J Clin Invest. 
1998;102(11):1927–32.  

226.  Green SA, Cole G, Jacinto M, Innis M, Liggett SB. A polymorphism of the human beta 2-
adrenergic receptor within the fourth transmembrane domain alters ligand binding and 
functional properties of the receptor. J Biol Chem. 1993 Nov 5;268(31):23116–21.  

227.  Brodde Otto-Erich, Büscher Rainer, Tellkamp Ralph, Radke Joachim, Dhein Stefan, Insel 
Paul A. Blunted Cardiac Responses to Receptor Activation in Subjects With Thr164Ile β2-
Adrenoceptors. Circulation. 2001 Feb 27;103(8):1048–50.  

228.  Liggett SB. Polymorphisms of the beta2-adrenergic receptor and asthma. Am J Respir Crit 
Care Med. 1997 Oct;156(4 Pt 2):S156-62.  

229.  Lipworth BJ, Hall IP, Aziz I, Tan KS, Wheatley A. Beta2-adrenoceptor polymorphism and 
bronchoprotective sensitivity with regular short- and long-acting beta2-agonist therapy. 
Clin Sci Lond Engl 1979. 1999;96(3):253–9.  

230.  Israel E, Drazen JM, Liggett SB, Boushey HA, Cherniack RM, Chinchilli VM, et al. The effect 
of polymorphisms of the beta(2)-adrenergic receptor on the response to regular use of 
albuterol in asthma. Am J Respir Crit Care Med. 2000;162(1):75–80.  

231.  Israel E, Chinchilli VM, Ford JG, Boushey HA, Cherniack R, Craig TJ, et al. Use of regularly 
scheduled albuterol treatment in asthma: genotype-stratified, randomised, placebo-
controlled cross-over trial. Lancet Lond Engl. 2004;364(9444):1505–12.  

232.  Taylor DR, Drazen JM, Herbison GP, Yandava CN, Hancox RJ, Town GI. Asthma 
exacerbations during long term beta agonist use: influence of beta(2) adrenoceptor 
polymorphism. Thorax. 2000;55(9):762–7.  



 
190 

 

233.  Wechsler ME, Kunselman SJ, Chinchilli VM, Bleecker E, Boushey HA, Calhoun WJ, et al. 
Effect of beta2-adrenergic receptor polymorphism on response to longacting beta2 
agonist in asthma (LARGE trial): a genotype-stratified, randomised, placebo-controlled, 
crossover trial. Lancet Lond Engl. 2009 Nov 21;374(9703):1754–64.  

234.  Palmer CNA, Lipworth BJ, Lee S, Ismail T, Macgregor DF, Mukhopadhyay S. Arginine-16 2 
adrenoceptor genotype predisposes to exacerbations in young asthmatics taking regular 
salmeterol. Thorax. 2006 Nov 1;61(11):940–4.  

235.  Ahles A, Rochais F, Frambach T, Bünemann M, Engelhardt S. A polymorphism-specific 
“memory” mechanism in the β(2)-adrenergic receptor. Sci Signal. 2011 Aug 
9;4(185):ra53.  

236.  Shahane G, Parsania C, Sengupta D, Joshi M. Molecular Insights into the Dynamics of 
Pharmacogenetically Important N-Terminal Variants of the Human β2-Adrenergic 
Receptor. PLOS Comput Biol. 2014 Dec 11;10(12):e1004006.  

237.  Akparova A, Aripova A, Abishev M, Kazhiyakhmetova B, Pirmanova A, Bersimbaev R. An 
investigation of the association between ADRB2 gene polymorphisms and asthma in 
Kazakh population. Clin Respir J. 2020;14(6):514–20.  

238.  Wechsler ME, Castro M, Lehman E, Chinchilli VM, Sutherland ER, Denlinger L, et al. 
Impact of Race on Asthma Treatment Failures in the Asthma Clinical Research Network. 
Am J Respir Crit Care Med. 2011 Dec 1;184(11):1247–53.  

239.  Nelson HS, Weiss ST, Bleecker ER, Yancey SW, Dorinsky PM, SMART Study Group. The 
Salmeterol Multicenter Asthma Research Trial: a comparison of usual pharmacotherapy 
for asthma or usual pharmacotherapy plus salmeterol. Chest. 2006 Jan;129(1):15–26.  

240.  Tsai H-J, Shaikh N, Kho JY, Battle N, Naqvi M, Navarro D, et al. Beta 2-adrenergic receptor 
polymorphisms: pharmacogenetic response to bronchodilator among African American 
asthmatics. Hum Genet. 2006 Jun;119(5):547–57.  

241.  Silvestri M, Oddera S, Scarso L, Pistoia V, Tasso P, Rossi GA. Inhibitory activity of fenoterol 
on Dermatophagoides-, Parietaria-, tetanus-toxoid-, and Candida albicans-stimulated 
blood mononuclear cells: differences in beta2-adrenoreceptor stimulation but not in cell 
apoptosis. J Asthma Off J Assoc Care Asthma. 2000;37(3):281–90.  

242.  Bartik MM, Brooks WH, Roszman TL. Modulation of T cell proliferation by stimulation of 
the beta-adrenergic receptor: lack of correlation between inhibition of T cell proliferation 
and cAMP accumulation. Cell Immunol. 1993;148(2):408–21.  



 
191 

 

243.  Ramer-Quinn DS, Swanson MA, Lee WT, Sanders VM. Cytokine production by naive and 
primary effector CD4+ T cells exposed to norepinephrine. Brain Behav Immun. 
2000;14(4):239–55.  

244.  Holen E, Elsayed S. Effects of beta2 adrenoceptor agonists on T-cell subpopulations. 
APMIS Acta Pathol Microbiol Immunol Scand. 1998;106(9):849–57.  

245.  Edgar VA, Silberman DM, Cremaschi GA, Zieher LM, Genaro AM. Altered lymphocyte 
catecholamine reactivity in mice subjected to chronic mild stress. Biochem Pharmacol. 
2003 Jan 1;65(1):15–23.  

246.  Wahle M, Neumann RP, Moritz F, Krause A, Buttgereit F, Baerwald CG. Beta2-adrenergic 
receptors mediate the differential effects of catecholamines on cytokine production of 
PBMC. J Interferon Cytokine Res Off J Int Soc Interferon Cytokine Res. 2005 
Jul;25(7):384–94.  

247.  Khan MM, Sansoni P, Silverman ED, Engleman EG, Melmon KL. Beta-adrenergic receptors 
on human suppressor, helper, and cytolytic lymphocytes. Biochem Pharmacol. 1986 Apr 
1;35(7):1137–42.  

248.  Zalli A, Bosch JA, Goodyear O, Riddell N, McGettrick HM, Moss P, et al. Targeting ß2 
adrenergic receptors regulate human T cell function directly and indirectly. Brain Behav 
Immun. 2015 Mar 1;45:211–8.  

249.  Sanders VM, Baker RA, Ramer-Quinn DS, Kasprowicz DJ, Fuchs BA, Street NE. 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. 1997;158(9):4200–10.  

250.  McAlees JW, Smith LT, Erbe RS, Jarjoura D, Ponzio NM, Sanders VM. Epigenetic regulation 
of beta2-adrenergic receptor expression in T(H)1 and T(H)2 cells. Brain Behav Immun. 
2011 Mar;25(3):408–15.  

251.  Agarwal SK, Marshall GD. Beta-adrenergic modulation of human type-1/type-2 cytokine 
balance. J Allergy Clin Immunol. 2000 Jan;105(1 Pt 1):91–8.  

252.  Huang HW, Tang JL, Han XH, Peng YP, Qiu YH. Lymphocyte-derived catecholamines 
induce a shift of Th1/Th2 balance toward Th2 polarization. Neuroimmunomodulation. 
2013;20(1):1–8.  

253.  Salicrú AN, Sams CF, Marshall GD. Cooperative effects of corticosteroids and 
catecholamines upon immune deviation of the type-1/type-2 cytokine balance in favor of 
type-2 expression in human peripheral blood mononuclear cells. Brain Behav Immun. 
2007 Oct 1;21(7):913–20.  



 
192 

 

254.  Kim BJ, Jones HP. Epinephrine-primed murine bone marrow-derived dendritic cells 
facilitate production of IL-17A and IL-4 but not IFN-gamma by CD4+ T cells. Brain Behav 
Immun. 2010 Oct;24(7):1126–36.  

255.  Manni M, Granstein RD, Maestroni G. beta2-Adrenergic agonists bias TLR-2 and NOD2 
activated dendritic cells towards inducing an IL-17 immune response. Cytokine. 2011 
Sep;55(3):380–6.  

256.  Case AJ, Roessner CT, Tian J, Zimmerman MC. Mitochondrial Superoxide Signaling 
Contributes to Norepinephrine-Mediated T-Lymphocyte Cytokine Profiles. PloS One. 
2016 Oct 11;11(10):e0164609.  

257.  Liu Y, Rui XX, Shi H, Qiu YH, Peng YP. Norepinephrine Inhibits Th17 Cells via beta2-
Adrenergic Receptor (beta2-AR) Signaling in a Mouse Model of Rheumatoid Arthritis. 
Med Sci Monit Int Med J Exp Clin Res. 2018;24:1196–204.  

258.  Wang JH, Meijers R, Xiong Y, Liu JH, Sakihama T, Zhang R, et al. Crystal structure of the 
human CD4 N-terminal two-domain fragment complexed to a class II MHC molecule. Proc 
Natl Acad Sci U S A. 2001 Sep 11;98(19):10799–804.  

259.  Dong C. TH17 cells in development: an updated view of their molecular identity and 
genetic programming. Nat Rev. 2008;8(5):337–48.  

260.  Afkarian M, Sedy JR, Yang J, Jacobson NG, Cereb N, Yang SY, et al. T-bet is a STAT1-
induced regulator of IL-12R expression in naive CD4+ T cells. Nat Immunol. 
2002;3(6):549–57.  

261.  Romagnani S, Maggi E, Liotta F, Cosmi L, Annunziato F. Properties and origin of human 
Th17 cells. Mol Immunol. 2009 Nov;47(1):3–7.  

262.  Becattini S, Latorre D, Mele F, Foglierini M, Gregorio CD, Cassotta A, et al. T cell 
immunity. Functional heterogeneity of human memory CD4(+) T cell clones primed by 
pathogens or vaccines. Science. 2015 Jan 23;347(6220):400–6.  

263.  Zielinski CE, Mele F, Aschenbrenner D, Jarrossay D, Ronchi F, Gattorno M, et al. 
Pathogen-induced human TH17 cells produce IFN-gamma or IL-10 and are regulated by 
IL-1beta. Nature. 2012 Apr 26;484(7395):514–8.  

264.  Sanders VM. The beta2-adrenergic receptor on T and B lymphocytes: Do we understand 
it yet? Brain Behav Immun. 2012;26(2):195–200.  

265.  Swanson MA, Lee WT, Sanders VM. IFN-gamma production by Th1 cells generated from 
naive CD4+ T cells exposed to norepinephrine. J Immunol Baltim Md 1950. 
2001;166(1):232–40.  



 
193 

 

266.  Borger P, Hoekstra Y, Esselink MT, Postma DS, Zaagsma J, Vellenga E, et al. Beta-
adrenoceptor-mediated inhibition of IFN-gamma, IL-3, and GM-CSF mRNA accumulation 
in activated human T lymphocytes is solely mediated by the beta2-adrenoceptor subtype. 
Am J Respir Cell Mol Biol. 1998 Sep;19(3):400–7.  

267.  Torres KC, Antonelli LR, Souza AL, Teixeira MM, Dutra WO, Gollob KJ. Norepinephrine, 
dopamine and dexamethasone modulate discrete leukocyte subpopulations and cytokine 
profiles from human PBMC. J Neuroimmunol. 2005;166(1–2):144–57.  

268.  Ramer-Quinn DS, Baker RA, Sanders VM. 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. 
1997;159(10):4857–67.  

269.  Kalinichenko VV, Mokyr MB, Graf LH Jr, Cohen RL, Chambers DA. Norepinephrine-
mediated inhibition of antitumor cytotoxic T lymphocyte generation involves a beta-
adrenergic receptor mechanism and decreased TNF-alpha gene expression. J Immunol 
Baltim Md 1950. 1999;163(5):2492–9.  

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

271.  Guereschi MG, Araujo LP, Maricato JT, Takenaka MC, Nascimento VM, Vivanco BC, et al. 
Beta2-adrenergic receptor signaling in CD4+ Foxp3+ regulatory T cells enhances their 
suppressive function in a PKA-dependent manner. Eur J Immunol. 2013 Apr;43(4):1001–
12.  

272.  Kin NW, Sanders VM. It takes nerve to tell T and B cells what to do. J Leukoc Biol. 
2006;79(6):1093–104.  

273.  Touil T, Fitzgerald D, Zhang GX, Rostami AM, Gran B. Pathophysiology of interleukin-23 in 
experimental autoimmune encephalomyelitis. Drug News Perspect. 2006;19(2):77–83.  

274.  Tabatabaei Shafiei M, Carvajal Gonczi C M, Rahman MS, East A, François J, Darlington PJ. 
Detecting Glycogen in Peripheral Blood Mononuclear Cells with Periodic Acid Schiff 
Staining. J Vis Exp JoVE. 2014;(94):52199.  

275.  Quah BJ, Parish CR. The use of carboxyfluorescein diacetate succinimidyl ester (CFSE) to 
monitor lymphocyte proliferation. J Vis Exp JoVE. 2010 Oct 12;(44). pii: 2259. 
doi(44):10.3791/2259.  



 
194 

 

276.  Maestroni GJ. Short exposure of maturing, bone marrow-derived dendritic cells to 
norepinephrine: impact on kinetics of cytokine production and Th development. J 
Neuroimmunol. 2002;129(1–2):106–14.  

277.  Ortega VE, Hawkins GA, Moore WC, Hastie AT, Ampleford EJ, Busse WW, et al. Effect of 
RareGenetic Variants in the β2 Adrenergic Receptor Geneon the Risk for Exacerbations 
and Symptom Control During Long-Acting Beta Agonist Treatment in a Multi-Ethnic 
Asthma Population. Lancet Respir Med. 2014;2(3):204–13.  

278.  Nordlind K, Sundstrom E. Different modulating effects of the monoamines adrenaline, 
noradrenaline, and serotonin on the DNA synthesis response of human peripheral blood 
T lymphocytes activated by mercuric chloride and nickel sulfate. Int Arch Allergy Appl 
Immunol. 1988;87(3):317–20.  

279.  Carlson SL, Brooks WH, Roszman TL. Neurotransmitter-lymphocyte interactions: dual 
receptor modulation of lymphocyte proliferation and cAMP production. J Neuroimmunol. 
1989;24(1–2):155–62.  

280.  Felsner P, Hofer D, Rinner I, Mangge H, Gruber M, Korsatko W, et al. Continuous in vivo 
treatment with catecholamines suppresses in vitro reactivity of rat peripheral blood T-
lymphocytes via alpha-mediated mechanisms. J Neuroimmunol. 1992;37(1–2):47–57.  

281.  Elliott L, Brooks W, Roszman T. Inhibition of anti-CD3 monoclonal antibody-induced T-cell 
proliferation by dexamethasone, isoproterenol, or prostaglandin E2 either alone or in 
combination. Cell Mol Neurobiol. 1992;12(5):411–27.  

282.  Heilig M, Irwin M, Grewal I, Sercarz E. Sympathetic regulation of T-helper cell function. 
Brain Behav Immun. 1993;7(2):154–63.  

283.  Borger P, Kauffman HF, Vijgen JL, Postma DS, Vellenga E. Activation of the cAMP-
dependent signaling pathway downregulates the expression of interleukin-3 and 
granulocyte-macrophage colony-stimulating factor in activated human T lymphocytes. 
Exp Hematol. 1996;24(2):108–15.  

284.  Bartik MM, Bauman GP, Brooks WH, Roszman TL. Costimulatory signals modulate the 
antiproliferative effects of agents that elevate cAMP in T cells. Cell Immunol. 
1994;158(1):116–30.  

285.  Bjorgo E, Tasken K. Role of cAMP phosphodiesterase 4 in regulation of T-cell function. 
Crit Rev Immunol. 2006;26(5):443–51.  

286.  Saeki K, Fukuyama S, Ayada T, Nakaya M, Aki D, Takaesu G, et al. A major lipid raft 
protein raftlin modulates T cell receptor signaling and enhances th17-mediated 
autoimmune responses. J Immunol Baltim Md 1950. 2009 May 15;182(10):5929–37.  



 
195 

 

287.  Li X, Murray F, Koide N, Goldstone J, Dann SM, Chen J, et al. Divergent requirement for 
Galphas and cAMP in the differentiation and inflammatory profile of distinct mouse Th 
subsets. J Clin Invest. 2012 Mar;122(3):963–73.  

288.  Kebir H, Ifergan I, Alvarez JI, Bernard M, Poirier J, Arbour N, et al. Preferential 
recruitment of interferon-gamma-expressing TH17 cells in multiple sclerosis. Ann Neurol. 
2009;66(3):390–402.  

289.  Bystrom J, Taher TE, Muhyaddin MS, Clanchy FI, Mangat P, Jawad AS, et al. Harnessing 
the Therapeutic Potential of Th17 Cells. Mediators Inflamm. 2015;2015(Journal 
Article):205156.  

290.  Huang HW, Fang XX, Wang XQ, Peng YP, Qiu YH. Regulation of differentiation and 
function of helper T cells by lymphocyte-derived catecholamines via alpha(1)- and 
beta(2)-adrenoceptors. Neuroimmunomodulation. 2015;22(3):138–51.  

291.  Laukova M, Vargovic P, Vlcek M, Lejavova K, Hudecova S, Krizanova O, et al. 
Catecholamine production is differently regulated in splenic T- and B-cells following 
stress exposure. Immunobiology. 2013 May;218(5):780–9.  

292.  Cosentino M, Bombelli R, Ferrari M, Marino F, Rasini E, Maestroni GJ, et al. HPLC-ED 
measurement of endogenous catecholamines in human immune cells and hematopoietic 
cell lines. Life Sci. 2000;68(3):283–95.  

293.  Liu Y, Huang Y, Wang XQ, Peng YP, Qiu YH. Effect of tyrosine hydroxylase gene silencing in 
CD4+ T lymphocytes on differentiation and function of helper T cells. Neuro Endocrinol 
Lett. 2012;33(6):643–50.  

294.  Cosentino M, Fietta AM, Ferrari M, Rasini E, Bombelli R, Carcano E, et al. Human 
CD4+CD25+ regulatory T cells selectively express tyrosine hydroxylase and contain 
endogenous catecholamines subserving an autocrine/paracrine inhibitory functional 
loop. Blood. 2007;109(2):632–42.  

295.  Musso NR, Brenci S, Setti M, Indiveri F, Lotti G. Catecholamine content and in vitro 
catecholamine synthesis in peripheral human lymphocytes. J Clin Endocrinol Metab. 1996 
Oct;81(10):3553–7.  

296.  Liu Z, Han B, Li P, Wang Z, Fan Q. Activation of alpha7nAChR by nicotine reduced the 
Th17 response in CD4(+)T lymphocytes. Immunol Invest. 2014;43(7):667–74.  

297.  Lorton D, Bellinger DL. Molecular mechanisms underlying beta-adrenergic receptor-
mediated cross-talk between sympathetic neurons and immune cells. Int J Mol Sci. 2015 
Mar 11;16(3):5635–65.  



 
196 

 

298.  Xiang L, Rehm KE, Sunesara I, Griswold M, Jr GDM. Gene polymorphisms of stress 
hormone and cytokine receptors associate with immunomodulatory profile and 
psychological measurement. J Psychosom Res. 2015 May;78(5):438–44.  

299.  Shao T-Y, Ang WXG, Jiang TT, Huang FS, Andersen H, Kinder JM, et al. Commensal 
Candida albicans Positively Calibrates Systemic Th17 Immunological Responses. Cell Host 
Microbe. 2019 Mar 13;25(3):404-417.e6.  

300.  Noack M, Miossec P. Th17 and regulatory T cell balance in autoimmune and 
inflammatory diseases. Autoimmun Rev. 2014;13(6):668–77.  

301.  Prajeeth CK, Kronisch J, Khorooshi R, Knier B, Toft-Hansen H, Gudi V, et al. Effectors of 
Th1 and Th17 cells act on astrocytes and augment their neuroinflammatory properties. J 
Neuroinflammation. 2017 Oct 16;14.  

302.  Yasuda K, Takeuchi Y, Hirota K. The pathogenicity of Th17 cells in autoimmune diseases. 
Semin Immunopathol. 2019 May 1;41(3):283–97.  

303.  Carvajal Gonczi CM, Tabatabaei Shafiei M, East A, Martire E, Maurice-Ventouris MHI, 
Darlington PJ. Reciprocal modulation of helper Th1 and Th17 cells by the β2-adrenergic 
receptor agonist drug terbutaline. FEBS J. 2017 Sep;284(18):3018–28.  

304.  Kahsai A W, Xiao Kunhong, Rajagopal Sudarshan, Ahn Seungkirl, Shukla A K, Sun Jinpeng, 
et al. Multiple ligand-specific conformations of the β2-adrenergic receptor. 2011;7(10).  

305.  Shaywitz AJ, Greenberg ME. CREB: a stimulus-induced transcription factor activated by a 
diverse array of extracellular signals. Annu Rev Biochem. 1999;68(Journal Article):821–
61.  

306.  Hsueh YP, Liang HE, Ng SY, Lai MZ. CD28-costimulation activates cyclic AMP-responsive 
element-binding protein in T lymphocytes. J Immunol Baltim Md 1950. 1997;158(1):85–
93.  

307.  Grady GC, Mason SM, Stephen J, Zuniga-Pflucker JC, Michie AM. Cyclic adenosine 5’-
monophosphate response element binding protein plays a central role in mediating 
proliferation and differentiation downstream of the pre-TCR complex in developing 
thymocytes. J Immunol Baltim Md 1950. 2004;173(3):1802–10.  

308.  Pasquinelli V, Townsend JC, Jurado JO, Alvarez IB, Quiroga MF, Barnes PF, et al. IFN-γ 
Production during Active Tuberculosis Is Regulated by Mechanisms That Involve IL-17, 
SLAM, and CREB. J Infect Dis. 2009;199(5):661–5.  

309.  Tsai HC, Velichko S, Lee S, Wu R. Cholera toxin enhances interleukin-17A production in 
both CD4(+) and CD8(+) cells via a cAMP/protein kinase A-mediated interleukin-17A 
promoter activation. Immunology. 2018;(Journal Article).  



 
197 

 

310.  Mayr B, Montminy M. Transcriptional regulation by the phosphorylation-dependent 
factor CREB. Nat Rev Cell Biol. 2001 Aug;2(8):599–609.  

311.  Gonzalez GA, Montminy MR. Cyclic AMP stimulates somatostatin gene transcription by 
phosphorylation of CREB at serine 133. Cell. 1989;59(4):675–80.  

312.  Dostmann WR. (RP)-cAMPS inhibits the cAMP-dependent protein kinase by blocking the 
cAMP-induced conformational transition. FEBS Lett. 1995;375(3):231–4.  

313.  Lynch MJ, Baillie GS, Mohamed A, Li X, Maisonneuve C, Klussmann E, et al. RNA silencing 
identifies PDE4D5 as the functionally relevant cAMP phosphodiesterase interacting with 
beta arrestin to control the protein kinase A/AKAP79-mediated switching of the beta2-
adrenergic receptor to activation of ERK in HEK293B2 cells. J Biol Chem. 
2005;280(39):33178–89.  

314.  Baroja ML, Cieslinski LB, Torphy TJ, Wange RL, Madrenas J. Specific CD3 epsilon 
association of a phosphodiesterase 4B isoform determines its selective tyrosine 
phosphorylation after CD3 ligation. J Immunol Baltim Md 1950. 1999;162(4):2016–23.  

315.  Reiter E, Ahn S, Shukla AK, Lefkowitz RJ. Molecular mechanism of beta-arrestin-biased 
agonism at seven-transmembrane receptors. Annu Rev Pharmacol Toxicol. 2012;52:179–
97.  

316.  Sanders VM, Straub RH. Norepinephrine, the beta-adrenergic receptor, and immunity. 
Brain Behav Immun. 2002;16(4):290–332.  

317.  Chung Y, Pasquinelli V, Jurado JO, Wang X, Yi N, Barnes PF, et al. Elevated Cyclic AMP 
Inhibits Mycobacterium tuberculosis-Stimulated T-cell IFN-γ Secretion Through Type I 
Protein Kinase A. J Infect Dis. 2018 May 5;217(11):1821–31.  

318.  Zhang F, Wang DZ, Boothby M, Penix L, Flavell RA, Aune TM. Regulation of the activity of 
IFN-gamma promoter elements during Th cell differentiation. J Immunol Baltim Md 1950. 
1998 Dec 1;161(11):6105–12.  

319.  Boniface K, Bak-Jensen KS, Li Y, Blumenschein WM, McGeachy MJ, McClanahan TK, et al. 
Prostaglandin E2 regulates Th17 cell differentiation and function through cyclic AMP and 
EP2/EP4 receptor signaling. J Exp Med. 2009 Mar 16;206(3):535–48.  

320.  Yao C, Sakata D, Esaki Y, Li Y, Matsuoka T, Kuroiwa K, et al. Prostaglandin E2-EP4 signaling 
promotes immune inflammation through Th1 cell differentiation and Th17 cell 
expansion. Nat Med. 2009 Jun;15(6):633–40.  

321.  Gonzalez-Garcia C, Bravo B, Ballester A, Gomez-Perez R, Eguiluz C, Redondo M, et al. 
Comparative assessment of PDE 4 and 7 inhibitors as therapeutic agents in experimental 
autoimmune encephalomyelitis. Br J Pharmacol. 2013;170(3):602–13.  



 
198 

 

322.  Jimenez JL, Punzón C, Navarro J, Muñoz-Fernández MA, Fresno M. Phosphodiesterase 4 
Inhibitors Prevent Cytokine Secretion by T Lymphocytes by Inhibiting Nuclear Factor-κB 
and Nuclear Factor of Activated T Cells Activation. J Pharmacol Exp Ther. 2001 Nov 
1;299(2):753–9.  

323.  Beltejar MG, Lau HT, Golkowski MG, Ong SE, Beavo JA. Analyses of PDE-regulated 
phosphoproteomes reveal unique and specific cAMP-signaling modules in T cells. Proc 
Natl Acad Sci U S A. 2017 Jul 25;114(30):E6240–9.  

324.  Lochner A, Moolman JA. The many faces of H89: a review. Cardiovasc Drug Rev. 
2006;24(3–4):261–74.  

325.  Stockinger B, Omenetti S. The dichotomous nature of T helper 17 cells. Nat Rev Immunol. 
2017 Sep;17(9):535–44.  

326.  Lu Y-J, Gross J, Bogaert D, Finn A, Bagrade L, Zhang Q, et al. Interleukin-17A Mediates 
Acquired Immunity to Pneumococcal Colonization. PLOS Pathog. 2008 Sep 
19;4(9):e1000159.  

327.  Jovanovic DV, Battista JAD, Martel-Pelletier J, Jolicoeur FC, He Y, Zhang M, et al. IL-17 
Stimulates the Production and Expression of Proinflammatory Cytokines, IL-β and TNF-α, 
by Human Macrophages. J Immunol. 1998 Apr 1;160(7):3513–21.  

328.  Tzartos JS, Friese MA, Craner MJ, Palace J, Newcombe J, Esiri MM, et al. Interleukin-17 
Production in Central Nervous System-Infiltrating T Cells and Glial Cells Is Associated with 
Active Disease in Multiple Sclerosis. Am J Pathol. 2008 Jan;172(1):146–55.  

329.  Brucklacher-Waldert V, Stuerner K, Kolster M, Wolthausen J, Tolosa E. Phenotypical and 
functional characterization of T helper 17 cells in multiple sclerosis. Brain J Neurol. 2009 
Dec;132(Pt 12):3329–41.  

330.  Durelli L, Conti L, Clerico M, Boselli D, Contessa G, Ripellino P, et al. T-helper 17 cells 
expand in multiple sclerosis and are inhibited by interferon-beta. Ann Neurol. 2009 
May;65(5):499–509.  

331.  Kotake S, Udagawa N, Takahashi N, Matsuzaki K, Itoh K, Ishiyama S, et al. IL-17 in synovial 
fluids from patients with rheumatoid arthritis is a potent stimulator of 
osteoclastogenesis. J Clin Invest. 1999 May 1;103(9):1345–52.  

332.  Kobilka BK, Dixon RA, Frielle T, Dohlman HG, Bolanowski MA, Sigal IS, et al. cDNA for the 
human beta 2-adrenergic receptor: a protein with multiple membrane-spanning domains 
and encoded by a gene whose chromosomal location is shared with that of the receptor 
for platelet-derived growth factor. Proc Natl Acad Sci. 1987 Jan 1;84(1):46–50.  



 
199 

 

333.  Cagliani R, Fumagalli M, Pozzoli U, Riva S, Comi GP, Torri F, et al. Diverse Evolutionary 
Histories for β-adrenoreceptor Genes in Humans. Am J Hum Genet. 2009;85(1):64–75.  

334.  Hall IP. Beta 2 adrenoceptor polymorphisms: are they clinically important? Thorax. 
1996;51(4):351–3.  

335.  Theron AJ, Steel HC, Tintinger GR, Feldman C, Anderson R. Can the anti-inflammatory 
activities of β2-agonists be harnessed in the clinical setting? Drug Des Devel Ther. 
2013;7:1387–98.  

336.  Carvajal Gonczi CM, Tabatabaei Shafiei M, East A, Martire E, Maurice-Ventouris MHI, 
Darlington PJ. Reciprocal modulation of helper Th1 and Th17 cells by the β2-adrenergic 
receptor agonist drug terbutaline. FEBS J. 2017;284(18):3018–28.  

337.  Baker JG. The selectivity of beta-adrenoceptor antagonists at the human beta1, beta2 
and beta3 adrenoceptors. Br J Pharmacol. 2005;144(3):317–22.  

338.  Loftus GR, Masson ME. Using confidence intervals in within-subject designs. Psychon Bull 
Rev. 1994 Dec;1(4):476–90.  

339.  Robert M, Miossec P. IL-17 in Rheumatoid Arthritis and Precision Medicine: From 
Synovitis Expression to Circulating Bioactive Levels. Front Med. 2019 Jan 14;5.  

340.  Bacher P, Hohnstein T, Beerbaum E, Röcker M, Blango MG, Kaufmann S, et al. Human 
Anti-fungal Th17 Immunity and Pathology Rely on Cross-Reactivity against Candida 
albicans. Cell. 2019 Mar 7;176(6):1340-1355.e15.  

341.  Olawi N, Krüger M, Grimm D, Infanger M, Wehland M. Nebivolol in the treatment of 
arterial hypertension. Basic Clin Pharmacol Toxicol. 2019 Sep;125(3):189–201.  

342.  Obermajer N, Wong JL, Edwards RP, Chen K, Scott M, Khader S, et al. Induction and 
stability of human Th17 cells require endogenous NOS2 and cGMP-dependent NO 
signaling. J Exp Med. 2013 Jul 1;210(7):1433–45.  

343.  Bhosale S, Nikte SV, Sengupta D, Joshi M. Differential Dynamics Underlying the Gln27Glu 
Population Variant of the β2-Adrenergic Receptor. J Membr Biol. 2019 Oct;252(4–5):499–
507.  

344.  Abraham RT, Weiss A. Jurkat T cells and development of the T-cell receptor signalling 
paradigm. Nat Rev Immunol. 2004 Apr;4(4):301–8.  

345.  Green SA, Turki J, Innis M, Liggett SB. Amino-terminal polymorphisms of the human beta 
2-adrenergic receptor impart distinct agonist-promoted regulatory properties. 
Biochemistry. 1994;33(32):9414–9.  



 
200 

 

346.  Kaszuba K, Róg T, Bryl K, Vattulainen I, Karttunen M. Molecular dynamics simulations 
reveal fundamental role of water as factor determining affinity of binding of β-blocker 
nebivolol to β2-adrenergic receptor. J Phys Chem B. 2010;114(25):8374–86.  

347.  Liggett SB. Update on current concepts of the molecular basis of beta2-adrenergic 
receptor signaling. J Allergy Clin Immunol. 2002;110(6 Suppl):S223-7.  

348.  Cameron RB, Peterson YK, Beeson CC, Schnellmann RG. Structural and pharmacological 
basis for the induction of mitochondrial biogenesis by formoterol but not clenbuterol. Sci 
Rep. 2017 Sep 5;7(1):10578.  

349.  Kunselman SJ, Chinchilli VM, Bleecker E, Boushey HA, Calhoun WJ, Ameredes BT, et al. 
Effect of beta2-adrenergic receptor polymorphism on response to longacting beta2 
agonist in asthma (LARGE trial): a genotype-stratified, randomised, placebo-controlled, 
crossover trial. Lancet Lond Engl. 2009;374(9703):1754–64.  

350.  Xu D, Wu Y, Gao C, Qin Y, Zhao X, Liang Z, et al. Characteristics of and reference ranges 
for peripheral blood lymphocytes and CD4+ T cell subsets in healthy adults in Shanxi 
Province, North China. J Int Med Res. 2020 Jul 10;48(7).  

351.  Żbikowska-Gotz M, Pałgan K, Gawrońska-Ukleja E, Kuźmiński A, Przybyszewski M, Socha 
E, et al. Expression of IL-17A concentration and effector functions of peripheral blood 
neutrophils in food allergy hypersensitivity patients. Int J Immunopathol Pharmacol. 2016 
Mar;29(1):90–8.  

352.  Tasken K, Stokka AJ. The molecular machinery for cAMP-dependent immunomodulation 
in T-cells. Biochem Soc Trans. 2006;34(Pt 4):476–9.  

353.  Cornez I, Tasken K. Spatiotemporal control of cyclic AMP immunomodulation through the 
PKA-Csk inhibitory pathway is achieved by anchoring to an Ezrin-EBP50-PAG scaffold in 
effector T cells. FEBS Lett. 2010;584(12):2681–8.  

354.  Krause DS, Deutsch C. Cyclic AMP directly inhibits IL-2 receptor expression in human T 
cells: expression of both p55 and p75 subunits is affected. J Immunol Baltim Md 1950. 
1991;146(7):2285–96.  

355.  Lee J, Aoki T, Thumkeo D, Siriwach R, Yao C, Narumiya S. T cell–intrinsic prostaglandin E2-
EP2/EP4 signaling is critical in pathogenic TH17 cell–driven inflammation. J Allergy Clin 
Immunol. 2019 Feb;143(2):631–43.  

356.  Liu W, Li H, Zhang X, Wen D, Yu F, Yang S, et al. Prostaglandin I2-IP signalling regulates 
human Th17 and Treg cell differentiation. Prostaglandins Leukot Essent Fatty Acids. 
2013;89(5):335–44.  



 
201 

 

357.  Suárez A, Mozo L, Gutiérrez C. Generation of CD4+CD45RA+ Effector T Cells by 
Stimulation in the Presence of Cyclic Adenosine 5′-Monophosphate- Elevating Agents. J 
Immunol. 2002 Aug 1;169(3):1159–67.  

358.  Orbán C, Vásárhelyi Z, Bajnok A, Sava F, Toldi G. Effects of caffeine and 
phosphodiesterase inhibitors on activation of neonatal T lymphocytes. Immunobiology. 
2018 Nov;223(11):627–33.  

359.  Essayan DM, Huang SK, Kagey-Sobotka A, Lichtenstein LM. Effects of nonselective and 
isozyme selective cyclic nucleotide phosphodiesterase inhibitors on antigen-induced 
cytokine gene expression in peripheral blood mononuclear cells. Am J Respir Cell Mol 
Biol. 1995;13(6):692–702.  

360.  Bielekova B, Lincoln A, McFarland H, Martin R. Therapeutic potential of 
phosphodiesterase-4 and -3 inhibitors in Th1-mediated autoimmune diseases. J Immunol. 
2000;164(2):1117–24.  

361.  Sreeramkumar V, Fresno M, Cuesta N. Prostaglandin E2 and T cells: friends or foes? 
Immunol Cell Biol. 2012 Jul;90(6):579–86.  

362.  Napolitani G, Acosta-Rodriguez EV, Lanzavecchia A, Sallusto F. Prostaglandin E2 enhances 
Th17 responses via modulation of IL-17 and IFN-gamma production by memory CD4+ T 
cells. Eur J Immunol. 2009 May;39(5):1301–12.  

363.  Wu Q, Wang Q, Mao G, Dowling CA, Lundy SK, Mao-Draayer Y. Dimethyl Fumarate 
Selectively Reduces Memory T Cells and Shifts the Balance between Th1/Th17 and Th2 in 
Multiple Sclerosis Patients. J Immunol. 2017 Apr 15;198(8):3069–80.  

364.  Brod SA. In MS: Immunosuppression is passé. Mult Scler Relat Disord. 2020 May 1;40.  

365.  Bodor J, Bodorova J, Gress RE. Suppression of T cell function: a potential role for 
transcriptional repressor ICER. J Leukoc Biol. 2000;67(6):774–9.  

366.  Bodor J, Habener JF. Role of transcriptional repressor ICER in cyclic AMP-mediated 
attenuation of cytokine gene expression in human thymocytes. J Biol Chem. 1998 Apr 
17;273(16):9544–51.  

367.  Araujo LP, Maricato JT, Guereschi MG, Takenaka MC, Nascimento VM, de Melo FM, et al. 
The Sympathetic Nervous System Mitigates CNS Autoimmunity via β2-Adrenergic 
Receptor Signaling in Immune Cells. Cell Rep. 2019 Sep 17;28(12):3120-3130.e5.  

368.  Yoshida N, Comte D, Mizui M, Otomo K, Rosetti F, Mayadas TN, et al. ICER is requisite for 
Th17 differentiation. Nat Commun. 2016 Sep 29;7(1):12993.  



 
202 

 

369.  Hofmann SR, Mäbert K, Kapplusch F, Russ S, Northey S, Beresford MW, et al. cAMP 
Response Element Modulator α Induces Dual Specificity Protein Phosphatase 4 to 
Promote Effector T Cells in Juvenile-Onset Lupus. J Immunol Baltim Md 1950. 2019 Dec 
1;203(11):2807–16.  

370.  Zhao P, Song Z, Wang Y, Cai H, Du X, Li C, et al. The endothelial nitric oxide 
synthase/cyclic guanosine monophosphate/protein kinase G pathway activates 
primordial follicles. Aging. 2020 Dec 3;12.  

371.  Birder LA, Nealen ML, Kiss S, Groat WC de, Caterina MJ, Wang E, et al. β-Adrenoceptor 
Agonists Stimulate Endothelial Nitric Oxide Synthase in Rat Urinary Bladder Urothelial 
Cells. J Neurosci. 2002 Sep 15;22(18):8063–70.  

372.  Xue Q, Yan Y, Zhang R, Xiong H. Regulation of iNOS on Immune Cells and Its Role in 
Diseases. Int J Mol Sci. 2018 Nov 29;19(12).  

373.  Niedbala W, Alves-Filho JC, Fukada SY, Vieira SM, Mitani A, Sonego F, et al. Regulation of 
type 17 helper T-cell function by nitric oxide during inflammation. Proc Natl Acad Sci U S 
A. 2011 May 31;108(22):9220–5.  

374.  Wechsler ME, Lehman E, Lazarus SC, Lemanske RF, Boushey HA, Deykin A, et al. β-
Adrenergic Receptor Polymorphisms and Response to Salmeterol. Am J Respir Crit Care 
Med. 2006 Mar;173(5):519–26.  

375.  Kotla S, Singh NK, Heckle MR, Tigyi GJ, Rao GN. The Transcription Factor CREB Enhances 
Interleukin-17A Production and Inflammation in a Mouse Model of Atherosclerosis. Sci 
Signal. 2013 Sep 17;6(293):ra83–ra83.  

376.  Bagshaw ORM, De Lange M, Renda S, Valente AJF, Stuart JA. Hypoxio: a simple solution 
to preventing pericellular hypoxia in cell monolayers growing at physiological oxygen 
levels. Cytotechnology. 2019 Aug;71(4):873–9.  

377.  Macosko EZ, Basu A, Satija R, Nemesh J, Shekhar K, Goldman M, et al. Highly parallel 
genome-wide expression profiling of individual cells using nanoliter droplets. Cell. 2015 
May 21;161(5):1202–14.  

378.  Gagnon DD, Gagnon SS, Rintamaki H, Tormakangas T, Puukka K, Herzig KH, et al. The 
effects of cold exposure on leukocytes, hormones and cytokines during acute exercise in 
humans. PloS One. 2014 Oct 22;9(10):e110774.  

379.  Zhang Y, Jing Y, Qiao J, Luan B, Wang X, Wang L, et al. Activation of the mTOR signaling 
pathway is required for asthma onset. Sci Rep. 2017;7(1):4532–4532.  



 
203 

 

380.  Takahashi T, Ellingson MK, Wong P, Israelow B, Lucas C, Klein J, et al. Sex differences in 
immune responses that underlie COVID-19 disease outcomes. Nature. 2020 
Dec;588(7837):315–20.  

381.  Panina-Bordignon P, Mazzeo D, Lucia PD, D’Ambrosio D, Lang R, Fabbri L, et al. Beta2-
agonists prevent Th1 development by selective inhibition of interleukin 12. J Clin Invest. 
1997;100(6):1513–9.  

382.  Makhlouf K, Comabella M, Imitola J, Weiner HL, Khoury SJ. Oral salbutamol decreases IL-
12 in patients with secondary progressive multiple sclerosis. J Neuroimmunol. 
2001;117(1–2):156–65.  

383.  Heesen C, Gold SM, Sondermann J, Tessmer W, Schulz K-H. Oral terbutaline differentially 
affects cytokine (IL-10, IL-12, TNF, IFNg) release in multiple sclerosis patients and 
controls. J Neuroimmunol. 2002 Nov;132(1–2):189–95.  

384.  Newcomb DC, Peebles RS. Th17-mediated inflammation in asthma. Curr Opin Immunol. 
2013;25(6):10.1016/j.coi.2013.08.002.  

385.  Borish L, Culp JA. Asthma: a syndrome composed of heterogeneous diseases. Ann Allergy 
Asthma Immunol Off Publ Am Coll Allergy Asthma Immunol. 2008 Jul;101(1):1–8; quiz 8–
11, 50.  

386.  McKinley L, Alcorn JF, Peterson A, DuPont RB, Kapadia S, Logar A, et al. T(H)17 Cells 
Mediate Steroid-Resistant Airway Inflammation and Airway Hyperresponsiveness in 
Mice. J Immunol Baltim Md 1950. 2008;181(6):4089–97.  

387.  Alcorn JF, Crowe CR, Kolls JK. TH17 cells in asthma and COPD. Annu Rev Physiol. 
2010;72:495–516.  

388.  Keranen T, Hommo T, Moilanen E, Korhonen R. beta2-receptor agonists salbutamol and 
terbutaline attenuated cytokine production by suppressing ERK pathway through cAMP 
in macrophages. Cytokine. 2017;94(Journal Article):1–7.  

389.  Cohen S, Tyrrell DA, Smith AP. Psychological stress and susceptibility to the common cold. 
N Engl J Med. 1991;325(9):606–12.  

390.  Chmura J, Chmura P, Konefał M, Batra A, Mroczek D, Kosowski M, et al. The Effects of a 
Marathon Effort on Psychomotor Performance and Catecholamine Concentration in 
Runners over 50 Years of Age. Appl Sci. 2020 Jan;10(6):2067.  

391.  Rehm K, Sunesara I, Marshall GD. Increased Circulating Anti-inflammatory Cells in 
Marathon-trained Runners. Int J Sports Med. 2015 Oct;36(10):832–6.  



 
204 

 

392.  Xiang L, Ben KSD, Rehm KE, Gailen D. Marshall J. Effects of Acute Stress-Induced 
Immunomodulation on Th1/Th2 Cytokine and Catecholamine Receptor Expression in 
Human Peripheral Blood Cells. Neuropsychobiology. 2012;65(1):12–9.  

393.  Swanson MA, Lee WT, Sanders VM. IFN-γ Production by Th1 Cells Generated from Naive 
CD4 + T Cells Exposed to Norepinephrine. J Immunol. 2001 Jan 1;166(1):232–40.  

394.  Sanders VM. The role of adrenoceptor-mediated signals in the modulation of lymphocyte 
function. Adv Neuroimmunol. 1995;5(3):283–98.  

395.  Elenkov IJ, Papanicolaou DA, Wilder RL, Chrousos GP. Modulatory effects of 
glucocorticoids and catecholamines on human interleukin-12 and interleukin-10 
production: clinical implications. Proc Assoc Am Physicians. 1996;108(5):374–81.  

396.  Elenkov IJ, Chrousos GP. Stress hormones, proinflammatory and antiinflammatory 
cytokines, and autoimmunity. Ann N Y Acad Sci. 2002;966(Journal Article):290–303.  

397.  GraphPad Prism 7 Statistics Guide - How the Holm-Sidak method works [Internet]. [cited 
2021 Jan 5]. Available from: 
https://www.graphpad.com/guides/prism/7/statistics/stat_how_the_holm_method_wo
ks.htm 

398.  Guo W, Romano J. A generalized Sidak-Holm procedure and control of generalized error 
rates under independence. Stat Appl Genet Mol Biol. 2007;6:Article3.  

399.  Langsrud Ø. ANOVA for unbalanced data: Use Type II instead of Type III sums of squares. 
Stat Comput. 2003 Apr 1;13(2):163–7.  

400.  Ledbetter JA, Parsons M, Martin PJ, Hansen JA, Rabinovitch PS, June CH. Antibody 
binding to CD5 (Tp67) and Tp44 T cell surface molecules: effects on cyclic nucleotides, 
cytoplasmic free calcium, and cAMP-mediated suppression. J Immunol Baltim Md 1950. 
1986;137(10):3299–305.  

401.  N. Smith IB S Lai Wing Sun, T Babiuk-Henry, A Elhalwi, J Francois, A Ghassemi, M 
Tabatabaei Shafiei, PJDarlington. The sympathetic catecholamine norepinephrine 
increases Th17 responses in a β2-adrenergic receptor-dependent manner. [conference 
proceedings]. In: J Neuroimmunol. 2012. p. 56–7.  

 

 

 

 



 
205 

 

Appendix  
Permission to use published article, FEBS (2017), 284(18):3018-3028. © 2017 Federation of 

European Biochemical Societies  

URL: https://febs.onlinelibrary.wiley.com/doi/full/10.1111/febs.14166 

 

https://febs.onlinelibrary.wiley.com/doi/full/10.1111/febs.14166


 
206 

 

 

 

 

Figure A1. cAMP levels upon β2AR agonist terbutaline, or the positive control forskolin, on Jurkat 

T cells.  

The levels of cAMP produced were measured using a cAMP glo assay. This assay relies on a cell 

lysate, which releases cAMP, which will then react in a plate containing PKA dependent 

substrates that produce luminescence. The luminescence is inversely proportional to the levels 

of cAMP in the sample.  Manufacturer’s instructions were followed for the cAMP glo assay. 

Forskolin was used as a positive control since it stimulates adenylyl cyclase enzyme which 

increases cAMP.  

The standard curve is shown in Figure A1, A) Standard curve of cAMP glo assay.  The cAMP was 

measured at 3-time points (1, 5 and 15 min) (Figure A1, B, C). Jurkat T-cells were incubated in 

different treatments to determine their effects on cAMP levels. Non activated (No Act), which 

do not contain activation mixture. Activated (Act) which contain 2ng/mL phorbol 12-myristate 



 
207 

 

13-acetate (PMA) and 0.1μg/mL anti-CD3, both of which activate the T cell pathways. Activated 

cells plus β2AR agonist terbutaline (10-5M) (Act+ Terb) and Forskolin (62.5 mM) 

Jurkat T cells, is a Th cell line that has been used extensively to study T cell activation. The 

advantages of using this cell line (Jurkat T cells) are that they continuously proliferate, they are 

large cells with high protein content, they are clonal from the same person, and they use a 

classical cAMP-PKA pathway (400). Using these cells allows to establish the techniques with a 

minimum of human variation since the cells are clonal. Pilot data from our lab indicates that 

β2AR are expressed on Jurkat T cells (401). Therefore, the levels of cAMP was expected to 

change upon addition of β2AR agonist.  

The control for cAMP glo assay worked, as forskolin cAMP levels were consistently higher than 

the treatments (Figure A1, B). However, the cAMP levels upon different treatments were not 

consistent after replication of assay. Due to inconsistency of the response of cAMP to the 

treatments given the measurements of cAMP were not carried on to primary human T cells.  
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Figure A2. Th17 cells single-cell characteristics using high throughput drop sequencing reveals 

possible new gene clusters altered by adrenergic drugs.  

 

The detailed protocol is written below this caption. In brief, purified Th17 cells from human 

PBMC were activated with dynabeads human T-activator CD3/CD28, along with either 

terbutaline or nebivolol treatment.  Samples were run through a custom made drop sequence 

device to apply cell-specific probe, then libraries of cDNA made with the group tagmentation. 

Samples were then pooled and sent for high throughput sequencing at IRIC Genomics Center.  

In the Figure, UMAP is designed to conserve relationships between data points: in the case of 

scRNA-seq data, two cells are mapped close to each other if they have similar gene expression 

profiles. UMAP is used to reduce the scRNA-seq data for combined samples N705, N707 and 

N712 to two dimensions.N705 refer to activated cells with dynabeads human T-activator 
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CD3/CD28, N707 refers to activated cells + Terbutaline (10-5M), N712 refers to activated cells + 

Nebivolol (10uM). A) each cell has been coloured by its sample of origin.  The algorithm 

discovered two distinct clusters, a small cluster (cluster A) consisting of cells from activated 

samples (N705) and activated + nebivolol samples (N712) and a larger cluster (cluster B) 

consisting of cells from each samples (N705, N712 and N707).  Each of these clusters are 

characterized by distinct global gene expression profiles.  In order to visualize particular genes 

whose expression distinguishes the two clusters, the normalized expression values for 

genes CD3, CD4, CCR6, RORγ were projected onto the Figure. In B-E, cells are coloured by the 

relative magnitude of the expression value of the gene in question. CD4 and CD3G are 

differentially expressed between cluster A and cluster B, and act as potential markers for two 

cell states comprising the population of activated + nebivolol samples (N712).  CD4 is a co-

receptor identifying T helper cells, while CD3G is a T cell receptor.  The activated cells + 

Terbutaline samples (N707) show very low expression for each of the four marker genes, while 

activated samples (N705) show no distinct patterns of expression which could be used to 

distinguish cell types or states. 

In summary, nebivolol appears to act on a gene cluster that defines helper T cells (CD3 and 

CD4), along with a signalling molecule of the T cell receptor. This can lead to future studies on 

the mechanism of action of this drug. We now know that the effects of adrenergic drugs can 

extend beyond just cytokines and transcription factors.  

 

Detailed Procedure of Drop Sequencing 

Informed, signed consent was obtained prior to the blood donation as described in chapter 2. 

Venous blood collected in sodium heparin-coated vacutainers were processed by ficoll 

techniques to obtain PBMC (303). Th17 cells were isolated as previously described (303). The 

Purified Th17 cells were activated with dynabeads human T-activator CD3/CD28, used 

according to the manufacturer’s instructions (Thermo Fisher Scientific, Mississauga, ON, 

Canada). The Th17 cells were treated with Terbutaline (10-5M) or nebivolol (10uM) in addition 

of the dynabeads. Culture conditions were incubated at 5% CO2 and 37 C̊ for 24h in a 
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humidified incubator. The cells were then used for the single-cell RNA isolation using the 

dropseq.  

Droplets of ~1 nl in size made with microfuildics device (Dropseq) built-in Dr Halett laboratory 

at Concordia University. Microparticles (Beads) containing barcode are suspended in lysis buffer 

that is ran in the microfluidics device at an equal rate to create single-cell suspension. A 

generated droplet has a single cell and a barcoded bead. The cells are lysed as they are 

generating the droplets. The cell’s mRNAs is captured on its barcoded bead. The droplets are 

broken with perfluorooctanol that is in 6x saline-sodium citrate buffer (SSC). The beads are 

washed with 6x SSC and reverse transcriptase buffer and resuspended in a reverse 

transcriptase mixture, then is treated with exonuclease I to remove the RNA that was not 

captured by the bead primers. The beads were washed with water and counted with the 

hemocytometer to be aliquoted into PCR tubes, which are then amplified. After the 

amplification, the PCR reactions are purified using Ampure XP beads and pooled. The amplified 

cDNA was quantified with Agilent 2200 TapeStation system. Tagmentation of the groups and 

cDNA fragments are amplified and using the Nextera XT kit (Illumina). The samples are sent to 

IRIC centre for NextSeq 500. The procedures were done following Macosko et al. (377). 
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Figure A3. PBMCs effect of carazolol in IL-17A.  

Isolated PBMCs were activated with anti-CD3 and anti-CD28 and with carazolol 10uM. The 

supernatants were collected after four days of incubation.  ELISA was performed for IL-17A, 

data is representative of 5 individual experiments. Error bars are shown from standard error. 

One-way ANOVA followed by Tukeys post test. (*<0.05 **<0.01).  

Carazolol is an inverse-agonist of the β-adrenergic receptor. It showed inconsistent results and 

it was not studied further.  
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Recruitment Ad for participants on my study 

 
Study Participants Wanted 

The Darlington lab in the Department of Exercise Science at Concordia University is seeking 

participants for the “HORMONAL REGULATION OF T CELL GENOMICS” study. The study consists 

of one 15 minute visit. 

You will be asked to give a small amount of blood. 

Refreshments will be provided. 

 

Participants should: 

• Anyone above the age of 18 years old 

• Be comfortable with blood draws and needles 

• Not be taking any prescriptions medications that affect blood pressure or immune 
function 

• Have no chronic medical conditions (autoimmune disease, cancer, lung or heart 
disease) 

• Not have had any vaccinations (including flu shots) within the past 2 months 

 

 
This information was advertised on the PERFORM center website.  

 

 

 

 

  


