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Abstract 

Multiple sclerosis is an autoimmune, inflammatory, demyelinating disorder that is believed to 

be triggered by an association of genetic and environmental factors, such as smoking and 

reduced levels of vitamin D. Genes within the MHC region encoding antigen-presenting 

molecules account for the largest component of the genetic risk for MS. Moreover, genome-

wide association studies identified 200 MS risk variants outside the MHC II region. A 

selection of these genes has been studied in the current thesis, CLEC16A, IL2RA, CD69, and 

TAGAP, with emphasis on TAGAP. These genes have also been demonstrated to be associated 

with other autoimmune diseases, such as type 1 diabetes, rheumatoid arthritis, Crohn’s 

disease, and celiac disease. Furthermore, a number of MS associated genes have vitamin D 

binding sites in their genomic region or respond to stimuli via the vitamin D receptor. In this 

thesis, we have experimentally determined if CLEC16A, IL2RA, CD69, and TAGAP are 

regulated by vitamin D in CD4+ T cells. 

In addition, we further investigated the function and subcellular localization of T cell 

activation Rho-GTPase activating protein (TAGAP) that is believed to be a member of the 

Rho GTPase-activator protein superfamily, as all TAGAP isoforms have a conserved Rho-

GTPase domain. TAGAP is induced upon T cell activation, and due to the Rho-GTPase 

domain, it is suggested to have a role in actin formation, cell motility, and subsequent 

establishment of cell to cell contacts. Rho GTPases are also involved in TCR-mediated signal 

transduction, playing an important role in T-cell development and activation. 

The data from the current thesis indicates that vitamin D modulates the expression of IL2RA, 

TAGAP, and CD69 in human CD4+ T cells. Moreover, it shows that TAGAP is located in the 

cytosol of Jurkat cells, CD4
+
 T cells, and 293T cells. Preliminary results indicates that 

TAGAP might have a role in actin polymerization.  
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1 Introduction 

1.1 Immune system 

The immune system is important in the defense of the human body against different types of 

pathogens, such as bacteria, viruses, parasites, and fungi. However, microbial communities 

colonize some organs in the body, especially the gastrointestinal tract, in which bacteria that 

inhabit the intestine have a mutually beneficial relationship with the host. Therefore, it is 

extremely important that the immune system cells are capable of discerning between 

commensal microorganisms, host cells, and pathogens. 

1.1.1 Innate immunity 

The innate immune system is the first line of defense of the organism and promotes a quick 

response against infections. It is composed of chemical and physical barriers that limit the 

exposure of internal tissues to microbes, and of cells that are activated upon detection of 

pathogens when those first obstacles are breached, giving rise to the immune response [1].  

The cells of the innate immunity consists of phagocytic cells, for example antigen presenting 

cells (APCs), and macrophages, which engulf the pathogen, and natural killer cells, which 

promote a quick response to infected cells. These cells, however, do not offer a specific 

response against every type of invading organism, they bear receptors that are able to 

recognise molecular patterns that are common among antigens, but not host cells, such as 

lipopolysaccharides (LPS) present in the surface of bacteria [2]. 

Unlike the adaptive immune response, the receptors of the cells from the innate immune 

system do not go through gene rearrangement; the receptors are inborn, encoded by genes 

inherited from the parents of the individual [3]. Therefore, when the pathogens are able to 

evade the first line of defense, by either not being recognised by the inborn receptors, or by 

being able to proliferate faster than they are being killed, the adaptive immune response 

comes into play.  
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1.1.2 Adaptive immunity 

When the pathogens overcome the innate immunity, it leads to the proliferation of 

lymphocytes, cells that are capable of recognizing antigens in a specific way, which are not 

only able to eradicate an infection, but also capable of generating memory cells that promote 

long and specific immune responses. The adaptive immune system has evolved to recognize 

an enormous array of different antigens derived from disease-causing organisms. Therefore, 

unlike the innate immune response, the adaptive immune responses are highly specific to the 

particular pathogen that induced them. These responses are performed by the lymphocytes, 

which can be divided in B cells and T cells, mediating antibody responses and cell-mediated 

immune response, respectively [4].  

1.1.2.1 B lymphocytes 

B cells link the innate and adaptive immune responses by their ability to promptly respond to 

damage-associated molecular patterns and antigenic stimuli. B lymphocytes perform diverse 

functions, such as antibody secretion, cytokine production, and antigen presentation, 

modulating the outcome of the immune response towards immunity or tolerance [5]. 

A hallmark of humoral immunity is the generation of long-lived memory B cells and plasma 

cells that produce high-affinity, isotope-switched antibodies. There are five classes of 

antibodies (IgM, IgD, IgG, IgA, and IgE), and the switch to the different classes occurs via 

interaction of the B cell with an antigen-specific helper T cell [3].   

The random rearrangement process of immunoglobulin genes during B cell development 

provides the generation of a broad repertoire of B cell receptors (BCRs) capable of 

recognizing a great diversity of antigens [3]. However, the random rearrangements may 

culminate in the generation of B cells that also recognize self-antigens. These autoreactive B 

lymphocytes must be eliminated during development to avoid autoimmunity [5]. 

1.1.2.2 T lymphocytes 

T cells play a central role in cell-mediated immunity. Like antibody responses, T cell 

responses are antigen-specific, and most adaptive immune responses require helper T cells for 

their initiation [4]. Moreover, unlike B cells, T cells can help eradicate pathogens that reside 

inside the host cells.  
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T cells only recognize foreign antigens when they are being displayed on the surface of the 

body’s own cells by a major histocompatibility complex (MHC) molecule. In the host cells, 

the antigen protein is unfolded, processed into peptide fragments, and presented by the MHC. 

For T cells to be capable of detecting the most broad possible array of infections, the MHC 

molecules must be able to bind to many different peptides [3]. MHC molecules are highly 

polymorphic, and the major differences are located in the peptide-binding cleft, which have 

different amino acids in key peptide-interaction sites, influencing which peptides will bind, 

and the affinity of the binding [6].  

CD8
+
 T cells recognize MHC class I molecules, which are expressed by approximately all 

somatic cells. Cytotoxic CD8
+
 T cells directly kill the cells displaying the MHC I bound to an 

antigen peptide, eliminating sources of new viral particles and bacteria in the cytosol, and thus 

freeing the host from infection [3].  

Conversely, MHC class II molecules are only expressed by professional APCs, such as 

dendritic cells, macrophages, and B cells, which are able to capture exogenous proteins via 

endocytic vesicles and through specific cell-surface receptors, and present them to helper 

CD4
+
 T cells [7]. In turn, upon antigen recognition, naïve CD4

+
 T cells differentiate into 

several functional classes of effector T cells that are specialized in different activities. The 

main CD4
+
 T cell subtypes are TH1, TH2, TH17, and follicular helper T cells (TFH), which help 

stimulate the responses of their target cells, and regulatory T cells, Treg, which inhibit the 

extent of immune activation [8]. 

The TH1, TH2, and TH17 subsets are elicited by different classes of pathogens and are defined 

based on the different combinations of cytokines that they secrete. TH1 cells are characterized 

by the production of IFN-γ, TNF-α, and TNF-β, and help to eradicate infections by microbes 

that can survive or replicate within macrophages, whereas TH2 cells are characterized by the 

production of IL-4, IL-5 and IL-13, and help control infections by extracellular parasites. 

TH17 cells produce IL-17 and IL-22, and are typically induced in response to extracellular 

bacteria and fungi. TFH cells help B cells generate class-switched immunoglobulins. Finally, 

Treg cells have immunoregulatory functions and promote tolerance to, rather than clearance of, 

the antigens they recognize, limit the immune response, and prevent autoimmunity [8].  

Since IFN-γ, TNF-α, and IL-2 are pro-inflammatory cytokines, TH1 cells have long been 

recognized to contribute to the pathogenicity of organ-specific autoimmune diseases [9]. 
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Moreover, TH17 cells have been demonstrated to have critical pathogenic roles in the 

pathogenesis of human autoimmune diseases [10].   

1.1.2.2.1 T cell activation 

T cell activation occurs via the T cell receptor (TCR) complex, which is composed by the 

TCR, formed by two different subunits, α and β, and the CD3 co-receptors. The cytoplasmic 

tails of the TCR complex contain immunoreceptor tyrosine-based activation motifs (ITAMs), 

which become phosphorylated upon antigen recognition by the T cell [3] (figure 1). The 

phosphorylation of ITAM gives rise to downstream signaling cascades and phosphorylation 

of other enzymes and adaptor molecules, which culminate in the activation of transcription 

factors [11].  

Figure 1: Schematic representation of the TCR signaling pathway in CD4+ T cells. Upon TCR recognition 

of antigen being presented by an MHC class II molecule, the CD4 co-receptor also binds the MCH. The 

cytosolic protein Lck is recruited to the membrane via CD4, and comes in close proximity to the ITAM domain 

and phosphorylates it, which, in turn, recruits, and binds to ZAP70. While bound to ITAM, Lck also 

phosphorylates ZAP70, which begins a signaling cascade leading to cytokine production, proliferation, and 

migration of the CD4
+
 T cells (illustration from Brorson). 
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CD4
+
 T cells express on their cell surface the co-receptor CD4, while CD8

+
 T cells carry CD8 

co-receptors, both CD4 and CD8 co-receptors have a cytoplasmic tail associated with Lck. 

When the TCR binds to a MHC molecule bound to an antigenic peptide, the CD4 or CD8 co-

receptor come closer to the TCR complex, which also approximates the intracellular tails. In 

close distance, Lck is able to phosphorylate ITAM, which recruits and binds ZAP70. While 

bound to ITAM, ZAP70 is also phosphorylated by Lck, leading to its activation [12].  

Activated ZAP70 starts several downstream phosphorylation pathways, which involves 

PLCγ1 and PI3-kinase activation, and GTP/GDP exchange on Ras and Rac subfamilies of 

GTPases, and culminates in the translocation of transcription factors to the nucleus [13]. In 

turn, the transcription factors induce expression of genes related to T cell activation, 

proliferation, and production of inflammatory cytokines [14].  

1.2 The immune system and autoimmune diseases 

The gene rearrangements that occur during lymphocyte development in the central lymphoid 

organs inevitably result in the generation of some lymphocytes with affinity for self-antigens, 

which are normally removed from the repertoire or held in check by a variety of mechanisms. 

These mechanisms generate a state of self-tolerance in which the immune system of the 

individual does not target self-antigens [3]. However, a failure in the distinction between 

pathogen and self-antigens, leads to immune responses that culminate in healthy tissue 

damage, which characterizes autoimmunity. 

Autoimmune responses mirror normal immune responses to pathogens that are activated by 

specific antigens. However, in an autoimmune response, self-antigens activate the immune 

cells, and give rise to autoreactive effector cells and antibodies against the self-antigen, 

resulting in autoimmune diseases [15]. Until 2016, more than 80 diseases have been found to 

have an autoimmune pathogenesis, with half of these being considered as rare [16]. 

Even though the effects and characteristics of autoimmune diseases are understood, it is still 

not known how self-tolerance is broken down and autoimmunity is triggered. Multiple factors 

are necessary for generating autoimmune responses. It is believed that bacterial and viral 

infections, and other environmental triggers, such as cigarette smoking , may cause 

autoimmune diseases in genetically susceptible individuals [17].  
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Many autoimmune diseases are associated with the MHC locus, though there is no clear or 

evident connection between the diseases and the MHC. It is possible that it occurs a 

breakdown in immunological tolerance to self-antigens through aberrant class II presentation 

of self or foreign peptides to autoreactive T lymphocytes [18]. It is, thus, likely, that the 

disease-specific association is caused by specific MHC class II alleles, as the allele may 

provoke the MHC molecule to have a stronger affinity for autoantigens [19]. 

Additionally, in T cell dependent inflammatory autoimmune diseases, such as type 1 diabetes, 

rheumatoid arthritis, and multiple sclerosis (MS) [20, 21], it is likely that an imbalance 

between effector T cells and regulatory T cells occurs. It also seems possible that decreases in 

the number of Treg cells, or resistance of effector T cells to regulation, play a role in the 

initiation of human autoimmune disease [22].  

1.3 Multiple sclerosis 

MS is a chronic inflammatory demyelinating disorder of the central nervous system (CNS) 

that is estimated to affect 2.5 million people worldwide. It is the most prevalent neurological 

disability in young adults, and is more common among women than men, at a ratio of 2:1. 

The average age of disease onset is 30 years and its socioeconomic importance is second only 

to trauma in this age group [23]. MS is most prevalent in countries with high latitude; 

however, populations with a Northern European descent are shown to have higher risk of 

developing the disease, especially if living far away from the equator [24]. 

The symptoms of the disease can vary between individuals, but overall it includes sensory and 

visual disturbances, motor impairments, fatigue, pain, and cognitive deficits. The differences 

in clinical manifestations between patients are directly related to the dissemination of lesional 

sites within the CNS [23]. There are two main forms of MS, relapsing-remitting multiple 

sclerosis (RR-MS) and primary-progressive multiple sclerosis (PP-MS). The first is the most 

common, affecting 85% of the patients, and is characterized by an initial episode of 

neurological dysfunction followed by a remission period of clinical recovery and then 

recurring attacks of relapse and remission [25]. Within 10 years of disease onset, nearly 50% 

of patients with RR-MS convert to secondary-progressive MS (SP-MS), which is 

characterized by the gradual progression of disability. PP-MS course of disease, however, 

does not constitute of relapse and remission attacks; it is characterized by the gradual 
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progression of impairment, and affects approximately 15% of the patients diagnosed with MS 

(figure 2) [26]. 

 

Figure 2: Scheme illustrating the two main forms of MS. A) RR-MS is characterized by an initial episode of 

neurological dysfunction followed by a remission period of clinical recovery and then recurring attacks of 

relapse and remission. RR-MS is eventually converted to SP-MS, which is characterized by the gradual 

progression of the disability. B) PP-MS is characterized by progressive disability from the onset with absence of 

relapses (illustration from Leikfoss). 

1.3.1 Multiple sclerosis and the immune system 

Multiple sclerosis is characterized by inflammation, demyelination, and neuronal and axon 

degeneration, which culminate in the formation of sclerotic plaque. These lesions are typical 

in MS and are caused by immune cell infiltration across the blood-brain barrier leading to 

disruption of neuronal signaling [27].  

Many cells of the immune system, either being part of the innate or adaptive response, are 

involved in the myelin damaging. MS is considered to be an autoimmune disease initiated by 

autoreactive lymphocytes that produce atypical responses against CNS autoantigens [23]. 

However, the precise nature of the immune reaction remains unknown (figure 3).  

Moreover, most autoreactive T cells are deleted during the establishment of central tolerance, 

though some cells manage to escape central tolerance, leading to the release of autoreactive T 

cells into the periphery. Peripheral tolerance mechanisms normally keep these cells in check, 

however, under some circumstances the tolerance mechanisms fail [24]. Reduced Treg cell 

function and/or increased resistance of effector B and T cells to suppressive mechanisms 

contribute to failure in tolerance. Additionally, CNS-directed autoreactive B and T cells can 
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be activated in the periphery to become aggressive effector cells. This activation may occur 

through several processes: molecular mimicry, novel autoantigen presentation, recognition of 

sequestered CNS antigen released into the periphery, and through bystander activation [23]. 

However, as in other autoimmune diseases, MS is considered to be a disease in which genetic 

predisposition and environmental factors combined, play a role in decreasing the ability of the 

immune system to control aberrant immune responses [23]. 

Figure 3: A simplified scheme of lesions and cells involved in multiple sclerosis. A hypothesis on how the 

lesions in MS begin is that immune cells are activated by self-antigens in the peripheral lymphoid organs. After 

proliferation, these cells pass through the blood brain barrier and encounter APCs presenting the antigen, which 

leads to the production of inflammatory cytokines, and activation of other immune cells, beginning the process 

of inflammation, which culminates in demyelination and axon damage (illustration from Leikfoss). 

1.3.2 Multiple sclerosis and environmental factors  

Environmental factors, such as virus infections, cigarette smoking, obesity in childhood, and 

sun exposure/low serum levels of vitamin D have been implicated in MS pathogenesis; 

however, the mechanisms remain unclear. Among the virus infections that were believed to 

be associated with the development of MS, the Epstein-Barr virus (EBV) has been shown to 

be consistently correlated with the disease [28].  
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On the other hand, infections with parasites and helminths during childhood and serologic 

positivity to cytomegalovirus appears to be protective, validating the hygiene hypothesis, 

which proposes that low exposure to childhood infections predisposes individuals to pro-

inflammatory immune responses to antigens that increase MS risk [29]. 

Cigarette smoking has also been implicated as a risk factor for MS. It has been shown that 

people who smoke has a 70% higher risk of developing the disease [29]. Smoking alters 

epigenetic mechanisms, such as DNA methylation and miRNA expression, influencing  on 

MS progression, indicating faster switch from RR-MS to SP-MS [28].  

Childhood obesity was determined to be a risk factor for developing MS. Obesity is a risk 

factor, as excess adipose tissue decreases the bioavailability of vitamin D, as it is stored in 

adipose tissue. Additionally, the excess adipose tissue results in a state of chronic, low-grade 

inflammation due to the adipose tissue macrophages [28]. 

As previously mentioned, the highest incidence of MS is in countries far from the equator 

with low sunlight during winter. Therefore, low serum levels of vitamin D have been 

suggested as a risk factor for the disease. Studies showed that individuals with a vitamin D 

serum level >100 nmol/L had a 50% lower risk of developing MS than those with a vitamin D 

serum level <75 nmol/L [29]. Low serum levels of vitamin D have also been associated with 

an increased risk of relapse in RR-MS, a more rapid progression of the disease, and increased 

brain atrophy measured with magnetic resonance imaging (MRI) [28].  

1.3.3 Multiple sclerosis and genetics 

MS pathogenesis has been demonstrated to have several circumstantial genetic components: 

high incidence of the disease in families, ethnic groups displaying increased likelihood of 

disease development, in addition to the high disease concordance rate in monozygotic twins 

[30]. However, as neither twin-studies nor genetic recurrence provides sufficient evidence to 

support that a single gene is causing MS, it is, thus, a multifactorial disease. The genotype 

associated with MS is, therefore, a complex system of independent or interacting polymorphic 

genes, and risk alleles [31].  

Genes within the MHC region encoding antigen-presenting molecules account for the largest 

component of the genetic risk for MS. Human leukocyte antigen (HLA) is the equivalent of 
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MHC in humans and HLA DRB1*15:01 is the main risk allele for MS. It is located on 

chromosome 6 and is over-represented in Caucasian populations [32, 33]. The DRB1*15:01 

risk allele is present at the MHC class II locus, and is part of a haplotype that encodes for cell 

surface glycoproteins that can present antigen peptides to T cells. However, none of the MHC 

alleles associated with MS are, by themselves, disease-causing mutations [30]. 

Moreover, as previously mentioned, studies have shown that T cells appear early in lesion 

formation and have a significant contribution to the disease. Genome-wide association studies 

(GWAS) identified 200 MS risk variants outside the MHC II region [32-34], in which the 

majority is associated with T cell function, which corroborates the importance of T cells in the 

disease course [33]. 

Among the genes found to have variants (SNPs – single nucleotide polymorphisms) that are 

associated with MS, it is included CLEC16A, IL2RA, CD69, and TAGAP. These four genes 

have been studied in our research group, and are further investigated in the current thesis. 

Moreover, all four genes have been demonstrated to be associated with other autoimmune 

diseases, such as type 1 diabetes, rheumatoid arthritis, Crohn’s disease, and celiac disease 

[35-38]. CLEC16A, IL2RA, CD69 are briefly described below, and TAGAP, which is the main 

focus of this thesis, is described in more details in section 1.4. 

The disease-associated SNPs in CLEC16A are located in intronic regions of the gene [39]. 

However, even though it is located in a non-coding region, disease-associated SNPs may still 

contribute to disease by acting as expression quantitative trait loci (eQTL), contributing to 

variation of expression levels of selected genes in neighboring or distant regions [40]. As an 

example, Leikfoss et al. showed that the MS risk SNP rs12927355 located in the intron 19 of 

CLEC16A acts as an eQTL for CLEC16A in peripheral CD4
+
 T cells [35].  

Furthermore, IL2RA was one of the first genes found to be associated with MS [34]; it 

encodes the alpha subunit of a high-affinity receptor for IL-2, which is expressed by 

lymphocytes. Berge et al. demonstrated that IL2RA has a VDRE region and that the gene is 

upregulated upon vitamin D treatment of activated CD4
+
 T cells.  However, the vitamin D 

modulation was not associated with the MS SNP, since RR-MS patients did not show any 

difference in the vitamin D response when compared to healthy controls [41].  
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Finally, CD69 encodes a transmembrane protein, and its cell surface and mRNA expressions 

increase rapidly upon T cell activation [42, 43]. The MS-associated SNP is located in the 

coding region of CD69, however, no biased expression caused by the SNP was observed in 

whole blood [44]. 

1.3.3.1 Vitamin D mechanisms and MS genetics 

Vitamin D is a liposoluble vitamin mainly obtained from dietary intake and/or endogenously 

produced in the skin upon exposure to ultraviolet radiation. After consecutive hydroxylation 

in the liver and kidney, vitamin D is converted to 1,25(OH)2D3 (calcitriol), the biologically 

active form of vitamin  D. Vitamin D as calcitriol functions by binding to a vitamin D 

receptor (VDR), which is a nuclear receptor and a DNA-binding transcription factor that 

heterodimerizes with the retinoid X receptor (RXR) to regulate gene transcription [45]. The 

VDR:RXR complex binds to specific sites in the genome, so-called VDREs (vitamin D 

response elements), to activate or, in some cases, suppress transcription of genes. Hundreds of 

vitamin D regulated genes and thousands of VDRE sites have been identified [46]. Moreover, 

studies have shown that cells in the bone marrow, brain, colon, breast, and immune system 

express VDR [47].Thus, vitamin D has many functions apart from the well-known calcium 

homeostasis.  

VDREs are typically formed by a tandem repeat of two hexameric core binding half-sides 

arranged either as direct repeats spaced by 3 nucleotides (DR3) or everted repeat with nine 

spacing nucleotides (ER9) [48]. However, Ramagopalan et al. demonstrated that DR3 motif is 

the most significantly enriched upon calcitriol stimulation of the lymphoblastoid cell line 

[49]. Moreover, Ramagopalan et al. also showed a significant enrichment for VDR binding 

sites associated with several autoimmune diseases, such as MS, type-1 diabetes, and systemic 

lupus erythematosus [49]. Furthermore, possible links between genetic and environmental risk 

factors are the presence of a VDRE in the promoter region of HLA DRB1*15:01, and its 

regulation by vitamin D [50]. 

The diverse consequences caused by calcitriol action in different cell types is due to the 

recruitment of coregulatory complexes by the VDR:RXR complex binding to its VDRE. This 

binding recruits coregulatory complexes required for its genomic activity, and such 

coregulatory complexes are gene and cell specific [46]. Interestingly, naïve T cells have a low 

expression of VDR [51], but its expression is enhanced upon T cell activation [52], by which 
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the active form of vitamin D mediates immunoregulatory and anti-inflammatory effects on 

CD4
+
 T cells by inhibiting cell proliferation, enhancing IL-10 secreting cell numbers, 

inhibiting IL-6 and IL-17 producing cells, and inducing Treg cells [53, 54]. 

Although a gene does contain a binding site for a transcription factor, it is, however, not 

necessarily regulated by that factor in all cells or in all cellular conditions. This has to be 

determined experimentally in the cells and the cellular conditions of the study. Among the 13 

VDRE-containing genes that were tested for vitamin D response in CD4+ T cells, only two 

genes, IL2RA and TAGAP, displayed a transcriptional response upon calcitriol treatment of 

activated CD4
+
 T cells [41]. Both TAGAP and IL2RA have a VDRE in their promoter regions. 

Moreover, the VDRE in the intronic region of TAGAP lies within the 5’ region of the gene, 

which suggests that VDR can bind in this region and regulate gene expression [41]. 

The MS associated genes that display expression in T cells that were tested by Berge et al. for 

vitamin D response contained more than one VDRE in their regulatory region, or a MS-

associated SNP and VDRE in the same regulatory region [41]. CD69 did not meet these 

criteria, it has one VDRE in its 3’ untranslated region. However, Handel et al. showed 

binding of VDR to CD69 in CD4
+
 T cells [55]. Our group tested CD69 expression for vitamin 

D response and showed that addition of calcitriol to activated CD4
+
 T cells (Brorson and 

Berge, unpublished results) changed the expression of the gene.  

Conversely, CLEC16A present no VDRE in its regulatory region, therefore, it was not tested 

for vitamin D response in CD4
+
 T cells [41]. However, van Luijin et al. have shown that 

vitamin D down-modulates CLEC16A expression in monocyte-derived dendritic cells [56].   

1.4 TAGAP 

1.4.1  Genetic association with autoimmune disorders 

As mentioned previously, the TAGAP gene is one of the non-HLA genes that has been 

reported as one of the MS susceptibility genes [33]. It is located on chromosome 6 (6q25.3) 

and alterations in this gene have been shown to be associated with other autoimmune 

diseases, such as Crohn’s disease, type 1 diabetes, and rheumatoid arthritis [57-59].  
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The GWAS analysis from 2011 identified two SNPs that are associated with MS disease 

development, rs212405 located in the 5’ untranslated (UTR), and rs1738074 at the promoter 

region [33]. The rs1738074 SNP is also associated with celiac disease, type 1 diabetes, and 

rheumatoid arthritis. Individuals with AA and AG genotypes had approximately 37% and 

17% more risk, respectively, of developing celiac disease than people with the GG genotype 

[60]. Moreover, an association between the genotypes of rs1738074 and rs212389 (situated in 

the 5’ UTR) showed increased risk in rheumatoid arthritis disease development [61].  

Conversely, the TAGAP SNP associated with Crohn’s disease (rs212388) expressing a single 

copy of the allele G was found to have a protective effect, where 68% of patients with the GG 

genotype did not have anal disease, whereas 60% of patients with the wild-type AA genotype 

had anal disease [62]. 

1.4.2 TAGAP expression 

Both TAGAP mRNA and protein expressions are induced upon T cell activation [41, 63]. 

Addition of calcitriol to active CD4
+
 T cells led to a slight, but significant, reduction of 

TAGAP expression. Furthermore, this down-modulation was independent of the MS-

associated genotype at rs1738074 [41]. 

Additionally, it has been shown that TAGAP expression varies with inflammation location 

and severity in Crohn’s disease, showing increased expression in more severely diseased 

tissues [57]. It was also observed that the TAGAP gene expression is higher in rheumatoid 

arthritis patients than in controls [64]. Moreover, a preliminary study showed that the TAGAP 

expression in children at-risk of developing celiac disease was already increased in PBMCs 

before any presence of antibodies in the serum or clinical signs of the disease [65]. 

1.4.3 TAGAP function 

TAGAP encodes for T cell activation Rho-GTPase activating protein (TAGAP) that is 

believed to be a member of the Rho GTPase-activator protein superfamily, as all TAGAP 

isoforms have a conserved Rho-GTPase domain (figure 4). TAGAP is induced upon T cell 

activation [63], as suggested by the name, and due to the Rho-GTPase domain, it is suggested 

to have a role in actin formation, cell motility, and subsequent establishment of cell to cell 

contacts. In addition to their effects on the cytoskeleton, Rho GTPases contribute to cell 
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polarity, gene transcription, microtubule dynamics, vesicular transport pathways, cell 

migration, and the regulation of cell cycle progression [66]. Rho GTPases are also involved in 

TCR-mediated signal transduction, playing an important role in T-cell development and 

activation [67].  

 

 

 

 

 

Figure 4: Representation of the three isoforms of TAGAP with a conserved Rho-GTPase activating 

domain. TAGAP amino acid sequences were obtained from NCBI (ncbi.nlm.nih.gov) and a BLAST protein 

search (blast.ncbi.nlm.nih.gov) showed a Rho-GTPase activating domain present in the isoforms. This figure is 

based on the multiple alignment of the three isoforms and the Rho-GTPase activating domain performed using 

the software Jalview. Blue bars represent TAGAP amino acid sequence and orange bars represent the conserved 

Rho-GAP domain. 

Briefly, GTPases cycle between two conformational states: one bound to GTP (active state) 

and the other bound to GDP (inactive state) (figure 5). When bound to GTP, GTPases 

recognize target proteins and generate a response until GTP hydrolysis is complete. Rho 

GTPase activating proteins propagates the inactive form of the Rho molecule in the Rho 

GDP-GTP cycle, leading to phosphorylation of the GTPases, thus, enhancing their intrinsic 

activity [66].  

Figure 5: Cycling of Rho-GTPases. GTPases exist in either an inactive, GDP-bound form, or an active, GTP-

bound form. This GDP-GTP cycles is tightly regulated by GEFs (guanine nucleotide exchange factors), and 

Isoform 1 731 aa 

242 181 

3 64 

Isoform 2 553 aa 

Isoform 3 

242 181 

266 aa 
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GAPs (GTPase-activating proteins). External or internal cues promote activation by GEFs and can signal to 

effector proteins. Then, GAPs inactivate the GTPases by accelerating their intrinsic GTPase activity, leading to 

the GDP-bound form.  

During the work with this thesis, Tamehiro et al. demonstrated that TAGAP interacts with 

RhoH, an adapter protein that binds with Zap70. The competition of TAGAP with Zap70 for 

binding RhoH attenuates TCR signaling, promoting TH17 differentiation, as the 

downregulation of TCR signaling enhances TH17 differentiation (figure 6). Furthermore, 

TAGAP-deficient mice exhibited milder symptoms of disease in the experimental 

autoimmune encephalomyelitis (EAE), a rodent model of MS [68].  

Figure 6: Schematic representation of where TAGAP is believed to be inserted in the TCR signaling 

pathway. Upon recognition of antigen being presented by an MHC class II molecule by the TCR, the CD4 co-

receptor also binds the MCH, and the cytosolic protein Lck is recruited to the membrane via CD4, and comes in 

close proximity to the ITAM domain and phosphorylates it, which, in turn, recruits, and binds to ZAP70. While 

bound to ITAM, Lck also phosphorylates ZAP70, which competes with TAGAP for the binding of RhoH. The 

binding of TAGAP to RhoH inhibits cytokine production, proliferation, and migration of the CD4
+
 T cells. 

Moreover, it also leads to impaired cell T activation and movement, and dysfunctional actin cytoskeleton 

rearrangement (illustration modified from Brorson). 
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1.5 Aims 

GWAS studies identified 200 MS risk variants outside MHC II region. A number of these MS 

associated genes have vitamin D binding sites in their genomic region or respond to stimuli 

via the VDR. In this study we: 

1) Analyze whether vitamin D modulates expression of selected MS-associated genes upon 

CD4
+
 T cell activation 

Moreover, in the beginning of this thesis, there was no functional data available about one of 

the selected MS-associated genes (TAGAP); therefore, the second aim of this thesis was to: 

2) Identify the function and subcellular localization of TAGAP 
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2 Methods 

All recipes, materials, and equipment used in this thesis and presented in this section are listed 

on the appendices at the end. 

2.1 Human cell lines and primary cells 

2.1.1 Jurkat cells 

Jurkat cells are cultivated in suspension. The human Jurkat cell line was used in this study, 

because of their reliable growth and propensity for transfection. This human T cell line was 

isolated from peripheral blood from a male with acute T cell leukemia in 1980s [69].  

2.1.1.1 Freezing of Jurkat cells 

1) Resuspend, count, and centrifuge the cells at 400 g for 8 min 

2) Discard the supernatant and resuspend the cells in RPMI 1640, 20% foetal calf serum 

(FCS) to a concentration of 20x10
6
 cells/mL 

3) Place the cell suspension on ice for cooling for 15 min 

4) After cooling, add Jurkat freezing medium dropwise (RPMI, 20% FCS, 20% dimethyl 

sulfoxide - DMSO) (1:1). Keep the cell suspension cold and shake gently throughout 

the procedure  

5) Aliquot the cell suspension into cryovials (1 mL per vial) 

6) The vials should be left for at least 10 min on ice before transferring to -80°C 

7) Place the cells in a container with isopropyl alcohol (Mr. Frosty™ Freezing container). 

Allow cells to freeze at -80°C for at least 5 h before moving into a liquid nitrogen 

container  

8) Check the viability and recovery of frozen cells 24h after storing the cryovials in 

liquid nitrogen by following the procedure in 2.1.1.2 
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2.1.1.2 Thawing of Jurkat cells 

The thawing procedure is stressful to frozen cells; therefore, it is vital to thaw cells correctly 

and quickly in order to maintain the viability of the cells. 

1) Prepare a tube with 10 mL of cold (4°C) Jurkat growth medium  

2) Remove the cells from the liquid nitrogen tank and place the cryotube in a water bath 

at 37°C until it is almost completely thawed  

3) Transfer the cells to the cold media tube, resuspend it and centrifuge for 8 min at 290 

g, at room temperature  

4) Remove the supernatant and resuspend the cells in growth media (37°C) to a 

concentration of 0.5x10
6
 cells/mL  

5) Transfer the cells to a Nunc T25 flask (for 10x106 cells) and incubate at 37°C, 5% 

CO2. Only use the recently thawed cells for experiments after two weeks 

2.1.1.3 Cultivation of Jurkat cellsJurkat cells were cultivated in Jurkat growth medium at 

a concentration of 0.2x10
6
 cells/mL to 1x10

6
 cells/mL at 37°C, 5% CO2. Fresh Jurkat growth 

medium was added three times a week and the concentration never exceeded 2 million 

cells/mL. Stocks of the cells were stored in liquid nitrogen and new cells were thawed every 

third month. 

2.1.2 293T cells 

293T cells are adherent cells derived from human embryonic kidney cells. The cells were 

generated in 1973 and have been widely used in cell biology, because of their reliable growth 

and propensity for transfection [70].   

2.1.2.1 Freezing of 293T cells 

1) Remove the medium from the flask where the cells are at a 70-90% confluence 

2) Add 1 mL of trypsin to the cells and incubate for 5 min at RT or until cells detach 
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3) Add 4 mL of 293T growth medium and transfer the cell suspension to a 15 mL sterile 

falcon tube 

4) Count the cells as in 2.2.2, centrifuge at 250 g for 5 min at RT, and remove the 

supernatant  

5) Calculate the volume of freezing medium required to yield a final cell density of 5x10
6
 

cells/mL, and prepare the required volume of 293T freezing medium (90% 293T 

growth medium and 10% DMSO) 

6) Resuspend the cell pellet in the chilled freezing medium, and dispense aliquots of this 

suspension into cryovials 

7) Freeze the vials at -80°C in a container with isopropyl alcohol (Mr. Frosty™ Freezing 

container) for at least 5 h before moving into a liquid nitrogen container  

8) Transfer vials to liquid nitrogen storage  

9) Check the viability and recovery of frozen cells 24h after storing the cryovials in 

liquid nitrogen by following the procedure in 2.1.2.2 

2.1.2.2 Thawing of 293T cells 

The protocol for thawing 293T cells is similar to the procedure for Jurkat cells, explained in 

2.1.1.2, but instead of using a growth medium with 10% FCS, it was used 5% FCS (293T 

growth medium). 

2.1.2.3 Cultivation of 293T cells 

293T cells were cultivated in a 75T Nunc flask with 20 mL of 293T growth medium in a 

concentration of 0.05x10
6
 cells/mL at 37°C, 5% CO2. Fresh growth medium was added three 

times a week and the confluence never exceeded 80%. Stocks of the cells were stored in 

liquid nitrogen and new cells were thawed every third month. 

1) Completely remove the medium  

2) Add 1 mL of trypsin (37°C) and wait 5 min, or until the cells do not adhered to the 

flask  
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3) Add 4 mL of fresh medium and resuspend the cells 

4) Remove 200 µL (approximately 0.05x10
6
cells/mL) and add to a new flask 

5) Add 20 mL of fresh medium to the new flask 

2.1.3 Cells from whole blood 

Whole blood samples from healthy individuals were obtained among hospital employees, in 

Oslo, Norway. Written informed consent was obtained from all study participants. The 

Regional Committee for Medical and Health Research Ethics South East, Norway, has 

approved this study.  

2.1.3.1 Isolation of peripheral blood mononuclear cells (PBMCs) 

Mononuclear cells have a lower density than the other cells in the blood, such as granulocytes 

(neutrophils, basophils, and eosinophils) and erythrocytes. Therefore, it is possible to isolate 

PBMCs, which are composed of T lymphocytes, B lymphocytes, NK cells, and monocytes, by 

adding an isosmotic medium (Lymphoprep™) with a density of 1.077 g/mL, which allows the 

erythrocytes and the granulocytes to sediment through the Lymphoprep™ while retaining the 

mononuclear cells at the sample/medium interface after centrifugation [71].  

1) Collect blood in tubes containing EDTA  

2) Add 1 mL of 100 mM EDTA to a Nunc T75 flask. Add the freshly collected blood to 

the cell culture flask. Use 10 mL of RPMI 1640 medium to wash out the remaining 

blood in the tubes, and transfer it to the flask 

3) Add RPMI 1640 medium to the flask to a volume of 100 mL 

4) Divide the solution of blood and RPMI 1640 in four 50 mL tubes 

5) Add 10 mL of RT Lymphoprep™ per 25 mL of blood/RPMI 1640. Add 

Lymphoprep™ slowly with a 2 mm syringe to the bottom of the falcon tube, creating 

a two-phase solution 

6) Centrifuge at 800 g for 30 min without break and acceleration of 1, at RT. After 

centrifugation is done, the tube will look like in Figure 7 
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Figure 7: Schematic representation of the tube after centrifugation of blood and  Lymphoprep™.  The first 

phase on top contains plasma and platelets, the second contains the PBMCs, third, granulocytes, and finally, in 

the bottom are the erythrocytes.  

7) With a plastic Pasteur pipette remove the PBMCs and add to two 50 mL tubes 

8) Fill up the tubes to 50 mL with PBS (Dulbecco’s phosphate buffered saline) and 

centrifuge for 10 min at 650 g 

9) Remove the supernatant and resuspend the cells in 10 mL of PBS, then transfer the 

resuspended cells to the other tube and wash the first tube with 10 mL of PBS (total of 

20 mL in one tube). Centrifuge for 10 min at 200 g 

10) Remove the supernatant, add 10 mL of PBS and resuspend. Take 50 µL in an 

Eppendorf tube for cell counting as described in section 2.2.1 (live and dead cell 

count), and centrifuge the cell suspension for 10 min at 200 g 

11) Remove supernatant carefully and resuspend the cells in 500 µL of isolation buffer per 

50x106 cells 

12) Keep the cells on ice 

2.1.3.2 Isolation of CD4+ T cells 

The isolation of CD4
+
 T cells was done following the protocol provided by the Dynabeads® 

Untouched™ Human CD4 T Cells Kit (Thermo Fisher). The procedure is based on the 

addition of a mixture of mouse IgG antibodies against non-CD4
+
 T cells, such as B cells, NK 

cells, monocytes, platelets, dendritic cells, CD8
+
 T cells, granulocytes and erythrocytes, 
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followed by the addition of Depletion MyOne™ Dynabeads®, which will couple with the 

antibody labeled cells.  

Washing the Dynabeads®: 

1) Vortex the Dynabeads for 30 s or tilt and rotate for 5 min 

2) Transfer the desired volume of Dynabeads to an Eppendorf tube 

3) Add equal volume of isolation buffer, or at least 1 mL, and resuspend 

4) Place the tube in DynaMag-2 for 1 min and discard the supernatant  

5) Remove the tube from the magnet and resuspend the Dynabeads in isolation buffer 

(same volume of Dynabeads) 

Isolating human CD4
+
 T cells: 

This protocol is based on 50x10
6
 PBMCs, adjust the volumes according to the number of 

PBMCs. 

1) Cool down the centrifuge to 4°C 

2) Transfer 500 µL (50x10
6
) of PBMS in isolation buffer to a 15 mL tube 

3) Add 100 µL of pre-heated FCS 

4) Add 100 µL of antibody mix to the cell suspension and mix well with a pipette. 

Incubate for 20 min on ice and flick the tube occasionally to mix the contents 

5) Wash the cells by adding 4 mL of isolation buffer. Mix well by inverting the tube 

several times and centrifuge at 350 g for 8 min at 4°C. Discard the supernatant 

6) Resuspend the cells in 500 µL isolation buffer and transfer everything to a flow tube 

with cap 

7) Add 500 µL of the washed Dynabeads 

8) Incubate for 15 min at RT lightly tilting and rotating 
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9) Add 4 mL of isolation buffer (never use less than 1 mL of isolation buffer) 

10) Resuspend well by pipetting and avoid foam  

11) Place the tube in magnet for 2 min (Dynamag15). Transfer the supernatant containing 

the untouched CD4
+
 t cells to a new 15 mL tube 

12) Add 4 mL of isolation buffer to the tube containing Dynabeads and resuspend by 

pipetting as in step 10 

13) Place the tube in the magnet for 2 min 

14) Combine the two supernatants  

15) To remove beads residues, place the tube in the magnet for 2 min and transfer 

supernatant to a new tube 

2.2 Cell Count 

2.2.1 Counting cells in suspension 

The cells were counted prior to all cell experiments and before fresh medium was added. An 

automated cell counter was used to count both live and dead cells. The live and dead cell 

count is used prior to experiments in order to know the exact number of cells, for example, 

before cell transfection. However, it can also be used after experiments in order to check the 

viability of the cells, such as after cell activation.  

Number of cells per mL: 

1) Resuspend cells in the flask  

2) Add 10 µL of the suspension to a chamber of a counting slide and insert the slide in 

the cell counter 

Percentage of live and dead cells per mL: 
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The live and dead cell count is performed by mixing the cell suspension with TrypanBlue 

(1:1). TrypanBlue is a stain used to selectively colour dead cells blue. Live cells have intact 

cell membrane, thus the dye does not penetrate the cell. 

1) Resuspend cells in the flask  

2) Add 10µL of the suspension to an Eppendorf tube and add 10µL of TrypanBlue, 

pipetting up and down  

3) Add 10 µL of the mix to a chamber slide and insert the slide in the cell counter 

2.2.2 Counting adherent cells 

The cells were counted only prior to cell experiments, because since 293T cells are adherent, 

dead cells are not attached to the flask wall, and are thereby removed with the media. An 

automated cell counter was used to count cells.  

Number of cells per mL: 

1) Completely remove the media 

2) Add 1 mL of trypsin 

3) Add 4 mL of fresh media 

4) Resuspend cells in the flask until thoroughly mixed 

5) Add 10 µL of the suspension to a chamber slide (Counting slides dual chamber for cell 

count, Bio-Rad) and insert the slide in the counter 

2.3 Cell treatment  

2.3.1 Activation and vitamin D treatment of CD4+ T cells 

The activation of CD4
+
 T cells was done by following the protocol of Dynabeads® Human T-

Activator αCD3/CD28. Antibodies specific for the TCR-CD3 complex provide an initial 

activation signal, but proliferation and T cell survival is dependent on a co-stimulatory signal 

given by CD28. CD4
+
 T cell activation with αCD3/CD28 provides a more physiologically 
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relevant mechanism of activating T cells, because it mimics the binding of APCs to T cells 

[72]. 

Washing the beads: 

1) Vortex the Dynabeads Human T-activator αCD3/CD28 vial 

2) Transfer the desired volume to an Eppendorf (1x10
6
 cells : 25 µL of Dynabeads : 1 

mL) 

3) Add an equal volume of isolation buffer, or at least 1 mL 

4) Place the tube on a magnet (Dynamag2) for 1 min and discard the supernatant  

5) Remove the tube from the magnet and resuspend the washed Dynabeads in the same 

volume of culture medium (X-vivo medium) as the initial volume of Dynabeads 

Activation of T cells and vitamin D treatment: 

1) Centrifuge the cells at 350 g for 8 min, remove the supernatant and resuspend the cells 

in X-vivo medium to a ration of 1x10
6
 cells per mL 

2) Add the washed Dynabeads to the tube (1x10
6
 cells : 25 µL of Dynabeads : 1 mL) 

3) Remove cells for the 0h time point 

4) Divide the volume in two and add to small cell flasks. In one flask add 10 nM of 

calcitriol, and add the same volume of ethanol to the other flask as a vehicle control 

5) Incubate and harvest the cells 1h, 24h, and 48h after activation of cells. Remove the 

beads prior to protein and RNA extractions 

2.3.2 Activation of Jurkat cellsJurkat cells were activated with phorbol myristate 

acetate (PMA) and ionomycin (IO). PMA is a phorbol that induces protein kinase C (PKC) 

activation and IO is a calcium ionophore that stimulates the intracellular production of 

cytokines, such as IL-2. The synergy of both compounds culminates in T cell activation [73]. 
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1) Cells were harvested for RNA extraction and protein extraction at 0h, 1h, 2h, 4h, 8h, 

12h, 24h, and 48h after cell activation.  

2) Count the cells and transfer 2x10
6
 cells per each time point to a 50 mL tube (1x10

6
 

cells for RNA extraction and 1x10
6
 cells for protein extraction)  

3) Centrifuge for 8 min at 290 g and remove the supernatant  

4) Resuspend the cell pellet to a concentration of 0.7x10
6
 cells/mL in growth media  

5) Remove cells for the 0h time point 

6) Divide the rest of the cells in two 50 mL tubes  

7) Add 50 ng/mL of PMA and 500 ng/mL of IO to one of the tubes and add the same 

amount of DMSO (vehicle control) to the other tube  

8) Divide the volume of cells in the tubes in to a 6 well-plate  

9) Incubate at 37°C, 5% CO2 and harvest cells at the corresponding time points 

2.4 Cell transfection 

To identify the function of a protein in a cellular process, the most common approach is to 

unbalance gene expression and analyze the resulting effects [74]. This can be achieved by 

transfection of siRNA or a plasmid, in order to reduce or enhance, respectively, the activity of 

a single gene or protein.  

In order to quantify the transfection efficiency, cells were either transfected in parallel or co-

transfected with a plasmid containing green fluorescence protein (GFP). The green 

fluorescence was measured in the Attune Flow Cytometer, in which the channel BL-1 detects 

GFP. 

2.4.1 Transfection of Jurkat cells 

The most common method for transfection of Jurkat cells is using an electroporator. It is 

based on a brief, high-intensity electrical pulse that creates transient pores in the membrane of 

the cells, allowing macromolecules to enter. 
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Day 1: 

Count the cells and split cells so that they will have expected density of 0,5 – 1x10
6
 cells/mL 

on the next day (15x10
6
/transfection) 

Day 2: 

1) Place the transfection medium in the water bath at 37°C 

2) Count cells and harvest 15x10
6
/transfection 

3) Add the right amount of cells into 50 mL sterile Falcon tubes  

4) Centrifuge for 8 min at 300 g 

5) Carefully pour the supernatant and resuspend the cells in 10 mL RPMI 1640 medium, 

transferring the cells to a single tube. Complete the volume with RPMI 1640 to 50 

mL. Centrifuge for 8 min at 300 g  

6) Carefully pour the supernatant and resuspend the cells in 400 µL transfection media 

per transfection 

7) Divide the cells into tuber with 400 µL cells/tube. Add plasmid-DNA (amount needs 

to be determined for each plasmid, usually between 0,5 – 20 µg). In the current thesis 

the following amounts were used: 

Plasmid Amount 

pEGFP-N3 (GFP) 1 µg 

pEZ-M13-TAGAP (TAGAP) 3 µg 

pCMV6 (empty) 3 µg 

siRNA TAGAP 1 µM and 2 µM 

8) Transfer the mix to 4 mm cuvettes and incubate it for 15 min at RT 

9) Mix by lightly snapping the cuvette to avoid bubbles 
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10) Pulse the cuvette once in a electroporator machine on LV mode, at 240 V, and 25 ms 

11) Incubate the cells for 15 min at RT 

12) Prepare small flasks (T25) with 10 mL of pre-heated transfection medium 

13) Add 1 mL of transfection medium to the cuvette then transfer the cells to the 

appropriate flask. Incubate for 24h and 48h at 37°C in 5% CO2. Cells that are going to 

be incubated for 48h should have fresh transfection medium added after 24h to 

achieve a cell concentration of 0,9x10
6
 cells/mL 

2.4.2 Transfection of 293T cells 

If staining for confocal microscopy after transfection start at 2.4.2.1, if not, start at 2.4.2.2. 

2.4.2.1 Preparation of adherent coverslips 

1) Label the coverslips to know which side the poly-l-lysin is applied and place them in a 

12-wells plate 

2) Keep the plate on the cell-bench overnight to expose the slides to UV-light 

3) Add 200 µL of poly-l-lysin in the middle of the coverslips and incubate for 5 min at 

RT 

4) Remove the poly-l-lysine and wash the coverslips three times with autoclaved mQ-

H2O, incubate for 5 min each time 

5) Air-dry the slides for at least 2 hours before use 

2.4.2.2 293T cell transfection with Lipofectamine® 

Lipofectamine® is a cationic liposome formulation from ThermoFisher that complexes with 

negatively charged nucleic acid molecules to allow them to overcome the electrostatic 

repulsion of the cell membrane. The DNA-containing liposomes (with positive charge on 

their surfaces) can fuse with the negatively charged plasma membrane of living cells, 

allowing the nucleic acid to cross into the cytoplasm [75]. 
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1) Add the appropriate amount of cells in the wells and incubate at 37°C, 5% CO2 until 

the cells are adherent (overnight) 

 12-well 6-well 

Volume plating medium 1 mL 2 mL 

Cells per well 0,25x106 0,625x106 

2) Dilute Lipofectamine® LTX reagent in Opti-MEM® medium 

 12-well 6-well 

Opti-MEM® medium 100 µL 150 µL 

Lipofectamine® LTX reagent 6 µL 9 µL 

3) Dilute plasmid-DNA in Opti-MEM® medium, and add PLUS® reagent. The amount 

of PLUS® reagent should be equivalent to the amount of plasmid-DNA added on each 

well (for example, if the total amount of plasmid-DNA is 1,5 µg, PLUS® reagent 

added should be 1,5 µL) 

 12-well 6-well 

Opti-MEM® medium  118,75 µL 175 µL 

Plasmid-DNA:   

pEGFP-N3 (GFP) 1 µg 2 µg 

pEZ-M13-TAGAP (TAGAP) 0,5 µg 1 µg 

PCMV6 (empty) 0,5 µg 1 µg 

4) Add diluted DNA to the diluted Lipofectamine® LTX reagent at a 1:1 ratio, and 

incubate for 5 min at RT 

5) Remove the media and add fresh 293T growth media to the wells 

6) Add DNA-lipid complex to cells and mix gently by rocking the plate back and forth  
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 12-well 6-well 

DNA-lipid complex 150 µL 250 µL 

7) Incubate the cells at 37°C, 5% CO2 for 24h 

2.5 Staining with fluorochrome 

Staining is used in order to detect the distribution and localization of a specific protein within 

individual cells or tissues. Immunostaining uses specific antibodies that bind to a single 

targeted protein, primary antibody, which can be fluorochrome-labelled. Bound antibodies 

that are not conjugated with a fluorochrome are then detected by commercially available 

secondary antibodies, which are, in turn, bound to a fluorochrome. However, the staining of 

cells can also be done using molecular probes conjugated with a fluorochrome, in this thesis it 

was used Alexa Fluor 647 Phalloidin. Stained cells can be analyzed either by flow cytometry 

or by confocal microscopy. 

2.5.1 Actin staining of adherent cells 

The actin staining was performed with Alexa Fluor 647 Phalloidin from ThermoFisher. It is 

based on the staining of filamentous actin (F-actin) with phalloidin, which acts by binding and 

stabilizing F-actin and effectively prevents the depolymerisation of actin fibers. The protocol 

was performed following the specifications of the manufacturer. 

1) Prepare adherent coverslips as in 2.4.2.1 

2) Add 0,5x10
6
 cells/mL (in 293T growth medium) in the wells and incubate at 37°C, 5% 

CO2 until the cells adhere to the coverslips (overnight) 

3) Remove the growth medium and add 1 mL of new 293T growth medium 

4) Add Hoechst to the cells to a final concentration of 1 µg/mL 

5) Wash cells twice with 200 µl of pre-warmed PBS 

6) Fix the cells with 200 µl of PBS, 3,7% PFA for 10 min at RT 

7) Wash twice with 200 µl of PBS for 5 min each time 
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8) Incubate the cells with 200 µl of PBS, 0,1% Triton X-100 for 5 min at RT 

9) Wash twice with 200 µl of PBS for 5 min each time 

10) Block the cells with 200 µl of PBS, 1% BSA for 20 min at RT 

11) Dilute 5 µL of the methanol stock solution (the vial content should be previously 

dissolved in 1,5 mL methanol to yield to a final concentration of 200 U/mL) in 200 µL 

PBS – adjust volumes according to the number of samples (200 µl of the staining 

solution/per well) 

12) Add 200 µl of the staining solution on each well and incubate for 20 min at RT. To 

avoid evaporation, keep the coverslips covered 

13) Wash twice with 200 µl of PBS for 5 min each time 

14) Let the sample nearly dry, add 40 μL of mounting media, and place the coverslip on 

top of a microscope slide. Seal the edges with nail polish 

15) Store in dark at 4°C 

2.5.2 Immunostaining for flow cytometry 

Flow cytometry is a laser-based technology employed in cell counting, cell sorting, biomarker 

detection, and protein engineering, by suspending cells in a stream of fluid and passing them 

by an electronic detection apparatus. It allows simultaneous multi-parametric analysis of the 

physical and chemical characteristics of up to thousands of particles per second [76]. 

Cells or particles passing through the beam scatter light, which is detected as forward scatter 

(FSC) and side scatter (SSC). FSC correlates with the cell size and SSC is proportional to the 

cell granularity, for example, larger and more granular granulocytes have high FSC and SSC, 

while lymphocytes are smaller and not granular, therefore, they have low FSC and SSC [76]. 

In the current thesis, the Attune Flow Cytometer was used, in which the channel BL-1 detects 

GFP (green fluorescent protein) and FITC (fluorescein isothiocyanate). In addition, channel 

RL1-A detects Alexa Fluor 647 and APC (allophycocyanin). 
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2.5.2.1 Staining of cell surface markers for flow cytometry 

1) Transfer cells to a V-bottom 96-well plate (0,5x10
6
 cells into each well) 

2) Spin down at 340 g for 2 min at 4°C and discard the supernatant  

3) Wash by adding 150 µL of washing buffer (PBS with 1% FBS and 0.05% sodium 

azide) 

4) Spin down at 340 g for 2 min at 4°C and discard the supernatant 

5) Dilute the antibody in washing buffer, according to the manufacturer specifications, 

and add 50 µL of antibody solution per 0,5x10
6
 cells. In the current thesis, the 

following antibodies were used: 

Antibody Dilution Fluorochrome 

αCD4 (mouse anti-human) 1:10 FITC 

αIgG (mouse anti-human) 1:10 FITC 

αCD69 (mouse anti-human) 1:10 APC 

αIgG1 (mouse anti-human) 1:10 APC 

6) Leave on ice for 20 min (cover with aluminium foil) 

7) Spin down at 340 g for 2 min at 4°C and discard the supernatant 

8) Wash twice by adding 150 µL of washing buffer, spin down at 340 g for 2 min at 4°C 

and discard the supernatant 

9) Resuspend the cells in 500 µL of PBS and transfer to an Eppendorf tube prior to flow 

cytometry 

2.5.2.2 Intracellular immunostaining for flow cytometry using fluorochrome-

conjugated secondary antibody 

1) Transfer cells to a V-bottom 96-well plate (0,5x10
6
 cells into each well) 

2) Spin down at 340 g for 2 min 
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3) Remove the supernatant and fix the cells with 100 µL PBS, 3% PFA. Incubate for 10 

min at 4°C  

4) Spin down the cells at 340 g for 2 min and carefully remove the supernatant. Wash 

with 100 µL of washing media (PBS, 2% FBS), and spin down at 340 g for 2min at 

4°C. Remove supernatant and repeat 

5) Permeabilize the cells with 200µL of permeabilization buffer (PBS, 0,05% saponin, 

0,25% BSA) for 5min at RT. Spin down at 340 g for 2 min and remove supernatant 

6) Wash with 200 µL PBS, 0,05% Saponin, 2% FCS, spin down  at 340 g for 2 min. 

Remove the supernatant 

7) Dilute primary antibody in permeabilization buffer. Add 100 µL of antibody solution 

and incubate for 1 h in the dark at 4°C. Cover the samples to avoid evaporation. Spin 

down at 340 g for 2 min and remove the supernatant. In the current thesis, the 

following antibodies were used:  

Antibody Dilution 

αTAGAP (rabbit anti-human) 1:100 

αIgG (rabbit anti-human) 1:100 

8) Wash three times with permeabilization buffer for 5 min each 

9) Dilute secondary antibody in permeabilization buffer. Add 100 µL of antibody 

solution per million cells and incubate for 1 h in the dark at 4°C. Cover the samples to 

avoid evaporation. Spin down at 340 g for 2 min and remove the supernatant  

Antibody Dilution 

Alexa Fluor 647 (goat anti-rabbit) 1:200 

10) Wash three times with permeabilization buffer for 5 min each 

11) Resuspend the pellet in 120 µL PBS, 0,05% sodium azide 

12) Store in the dark at 4°C 
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2.5.3 Immunostaining for confocal microscopy 

A confocal microscope has the ability to control depth of field, elimination or reduction of 

background information from the focal plane, and the capability to collect serial optical 

sections from thick specimens, enabling the reconstruction of 3D structures from sets of 

images obtained at different depths. The confocal microscope has two pinholes that eliminate 

out-of-focus light or glare, which lead to an increased optical resolution and contrast of the 

sample [77].  

2.5.3.1 Staining of non-adherent cells 

1) Transfer cells of interest to a 12-wells plate (1-1.5x106 per staining) 

2) Add Hoechst to the cells to a final concentration of 1 µg/mL 

3) Incubate for 15-20 min in 37°C, 5% CO2 

4) Transfer the cells to tubes and harvest the cells by centrifugation at 400 g for 5 min 

5) Wash once with 1 mL RPMI 1640 and spin for 5 min at 400 g 

6) Remove the supernatant and resuspend the pellet in 100 μL RPMI/million cells 

7) Apply the resuspended cells to poly-l-lysin coated coverslips (one coverslip per 

sample) and adhere for 10 min at RT in the dark. Check the adherence using a light 

microscope 

8) Carefully remove the media by pipetting (without touching the cells) and fix the cells 

by applying 200 μL of PBS, 3% PFA. Fix for 10 min at RT in the dark  

9) Carefully remove PFA and wash with 200 μL of washing media (PBS, 2% FCS), 

incubate with the washing media for 5 min before carefully removing the media. Do 

this step twice. 

10) Permeabilize the cells with 200 μL of permeabilization buffer (PBS, 0.05% saponin, 

0.25% BSA) for 5 min at RT in the dark and then remove the solution 

11) Block the samples with 200 μL of permeabilization buffer for 20 min at RT in the dark 

and then remove the solution 
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12) Dilute primary antibody in permeabilization buffer, according to the manufacturer 

specifications. Add 100 μL solution per sample and incubate for 1h RT in the dark. 

Remove the solution. In the current thesis, the following antibodies were used: 

Antibody Dilution 

αTAGAP (rabbit anti-human) 1:100 

αIgG (rabbit anti-human) 1:100 

13) Wash three times for 5 min with 200 μL of permeabilization buffer  

14) Dilute secondary antibody in permeabilization buffer (1:200). Add 100 μL solution per 

sample and incubate for 1h RT in the dark. Remove the solution 

Antibody Dilution 

Alexa Fluor 647 (goat anti-rabbit) 1:200 

15) Wash three times for 5 min with 200 μL of permeabilization buffer 

16) Let the sample nearly dry, add 40 μL of mounting media, and place a cover glass 

(cover glass thickness number 1, VWR®) on the top. Seal the edges with nail polish 

17) Store in dark at 4°C 

2.5.3.2 Staining of adherent cells  

1) Prepare adherent coverslips as in 2.4.2.1 

2) Add 0,5x106 cells/mL in the wells and incubate at 37°C, 5% CO2 until the cells adhere 

to the coverslips (overnight) 

3) Remove the growth media in the well and add 1 mL of new 293T growth media 

4) Add Hoechst to the cells to a final concentration of 1 µg/mL 

5) Wash the cells twice with 200 µL of cold PBS for 5 min each time 

6) Fix the cells with cold 200 µL of PBS, 4% PFA for 15 min at RT 

7) Wash the cells twice with 200 µL of PBS for 5 min each time 
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8) Permeabilize the cells with 200 µL of PBS, 0,1% Triton-X for 15 min at RT 

9) Block the cells with 200 µL of blocking media (PBS, 4% PBS) for 10 min at RT 

10) Dilute the primary antibody in blocking media, according to the manufacturer 

specifications. Add 100 µL solution per sample and incubate for 1h at RT. In the 

current thesis, the following antibodies were used: 

Antibody Dilution 

αTAGAP (rabbit anti-human) 1:100 

αIgG (rabbit anti-human) 1:100 

11) Wash three times with PBS for 5 min each time 

12) Dilute the secondary antibody in blocking buffer, according to the manufacturer 

specifications. Add 100 µL solution per sample and incubate for 1h at RT  

Antibody Dilution 

Alexa Fluor 647 (goat anti-rabbit) 1:200 

13) Wash three times with PBS for 5 min each time 

14) Let the sample nearly dry, add 40 μL of mounting media, and place the coverslip on 

top of a microscope slide. Seal the edges with nail polish 

15) Store in dark at 4°C 

2.6 Nucleic acid experiments  

2.6.1 DNA maxiprep 

The bacteria were previously transformed with the plasmid pEZ-M13-TAGAP. Maxiprep is a 

technique used to isolate DNA plasmids from bacteria. The purification is based on an anion 

exchange resin with high affinity for plasmids. The negative phosphate groups on the DNA 

bind to the positive groups on the surface of the resin. To make the DNA bind to the resin, a 
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buffer with low salt concentrations is used in the binding step. Buffer with medium salt 

concentration is used to wash away proteins, RNA and other components. The DNA is eluted 

in a buffer with high salt concentrations, the positive groups at the resin make stronger bonds 

with the salt and the DNA is eluted. To remove the salt in the elution buffer, DNA is 

precipitated with isopropanol and the DNA pellet is washed in 70% ethanol prior to 

resuspension in TE buffer [78]. 

Part 1: Streak XL10 bacteria with pEZ-M13-TAGAP on LB-agar plates with ampicillin 

1) Add 20 mL of LB-agar to a tube 

2) Add ampicillin (50 µg/mL) 

3) Transfer 20 mL of the LB with ampicillin to a plate and wait until it is solid 

4) Add 20 µL of LB to an Eppendorf  

5) Scrape a tip on the Eppendorf with the frozen bacteria, and add it to the Eppendorf 

with LB 

6) Spread the LB with bacteria on the plate 

7) Cover the plate with parafilm and put it in an incubator at 37°C overnight 

8) Remove the plate from the incubator and place it at 4°C 

9) Add 200 mL of LB in an Erlenmeyer flask and add 50 µg/mL of ampicillin  

10) Pick a single colony and add to the flask 

11) Place the flask in a shaker at 37°C at 220 rpm overnight 

Part 2: Maxiprep 

1) Before starting: 

2) Add RNAse A solution to Buffer P1, mix and store at 4°C (final concentration 100 

µg/mL) 

3) Add LyseBlue reagent to Buffer P1 in a ration of 1:1000 
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4) Pre-chil Buffer P3 at 4°C 

5) Check Buffer P2 for SDS precipitation. If necessary, dissolve the SDS by warming it 

up to 37°C 

6) Program the centrifuge to 4°C 

7) Harvest the overnight LB culture by centrifuging at 6000 g for 15 min at 4°C 

8) Completely resuspend the bacterial pellet in 10 mL Buffer P1 

9) Add 10 mL Buffer P2 and mix it inverting until it is a homogeneously colored 

suspension, and incubate at room temperature for 5 min. Do not vortex. While 

waiting, prepate the QIAfilter Cartridge and place it in a 50 mL tube 

10) Add 10 mL of chilled Buffer P3 to the lysate and mix immediately by inverting the 

tube until the suspension is colorless  

11) Pour the lysate into de barrel of QIAfilter Cartridge. Incubate at RT for 10 min. Do not 

insert the plunger 

12) Gently insert the plunger into the QIAfilter Maxi Cartridge and filter the cell lysate 

into a 50 mL tube. Filter until all the lysate has passed through, but do not apply 

extreme force. Approximately 25 mL of the lysate is generally recovered after 

filtration  

13) Add 2.5 mL Buffer ER to the filtrated lysate, mix by inverting the tube approximately 

10 times and incubate on ice for 30 min 

14) Equilibrate a QIAGEN-tip 500 by adding 10 mL Buffer QBT, and allow the column to 

empty by gravity flow into a 50 mL tube 

15) Apply the filtered lysate from step 7 to the QIAGEN-tip and allow it to enter the resin 

by gravity flow 

16) Wash the QIAGEN-tip with 2x 30 mL Buffer QC. Allow Buffer QC to move through 

the QIAGEN-tip by gravity flow 

17) Elute DNA with 15 mL Buffer QN in a new tube 
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18) Precipitate DNA by adding 10.5 mL RT isopropanol to the eluted DNA. Mix and 

centrifuge immediately at 15000 g for 20 min at 4°C. Remove the supernatant 

pipetting 

19) Wash DNA pellet with 5 mL endotoxin-free RT 70% ethanol and centrifuge at 15000 

g for 10 min. Carefully remove the supernatant pipetting  

20) Air-dry the pellet for 5-10 min, and resuspend the DNA in 400 µL endotoxin-free 

Buffer TE 

21) Measure DNA concentration with Nanodrop (see section 2.5.4) 

2.6.1.1 Agarose gel electrophoresis 

Agarose gel electrophoresis is a technique used to separate DNA fragments by length. The 

molecules are separated by applying an electric field to move the charged molecules through 

an agarose gel. DNA is negatively charged, thus it moves towards the positively charged 

anode, and the smaller the DNA fragment, the faster it moves through the gel. Ethidium 

bromide is added to the gel for visualization of the DNA bands, as it binds to nucleic acids 

and fluoresces under UV light. This technique was performed several times in this thesis in 

order to check the size of the plasmid isolated from bacteria, to confirm that it is the right 

plasmid after enzyme digestion, and to investigate the presence of specific DNA sequences 

obtained by PCR. 

1) Make 45 mL of a 1% solution of agarose in 1x TAE buffer 

2) Heat the mix in a microwave until the agarose is melted  

3) Cool down the solution to approximately 50°C 

4) Add ethidium bromide to a final concentration of 0.5 µg/mL 

5) Pour the gel solution in a gel-casting tray, insert a comb, and wait until the gel is solid 

6) Place the gel in the electrophoresis chamber, add 1x TAE buffer until the gel is 

covered, and remove the comb 

7) Prepare the samples by adding loading buffer to a final concentration of 1x 
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8) Add the samples and ladder in the wells, and run the gel for 40 min at 80 V and 240 

mA 

9) Visualize and take a picture of the gel in UV-light 

2.6.1.2 Restriction enzyme digestion 

Restriction enzyme digestion is used for cleaving DNA molecules in specific places by 

enzymes. In the current thesis the enzyme used was SamI, which cuts the plasmid pEZ-M13-

TAGAP in three different places. This method was used to confirm that the plasmid isolated 

from the bacteria was right by checking on an agarose gel if the sizes of the bands are as big 

as expected by the manufactures.  

1) Set up a water bath for 37°C 

2) Prepare the mix on ice 

 Volume 

H2O Until a total volume of 20 µL 

10x Reaction buffer 2 µL 

Plasmid (DNA) 1 µg (0.5 µL - 2 µL) 

Restriction enzyme 1 µL (10 U/µL) 

3) Place the tubes in the incubator for 15-30 min 

4) Run an agarose gel with a negative control, see section 2.6.1.1 

2.6.2 RNA extraction 

When working with RNA, gloves are used at all times and changed frequently as RNAses 

might contaminate the samples. RNAse is a ribonuclease that catalyzes the degradation of 

RNA and is secreted by human skin. Thus, pipettes, bench, and boxes were frequently cleaned 

with RNAse AWAY, and filter tips and RNAse-free reagents were used. RNA isolations were 

done in a hood as β-mercaptoethanol is a serious irritant and is added to the lysis buffer 

provided by the RNA isolation kit.  
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RNA was extracted using the RNAeasy Plus Mini Kit using QIAshredder columns for lysate 

homogenization (both from Qiagen) according to the manufacturer specifications. 

1) Clean benches and equipment with RNase AWAY (Qiagen) 

2) Dilute ethanol to 70% with RNAse free water 

3) Add β-mercaptoethanol to buffer RLT (10 μL per 1 mL of buffer RLT) 

4) For cells preserved in RNA protect: centrifuge the mix of cells and RNA protect for 5 

min at 5000 g 

5) Remove the supernatant by pipetting 

6) Loosen the pellet by flicking or vortexing the tube 

7) Add 350 μL of buffer RLT (< 5x10
6
 cells). Vortex or pipet to mix 

8) Pipet the lysate directly into a QIAshredder spin column placed in a 2mL collection 

tube, and centrifuge for 2 min at maximum speed 

9) Discard the column and save the flow-through  

10) Add 350 μL of 70% ethanol to the flow-through and mix it well by pipetting. Do not 

centrifuge 

11) Transfer up to 700 μL of the sample, including any precipitate that may have formed, 

to an RNeasy spin column placed in a 2 mL collection tube. Centrifuge for 15 s at max 

speed. Discard the flow-through 

12) Add 700 μL of buffer RW1 to the RNeasy spin column. Centrifuge for 15 s at max 

speed to wash the spin column membrane. Discard the flow-through  

13) Add 500 μL of buffer RPE to the RNeasy spin column and centrifuge for 15 s at max 

speed. Discard the flow-through 

14) Add 500 μL of buffer RPE to the RNeasy spin column and centrifuge for 2 min at max 

speed to wash the spin column membrane 
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15) Place the RNeasy spin column in a new 2 mL collection tube and discard the old 

collection tube with the flow-through. Centrifuge for 1 min at max speed 

16) Place the RNeasy spin column in a new 1.5 mL collection tube. Add 35 μL of RNase-

free water directly to the spin column membrane and centrifuge for 1 min at max 

speed to elute the RNA 

17) Take out 3 μL of the eluted RNA for analysis with NanoDrop  

18) Freeze tubes at -80°C 

2.6.3 NanoDrop 

NanoDrop was used as a method for determining the concentration and purity of DNA and 

RNA of each sample. It is a spectrophotometric analysis technique based on the principles 

that nucleic acids absorb ultraviolet light in a specific pattern. In the case of DNA and RNA, a 

sample is exposed to ultraviolet light at a wavelength of 260 nm and a photo-detector 

measures the light that passes through the sample. The more light absorbed by the sample, the 

higher the nucleic acid concentration in the sample. Proteins absorb light at 280 nm, therefore 

the ratio of the absorbance at 260 and 280 nm is used to assess the amount of protein 

contamination, for pure DNA A260/280 ~1.8 and RNA A260/280 ~2.0. Moreover, ethanol, 

used for DNA and RNA extraction, absorbs light at 230 nm, to determine the purity of DNA 

and RNA, the ratio A260/230 should also be around 1.8 and 2.0, respectively.  

1 µL of each sample was analyzed in the NanoDrop. Analysis were done in duplicates and the 

final concentration was obtained by the average of the values. 

2.6.4 Bioanalyzer 

RNA quality is a concern when measuring gene expression, as RNA is easily degraded. RNA 

samples that were available from a PhD student in our group were selected in order to 

measure RNA integrity. 

The Agilent RNA 6000 Nano kit was used to estimate the integrity of the RNA samples. The 

system is based on the electrophoretic separation on a special gel matrix with RNA-

intercalating dye. RNA samples are separated and subsequently detected via laser induced 
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fluorescence detection [79]. As degradation proceeds, there is a decrease in the 18S to 28S 

ribosomal band ratio, which is measured by the software 2100 Bioanalyzer Expert. RNA 

integrity number (RIN) is a numerical assessment of the RNA integrity, and is given between 

1 and 10, where 10 represents intact RNA and 1 represents total RNA degradation. A RIN 

value between 6 and 10 is considered sufficient RNA quality to be used for expression 

profiling [79].  

Preparing the gel: 

1) Allow reagents to equilibrate to RT for 30 min before use 

2) Place 550 µL of Agilent RNA 6000 Nano gel matrix into the top receptacle of a spin 

filter 

3) Place the spin filter in a microcentrifuge and spin for 10 min at 1500 g 

4) Aliquot 65 µL filtered gel into 0.5 mL RNAse-free microfuge tubes that are included 

in the kit. Store the aliquots at 4°C 

Preparing the gel-dye mix: 

1) Allow all reagents to equilibrate to RT for 30 min and protect the dye from light 

2) Vortex RNA 6000 Nano dye concentrate for 10 s and spin down 

3) Add 1 µL of RNA 6000 Nano dye concentrate to a 65 µL aliquot of filtered gel  

4) Cap the tube, vortex thoroughly and visually inspect proper mixing of gel dye. Store 

the dye concentrate at 4°C in the dark again  

5) Spin tube for 10 min at RT at 13000 g  

Loading the gel-dye mix: 

1) Take a new RNA Nano chip out of its sealed bag 

2) Place the chip on the chip priming station 

3) Pipette 9 µL of the gel-dye mix at the bottom of the well marked with a “G” and 

dispense the gel-dye mix 
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4) Set the timer to 30 s, make sure that the plunger is poisoned to 1 mL and then close the 

chip priming station. The lock of the latch will click when the priming station is closed 

correctly 

5) Press the plunger of the syringe down until it is held by the clip 

6) Wait for exactly 30 s and then release the plunger with the clip release mechanism 

7) Visually inspect that the plunger moves back at least to the 0.3 mL mark 

8) Wait for 5 s, then slowly pull back the plunger to the 1 mL position 

9) Open the chip priming station 

10) Pipette 9 µL of the gel-dye mix in each of the wells marked 

Loading the RNA 6000 Nano marker:  

1) Pipette 5 µL of the RNA 6000 Nano marker into the well marked with the ladder 

symbol and each of the 12 sample wells. Do not leave any wells empty or the chip will 

not run properly 

Loading the ladder and samples: 

1) Before use, thaw ladder aliquots and keep them on ice 

2) Heat-denature the samples at 70°C for 2 min before loading on the chip  

3) Pipette 1 µL of the RNA ladder into the well marked with the ladder symbol 

4) Pipette 1 µL of each sample into each of the 12 sample wells 

5) Set the timer to 60 s 

6) Place the chip horizontally in the adapter of the IKA vortex, and vortex for 60 s at 

2400 rpm 

Inserting a chip in the Agilent 2100 Bioanalyzer: 

1) Open the lid of the Agilent 2100 bioanalyzer 
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2) Check that the electrode cartridge is inserted properly and chip selector is in position 

3) Place the chip carefully into the receptacle 

4) Carefully close the lid. The electrodes in the cartridge fit into the wells of the chip 

5) Start the software  

Cleaning up after a RNA 6000 Nano chip run: 

1) Slowly fill one of the wells of the electrode cleaner with 350 µL RNAse-free water 

2) Open the lid and place he electrode cleaner in the Agilent 2100 bioanalyzer 

3) Close the lid and leave it closed for about 10 s 

4) Open the lid and remove the electrode cleaner 

5) Wait another 10 s to allow the water on the electrodes to evaporate before closing the 

lid 

2.7 Gene expression analyses 

2.7.1 Complementary DNA (cDNA) synthesis 

cDNA was obtained from single stranded RNA as a template in a reaction catalysed by the 

enzyme reverse transcriptase using the Maxima First Strand cDNA Synthesis Kit for RT-PCR 

according to the manufacturer’s protocol. cDNA is preferred to be used in gene expression 

assays because it is more stable than RNA. 

1) Add the following into a RNAse-free PCR tube in the indicated order: 

5x Reaction mix 4 µL 

Maxima enzyme mix 2 µL 

Template RNA 1 ρg – 5 µg 
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RNAse-free water to a total volume of 20 µL 

2) Mix gently and centrifuge to get rid of bubbles 

3) Incubate for 10 min at 25°C followed by 15 min at 50°C (for RNA template amounts 

greater than 1 µg, prolong the incubation to 30 min) 

4) Terminate the reaction at 85°C for 5 min, and setup the end for 4°C for infinite time 

5) Store at -80°C 

2.7.2 Polymerase chain reaction (PCR) 

PCR is a technique that selectively amplifies specific segments of DNA in an exponential 

chain reaction. Primers containing sequences complementary to the targeted region, along 

with DNA polymerase and dNTP, enable selective and repeated amplification of the specific 

segments [80]. In order to check the presence of the DNA segments the samples were 

analyzed in and agarose gel as in 2.6.1.1. 

1) Add the following into a RNAse-free PCR tube: 

GoTaq buffer 10x  

Forward primer (20 µM)  

Reverse primer (20 µM)  

dNTP (20mM)  

Taq DNA polymerase (5 U/µL)  

Template DNA (1 ρg – 1 µg)  

RNAse-free water   

Process Temperature Time Cycles 

Denaturation 95°C 5 min 1 

Denaturation 95°C 45 s  

Annealing 57°C 30 s 35 

Elongation 72°C 1 min  
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Elongation 72°C 7 min 1 

 4°C ∞  

 

The primer sequences used in the current thesis are listed below:  

Primers Sequences Strand 

RP1-111C20.4Fwd1 AGGGTGCTCTATGCTTAGCC Forward 

RP1-111C20.4Rev1 CAGGTAGGCGTGCATTCTCT Reverse 

RP1-111C20.4Fwd2 CATATGATGGCAGGGCCTCGATT Forward 

RP1-111C20.4Rev2 ATGCAGGAATGAAGGGCCAC Reverse 

TAGAPex1Fwd1 CTGAGAAGCAGCCACAATGC Forward 

TAGAPex3Rev TCAGTAAGCAGAACAAACCTTG Reverse 

TAGAPex5Fwd2 AAGCCCGTAAGGAGCTGAAG Forward 

TAGAPex9Rev2 CAGGGAAGACCTCCTCTGGA Reverse 

TAGAPex8-9Fwd3 AGTTCAGATGTGTCGACCCTG Forward 

CD58Fwd CCATCCCAGAAAAAGTTGGA Forward 

CD58Rev CCAACACTGCTGCTAATTGTG Reverse 

PUS10Fwd ACAAAGACCTACAGTGCCTT Forward 

PUS10Rev GCTCATCCACGTACTGTGTC Reverse 

2.7.3 Quantitative real-time PCR (qPCR) 

qPCR is used in order to monitor the gene expression of a determined gene by assessing the 

concentration of the mRNA transcripts of the specific gene sequence present in a sample. This 

is achieved in two steps, first, by conventional PCR, in which RNA is reversed-transcribed to 
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cDNA, as in section 2.7.1, and secondly, by amplifying the cDNA in the presence of 

oligonucleotides that are labeled with a fluorescent reporter (Taqman® probe). If a particular 

sequence is abundant in the sample, amplification is observed in early cycles, however, if a 

particular sequence is at low concentrations, amplification can be observed at later cycles. 

In this study the relative standard curve method was used, and standard curves with a serial 

dilution of 1:2 were made. TBP, RNAseP, 18S rRNA, SHDA, and GAPDH were used as 

reference genes and gene specific probes for TAGAP, IL2RA, CLEC16A, and CD69 were 

used. 

Make a standard curve by making a serial dilution (1:2) of a mix of the cDNA samples. In a 

tube strip, add 10 µL to 7 of the 8 tubes, add 20 µL of cDNA to the first tube (S1), and add 10 

µL from S1 to S2, then from S2 to S3, and so on 

1) Make a master mix with: 

 For 8 samples 

TaqMan® gene expression master mix 100 µL 

20x Primer probe mix (VIC/FAM) 10 µL 

RNAse-free water 90 µL 

2) Add 22 µL of the master mix to the PCR tubes 

3) Add 2 µL of the template cDNA, mix thoroughly, and spin it down to get rid of 

bubbles.  

 RNA (ng/µL) – per well 

Genes Sample  Standard curve 

18S rRNA 0.3 1.2 

CD69 1.2 3.6 

CLEC16A 1.2 3.6 
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GAPDH 1.2 3.6 

IL2RA 1.2 3.6 

RNAseP 1.2 3.6 

SHDA 1.2 3.6 

TAGAP 1.2 3.6 

TBP 1.2 3.6 

 

4) Add 10 µL of the mix to a 384-well plate (avoid bubbles) 

5) Place a plastic film on top and spin down the plate at 340 g for 5 min 

6) Run the qPCR 

2.8 Protein experiments 

2.8.1 Protein extraction 

Prior to protein extraction, the protein pellets were resuspended in 2x loading buffer, which 

contains glycerol that makes the sample sink into the wells of the gel, a tracking dye that 

allows the visualization of the samples through the gel, and β-mercaptoethanol, which help 

denaturing the proteins by disrupting the disulfide bonds in between the protein complexes. 

The proteins were then extracted from the cells with a sonicator, which uses sound energy to 

agitate particles in a sample, disrupting cell membrane and releasing cellular contents. After 

sonication, the samples were incubated for 5 min at 96°C, which further denatures the 

proteins. 

2.8.2 SDS-PAGE 

Sodium dodecylsulphate polyacrylamide gel electrophoresis (SDS-PAGE) is a method of 

separating proteins according to their molecular weight in kilo Dalton (kDa). At the pH in 

which the SDS-PAGE is carried out, the SDS molecules are negatively charged and bind to 
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proteins. By binding to the proteins, the detergent destroys their secondary, tertiary and/or 

quaternary structure, denaturing them and turning them into negatively charged linear 

polypeptide chains. When subjected to an electric field in PAGE, the negatively charged 

polypeptide chains travel toward the anode with different mobility [81].  High percentage 

acrylamide makes proteins migrate slower in the gel than low percentage acrylamide, and 

small proteins move faster than larger proteins. A molecular standard with known molecular 

weight helps identifying the desired protein. 10% Criterion™ TGX™ precast gels and 10% 

mini protean TGX precast gels were used. 

1) Carefully pull out the comb and wash the wells with dH2O to remove any excess of 

gel residues or air bubbles 

2) Place gel into the electrode chamber 

3) Fill the inner chamber with running buffer so that the wells are completely covered 

with buffer. Also fill the outer chamber with running buffer so that it covers the 

bottom half of the gel 

4) Carefully apply the samples to the wells and let in sink down 

5) Add 10 µL of Precision Plus Protein dual colour standard  

6) Run the gel at 150 V and 400 mA for 15 min, followed by 200 V and 400 mA for 

about 45 min 

7) Perform a western blot as in 2.8.3 

2.8.3 Western blot 

Western blotting is a technique used to identify specific proteins from a complex mixture of 

proteins extracted from cells with the use of antibodies. After the proteins have been 

separated based on their molecular weight with SDS-PAGE, the proteins in the gel are 

transferred to a membrane in an electrical field. In this study, polyvinylidine fluorine (PVDF) 

membrane was used. The membrane must be placed under the gel in the western blot 

apparatus, so that the negatively charged proteins can migrate from the gel to the membrane. 

Once the proteins are transferred, the blocking of the membrane is done to prevent unspecific 

binding of the antibody to the membrane. Proteins in the blocking solution bind to all regions 
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of the membrane, except for those already occupied by proteins transferred from the gel. This 

prevents the antibodies from binding non-specifically to the membrane. The next step is to 

incubate the membrane with a primary antibody, specific for the desired protein. The 

secondary antibody, which binds the primary antibody, is linked to the enzyme Horseradish 

Peroxidase (HRP), this enzyme produces light when a suitable substrate is added (ECL), the 

thickness of the band corresponds to the amount of protein present [81]. 

1) Cut the PVDF membrane and activate it in methanol for 15 – 30 s 

2) Wash the membrane in dH2O and incubate it in transfer buffer until it is time to use it 

3) Soak two filters in transfer buffer 

4) Cut a plastic foil that covers all the surface around the filters with the membrane and 

gel 

5) Place one filter on the blotting apparatus  

6) Place the membrane on top of the filter avoiding bubbles 

7) Place the gel on top of the membrane and the last filter on top of the gel. Make sure 

there are no bubbles 

8) Run the blot at 65 mA for a small gel and 130 mA for a big gel, 50 V for 1h 

9) Block the membrane with 3% skimmed milk in TBS/T in RT for 1h on a shaker 

10) Add the primary antibody diluted with 3% skimmed milk in TBS/T. In this thesis the 

following antibodies were used: 

Antibody Dilution 

αTAGAP (rabbit) 1:1000 

αGAPDH (mouse) 1:3000 

αActin (mouse) 1:5000 

11) Incubate for 1h at RT or at 4° overnight on a shaker 



52 

 

12) Wash the membrane three times with TBS/T for 20 min each time on a shaker 

13) Add the secondary antibody diluted with 3% skimmed milk in TBS/T and incubate for 

1h at RT on a shaker 

Antibody Dilution 

Goat-αRabbit-HRP 1:5000 

Goat-αMouse-HRP 1:5000 

14) Wash as in step 12 

15) Pre-mix the two ECL solutions (1:1) in a tube 

16) Cover the membrane with ECL solution and incubate for 5 min 

17) Remove the excess of ECL and place the membrane in between two plastic foils 

18) In a developer, take a colorimetric picture for the ladder and set up a 

chemiluminescence exposure for the samples 

19) Use the ImageLab software to merge the pictures and ImageJ to quantify the bands 
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3 Results 

3.1 Vitamin D gene modulation of selected MS 

susceptibility genes 

As previously mentioned in the introduction, a number of the genes identified to be associated 

with MS also have VDREs in their regulatory regions. However, only a selection of these 

genes are regulated by vitamin D in activated T cells, as it has been demonstrated previously 

[41]. TAGAP, CD69, and IL2RA are upregulated in CD4
+
 T cells upon T cell activation [43, 

63, 82]. Addition of calcitriol (active form of vitamin D) further increases IL2RA [41] and 

CD69 (Brorson and Berge, unpublished observations) expressions, but reduces the expression 

of TAGAP [41]. Moreover, CLEC16A has been shown to be down-modulated by vitamin D in 

monocyte-derived dendritic cells [56]. The aims of this experiment were to (i) analyze 

whether CLEC16A is regulated by calcitriol in T cells, (ii) investigate whether calcitriol could 

inhibit T-cell activation-induced TAGAP expression, and (iii) evaluate whether calcitriol 

could substantiate IL2RA and CD69 expressions upon T cell activation. CD4
+
 T cells were 

purified from blood and calcitriol was added at the same time as the cells were being activated 

with αCD3/CD28 coated beads as described in section 2.3.1. Cells were harvested for protein 

and RNA extraction prior to cell activation and 1, 24, and 48h after activation in the presence 

or absence of calcitriol. 

3.1.1 Reference genes for the relative expression of the target 

genes 

qPCR is the most specific and reliable method for quantification of mRNA gene expression, 

and a crucial point for its accurate normalization is the choice of appropriate housekeeping 

genes [83], which are used as reference for the target genes expressions. Thus, it is important 

for the housekeeping genes to have a stable expression. However, studies show that some 

reference genes also have their expression altered depending on experimental conditions [84]. 

Therefore, the samples from the activated and vitamin D treated CD4
+
 T cells were analyzed 

by qPCR, and the gene expression of four reference genes (GAPDH, 18S rRNA, SHDA, and 

TBP) was measured in order to find the most stable housekeeping gene (figure 8Figure 8). 
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Out of the four reference genes analyzed, three showed significant increase in expression after 

24h and 48h of activation when compared with non-activated cells. The 18S rRNA gene 

displayed a more stable expression throughout the time points investigated (1h and 24h), 

however, it had a small, but significant increase in expression after 48h of activation 

compared to unstimulated cells. Of note, the expression of the reference genes was 

comparable in calcitriol and vehicle treated samples for each single time point. For further 

analyzes of the target genes, the housekeeping gene 18S rRNA was used as a reference to 

investigate the relative expression of CLEC16A, TAGAP, IL2RA, and CD69. 

 

Figure 8: The 18S rRNA reference gene displays the most stable expression in CD4
+ 

T cells upon 

activation.  Human CD4
+
 T cells from seven healthy donors were activated for the indicated time points with 

αCD3/CD28 in the presence or absence of 10 nM calcitriol. The graphs show the quantity mean of the reference 

genes GAPDH, 18S rRNA, SHDA, and TBP in calcitriol- and vehicle- treated cells. The horizontal lines represent 

the grand mean of all samples at the determined time point. Only significant P-values are indicated (students 

paired t test only analysed in relation to time point 0). 
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3.1.2 Gene expression of selected MS susceptibility genes 

Gene expression of selected MS susceptibility genes was measured in CD4
+ 

T cells from 

seven healthy donors treated as indicated in the legend to figure 8. The 48h time point was 

excluded from the analyses, as the reference gene 18S rRNA displayed a significant increase 

in expression in this time point compared to the unstimulated sample. The CLEC16A 

expression was induced upon T cell activation after 24h (Figure 9). However, addition of 

calcitriol did not affect its expression (Figure 10). Moreover, as shown previously, TAGAP 

expression is induced upon T cell activation [41, 63] with maximum response after one hour 

of activation (Figure 9). Furthermore, it was also observed that vitamin D mediates a 

significant reduction of TAGAP expression at the 24h time point (Figure 10). 

 

Figure 9: Expression of CLEC16A, TAGAP, IL2RA, and CD69 increase upon CD4+ T cell activation. 

Human CD4
+ 

T cells from seven healthy donors were activated for the indicated time points with αCD3/CD28. 

The graphs show CLEC16A, TAGAP, IL2RA, and CD69 expressions relative to 18S rRNA. The bars represent the 
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mean with standard deviation. Only significant P-values are indicated (students paired t test analysed in relation 

to time point 0). 

IL2RA expression is significantly induced after 24h of T cell activation (Figure 9). Moreover, 

it was observed that vitamin D further induces IL2RA expression on activated cells (Figure 

10). Finally, CD69 gene expression is induced upon T cell activation with maximum response 

after 1h of activation. However, its expression is significantly decreased at the 24h time point 

(Figure 9). Additionally, vitamin D treated cells prolongs CD69 expression at the same time 

point (Figure 10). Moreover, CLEC16A and IL2RA expressions were significantly increased 

between 1 and 24 hours after activation, whereas the expressions of TAGAP and CD69 were 

significantly decreased at the same period (Figure 9). 

Figure 10: Calcitriol modulates the expression of TAGAP, IL2RA, and CD69 upon CD4
+
 T cell activation. 

Human CD4
+
 T cells from seven healthy donors were activated for the indicated time points with αCD3/CD28 

beads in the presence or absence of 10 nM calcitriol. The graphs show CLEC16A, TAGAP, IL2RA, and CD69 
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expressions relative to 18S rRNA in calcitriol- and vehicle-treated cells. The bars represent the mean with 

standard deviation. Only significant P-values are indicated (students paired t test). 

3.2 TAGAP expression 

In this thesis it was decided to further investigate T cell activation Rho-GTPase activating 

protein encoded by TAGAP. In order to elucidate if TAGAP is exclusively expressed in T 

cells, as the name suggests, RNA from different primary cells and cell lines was used to 

generate cDNA prior to PCR. As explained in the introduction section 1.4.3, TAGAP is 

suggested to have three isoforms, so the presence of the isoforms was also investigated in the 

same material.  

3.2.1 Isoform expression 

Primer pairs A, B, and C amplify regions in the TAGAP nucleotide sequence as represented 

on Figure 11. It is not possible to distinguish between isoforms 1 and 2 with the primer pairs 

used, as isoform 2 has the exact same sequence as 1, but only exons 6 to 9. However, the 

presence of bands from primer pair C and absence of bands from primer pair B would indicate 

the expression of only isoform 2. Conversely, it is possible to distinguish the isoform 3 from 

the other two, as exon 7 has a different sequence at the 3’ end, so the reverse 1 (R1) primer is 

complementary to this region.  

Figure 11: Schematic representation of three TAGAP isoforms and the regions that the primer pairs 

amplify. The numbers in the figure represent the exons of the TAGAP isoforms. F stands for forward primer, 

being forward 1, forward 2, and forward 3. R stands for reverse primer, being reverse 1, and reverse 2. 
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Table 1 shows the representation of the bands obtained with primer pairs A, B, and C on the 

agarose gels after running PCR. The + signs represent the intensity of the bands compared to 

the 1Kb ladder, + being the weakest signal, +++ a signal similar to the ladder, and ++++ a 

signal stronger than the ladder. The primer pair C, which indicates the presence of isoform 1 

and/or isoform 2 is positive in all samples tested, with exception of the negative control, 

which was negative for primer pairs A and B, as well. Primer pair B, which amplifies isoform 

1, was negative in CD19+ cells, and one of the CD8+ donors. Moreover, primer pair A, which 

amplifies isoform 3 was negative for most of the samples analyzed, being positive only for 

NK cells, the Jurkat cell line, and activated CD4+ T cells. Therefore, based on table 1, 

TAGAP is not only expressed in T cells. 

Table 1: TAGAP isoform expression in different cell types. cDNA was obtained from RNA from different cell 

types and PCR was performed with distinct primer pairs as indicated in Figure 11. As positive controls, samples 

that were not tested with the bioanalyzer, were tested with primer pairs for CD58 and PUS10, which are highly 

expressed in immune cells (biogps.org). All samples tested for the two additional primer pairs presented bands. 

The numbers in between brackets indicate different donors, the * indicate that the RNA sample was also tested 

with bioanalyzer, ° indicate samples which CD58 and PUS10 PCR was performed,  ª indicate RNA samples that 

were available in the laboratory from a PhD student, and finally, 
b
 indicate uncertainty in whether isoform 2 is 

expressed. The other samples were collected during this thesis. The CD4
+ 

T cells treated with vitamin D and 

ethanol represent a combination of samples from seven healthy donors at the specified time point. Additionally, 

Jurkat cells treated with PMA/IO and DMSO represent a combination of samples from three independent 

experiments at the indicated time point.  

 Primer pairs  

 A B C Isoform 

Primary cells     

CD19
+
 (1) * ª - - + 2 

CD19
+
 (2) * ª - - + 2 

CD4
+
 (1) * ª - + ++ 1, 2 

b 

CD8
+
 (1) * ª - ++++ ++++ 1, 2

 b
 

CD8
+
 (2) * ª - + ++ 1, 2

 b
 

CD8
+
 (3) * ° ª - - - - 

CD14
+ 

* - + ++ 1, 2
 b
 

NK ° ª
 

++ ++++ ++++ 1, 2
 b
, and 3 

     

Cell lines     

293T ° - ++ ++++ 1, 2
 b
 

Jurkat ° + ++ ++++ 1, 2
 b
, and 3 

Raji ª - ++ ++ 1, 2
 b
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Treated cells     

CD4
+
 αCD3/CD28 + calcitriol 48h ° ++ ++++ ++++ 1, 2

 b
, and 3 

CD4
+
 αCD3/CD28 + vehicle 48h ° ++ ++++ ++++ 1, 2

 b
, and 3 

Jurkat PMA/IO 4h ° - ++++ ++++ 1, 2
 b
 

Jurkat DMSO 4h ° + ++++ ++++ 1, 2
 b
, and 3 

     

Controls     

Plasmid ° - + ++ 1 and 2 

Negative control ° - - - - 
 

3.2.2 TAGAP expression in Jurkat cells  

Naïve CD4
+
 T cells have low expression of TAGAP, however, its expression is induced upon 

T cell activation [63]. On the other hand, Jurkat cells present a high expression of TAGAP 

protein in untreated cells [85]. We further investigated whether TAGAP expression could be 

further increased in Jurkat cells after activation. 

Jurkat cells were activated with PMA/IO as described in section 5), and cells were harvested 

before and 1h, 2h, 4h, 8h, 12h, 24h, and 48h after activation for RNA extraction. To confirm 

that the cells were activated, IL2RA gene expression was measured, as it is known that its 

expression increases upon T cell activation.   

The expression of IL2RA gradually increases over the time points analyzed (Figure 12), 

reaching a maximum of expression 8h after activation, which indicates that the cells were 

activated with PMA/IO. Cells were also treated with DMSO as a vehicle control, and they 

show no increase in IL2RA expression. The TAGAP expression significantly increases 8 hours 

after activation, and vehicle-treated cells showed no significant changes in its expression. TBP 

was used as a reference gene in these experiments, as it showed lower variance between the 

samples than the other reference gene tested (RNAseP, Supplementary figure 1). 
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Figure 12: Jurkat cell activation promotes TAGAP expression. Jurkat cells were activated with PMA/IO or 

treated with DMSO (vehicle control), and cells were harvested for RNA extraction at the indicated time points. 

qPCR was performed in order to determine A) IL2RA and B) TAGAP expression. The genes expression is shown 

relative to TBP. The bars represent the mean of three independent experiments with standard deviation. Only 

significant P-values are indicated (students paired t test). 

3.3  TAGAP function 

It is possible to determine the function of a protein by knocking-down its expression with 

siRNA or by overexpressing it by introducing a plasmid, which contains the cDNA of the 

protein of interest, in a cell type of relevance. Different cellular processes might be tested if 

affected by the reduction or enhancement of the protein. 

3.3.1 TAGAP siRNA knock-down 

In order to knock-down TAGAP expression, Jurkat cells were transfected with 1 µM and 2 

µM of TAGAP-specific siRNA, as described in 2.4.1, and cells were harvested for RNA and 

protein extraction 24h and 48h after transfection. A significant reduction of TAGAP mRNA 

expression was observed 24h after transfection with 1 µM TAGAP-specific siRNA (P-value 

0.028) (Figure 13A). TAGAP expression is relative to TBP and the values are normalized by 

the control (cells that were pulsed, but not transfected), which is set to 1.  

Protein was also extracted from transfected cells at the same time points. Proteins from the 

cell lysates were separated according to their sizes by SDS-PAGE, and the gel was then 

immunoblotted with TAGAP and GAPDH antibodies, as described in section 2.8. One 
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representative immunoblot is presented, and no differences in TAGAP protein expression 

were observed in TAGAP-siRNA transfected cells at the time points analyzed (Figure 13B). In 

addition, bands obtained from immunoblots from four independent experiments were 

quantified and no significant difference in TAGAP protein expression was observed in 

samples from cells transfected with siRNA-TAGAP and controls (Figure 13C). In conclusion, 

these data indicate that the TAGAP protein expression is not knocked-down by siRNA, only 

mRNA transcription is affected by siRNA-TAGAP transfection.  

Figure 13: siRNA mediated TAGAP knock-down in Jurkat cells down-modulates TAGAP mRNA 

expression, but does not interfere with TAGAP protein expression. Jurkat cells were transfected with 1µM 
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and 2µM siRNA specific for TAGAP, and cells were harvested for protein and mRNA extraction 24h and 48h 

after transfection. A) mRNA was extracted from the transfected cells and the TAGAP expression measured by 

qPCR using TBP as reference gene. The graph represents TAGAP expression in transfected cells relative to cells 

transfected with 0µM siRNA (control). B) Whole-cell lysates were immunoblotted with indicated antibodies. 

The immunoblot shows one representative experiment out of four. C) Bands from the immunoblots were 

quantified and normalized by cells transfected with 0µM siRNA (control) and to GAPDH; and no significant 

change was observed. Students paired t test for every time-point. The bars represent the mean of four 

independent experiments with SD. 

3.3.2 TAGAP overexpression 

As mentioned previously, another way of identifying the function of a protein is by 

overexpressing it. Jurkat cells were transfected with a plasmid containing TAGAP cDNA with 

a DDK tag, which makes the protein slightly bigger than the endogenously expressed 

TAGAP. The DDK tag makes it possible to identify when the cells are overexpressing the 

protein. Jurkat cells were transfected with different concentrations of TAGAP-plasmid, 1 µg, 3 

µg, 5 µg, and 10 µg, and cells were harvested 24h and 48h after transfection for RNA and 

protein extractions in order to investigate when, and at which concentration TAGAP was 

being overexpressed.  

At the mRNA level, TAGAP was overexpressed for every concentration of plasmid 

transfected at both time points (Figure 14A). However, at the protein level, only cell lysates 

that were transfected with 3 µg, 5 µg, and 10 µg of TAGAP-plasmid for 48h presented a third 

band at about 100 kD, indicating the expression of TAGAP with the DDK-tag (Figure 14B). 

The other two bands that are present in all samples represent the basal TAGAP expression in 

Jurkat cells. For further experiments, 3 µg of TAGAP-plasmid were used for the Jurkat cell 

transfections, and, to ensure overexpression at protein level, cells were harvested 48h after 

transfection.  
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Figure 14: Overexpression of TAGAP in Jurkat cells. Jurkat cells were transfected with different 

concentrations of plasmid expressing TAGAP and cells were harvested after 24 and 48h of transfection for RNA 

and protein extraction. A) mRNA was extracted from the transfected cells and the TAGAP expression measured 

by qPCR using TBP as reference gene. The graph represents TAGAP expression in transfected cells relative to 

untreated cells. B) Whole-cell lysates were immunoblotted with indicated antibodies.  

Five independent transfection experiments were performed using either 3 µg of TAGAP-

plasmid or 3 µg of empty-plasmid, as described above. However, not all five experiments 

were tested for qPCR, western blot, and flow cytometry. The TAGAP expression of cells 

transfected with TAGAP-plasmid was considerably higher in the mRNA level than the 

untreated cells, and the cells transfected with empty-plasmid (n=1) (Figure 15A). The fact that 

the expression of TAGAP in untreated cells and cells transfected with empty-plasmid are not 

the same indicates that the transfection methodology itself increases TAGAP expression. 

Interestingly, when measuring TAGAP protein expression on Western blot with proteins from 

whole cell lysates no third band with a DDK-tag TAGAP was present in neither one of the 

cell lysates transfected with 3µg of plasmid containing TAGAP (n=3) (Figure 15B).  
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Therefore, Jurkat cells transfected with TAGAP-plasmid were stained for flow cytometry in 

order to ascertain that the lack of reproducibility of the previous experiment was not due to 

problems with the Western blot methodology itself. However, only a slight increase in protein 

expression is observed on cells transfected with plasmid containing TAGAP compared with 

cells transfected with empty-plasmid (n=2) (Figure 15C), indicating no overexpression of 

TAGAP protein. 

Since it was not possible to successfully repeat the TAGAP overexpression experiment in 

Jurkat cells, 293T cells were chosen to address the matter of functional analyzes of TAGAP, 

and the results are shown in section 3.4.3.3. 

 

Figure 15: TAGAP overexpression is not detected at the protein level. Jurkat cells were transfected with 3 µg 

of plasmid containing TAGAP and empty-plasmid, and cells were harvested 48h after transfection for RNA 

(n=1) and protein extractions (n=3), and flow cytometry staining (n=2). A) The graph represents the TAGAP 

mRNA expression relative to TBP for untreated cells, cells transfected with plasmid containing TAGAP cDNA, 

and cells transfected with empty-plasmid. B) Whole-cell lysates were immunoblotted with indicated antibodies. 

The immunoblot shows protein from lysates from untransfected cells and three independent Jurkat transfection 

experiments with TAGAP-plasmid. C) Flow cytometry histogram of TAGAP protein expression. Purple and 

yellow lines represent the isotype controls for cells transfected with empty plasmid or a plasmid encoding 

TAGAP, blue line represents the TAGAP expression in cells transfected with plasmid containing TAGAP, and 

the red line represents the TAGAP expression in cells transfected with empty-plasmid. 
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3.4 Subcellular localization 

3.4.1 Jurkat cells 

We were not able to overexpress a DDK-tagged version of TAGAP that could have been used 

to analyse the subcellular localization using a suitable antibody against the tag. Such 

antibodies are well-documented for different usages, including immunostaining. However, 

Jurkat cells do express TAGAP, which is further increased upon T cell activation (Figure 12).  

Therefore, these cells can be used to investigate the subcellular localization of endogenously 

expressed TAGAP using a TAGAP specific antibody. The antibody available in our 

laboratory has been tested in Western blotting and flow cytometry, and we decided to try to 

use it also for immunostaining prior to confocal microscopy.  

3.4.1.1 Testing the TAGAP antibody for confocal microscopy 

Untreated Jurkat cells were stained for confocal microscopy in order to investigate if the 

TAGAP antibody binds unspecifically to other proteins in the cells. To determine unspecific 

binding, an isotype control antibody is used, it consists of the same characteristics of the 

antibody for the targeted protein, however, it lacks specificity to the targeted protein itself. 

The isotype control used (αIgG) showed almost no staining, meaning that the antibody does 

not bind unspecifically (Figure 16). Therefore, since TAGAP expression is induced in 

activated Jurkat cells, we chose to test the TAGAP antibody in activated T cells to (i) test 

whether the immunostaining intensity using the TAGAP antibody increased after T cell 

stimulation and (ii) if the subcellular localization of TAGAP changes upon cell activation.  
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Figure 16: Verification of TAGAP antibody. Jurkat cells were harvested and stained for confocal microscopy. 

The panels on the left show the nuclei staining with Hoechst, the panels in the centre are stained with αIgG 

(upper panel) or αTAGAP (lower panel), and the panels on the right show the merged pictures. All panels are in 

the same scale, scale bars are 50 µm.  

3.4.1.2 Staining of activated Jurkat cells  

Jurkat cells were activated with PMA/IO for 4h, based on earlier experiments (see section 

3.2.2, Figure 12); cells were harvested and stained for flow cytometry and confocal 

microscopy. The cells were stained for flow cytometry in order to confirm the activation state 

of the cells, and the increased TAGAP expression upon cell activation. Whereas confocal 

microscopy was used to visualize the endogenous level of TAGAP in activated and non-

activated cells.  
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Cells activated with PMA/IO showed an increased CD69 expression compared with untreated 

cells and vehicle-treated cells (DMSO) (Figure 17A and B), which indicates Jurkat T cell 

activation. Moreover, the TAGAP expression of activated cells was also higher than the 

protein expression of untreated and vehicle-treated cells (Figure 17C and D).  



68 

 

Figure 17: TAGAP expression increases upon Jurkat cell activation with PMA/IO. Jurkat cells were 

activated for 4h with PMA/IO, cells were harvested and stained for flow cytometry and confocal microscopy. 

Flow cytometry histograms of A) CD69 and C) TAGAP protein expression. Purple, yellow, and dark green 

represent the isotype controls for untreated cells, cells treated with PMA/IO, and control cells (DMSO), 

respectively. Blue line represents the CD69 or TAGAP expression in activated cells with PMA/IO, red line for 

untreated cells, and light green line for control cells (DMSO). B) and D) MFI of peaks of CD69 and TAGAP 

protein expression, respectively. E) and F) represent the confocal microscopy images. The panels on the left 

show the nuclei staining with Hoechst, the panel in the centre are stained with αTAGAP, and the panels on the 

right show the merged pictures. All panels are in the same scale, scale bars are 50 µm.  

Furthermore, when investigating the activated cells in the confocal microscope, a higher 

intensity of the TAGAP antibody was found compared to the control cells (treated with 

DMSO). We observed the presence of aggregated high intensity spots in activated Jurkat 

cells, which was not observed in the control cells (Figure 17E and F). Untreated cells (Figure 

16B) and activated cells (Figure 17E) show the same pattern of staining, however, activated 

cells present more staining and more of those clusters.  

3.4.2 CD4+ T cells 

Since the cell staining experiments in Jurkat cells were inconclusive, and performing 

experiments in primary cells is more biologically accurate, CD4
+
 T cells were used in order to 

analyze the localization of TAGAP, and whether its location changes upon T-cell activation.  

Moreover, the primary cells present a low expression of TAGAP in freshly purified CD4
+
 T 

cells, and its expression increases upon cell activation [63], which could make it easier to 

visualize changes that may occur upon treatment 

As a preliminary experiment, in order to check if the experimental tools work as expected, 

CD4
+
 T cells were isolated from one healthy donor, cells were activated with αCD3/CD28 

coated beads for 40 hours, and cells were harvested for immunostaining to perform flow 

cytometry and confocal microscopy. CD4
+
 T cells that were treated with αCD3/CD28 coated 

beads displayed a considerate increase in CD69 expression, when compared to untreated 

CD4
+
 T cells (Figure 18A and B), confirming that the cells were indeed activated. Moreover, 

the TAGAP expression of the activated cells was also higher than the untreated cells (Figure 

18C and D), corroborating previews findings.  
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Figure 18: TAGAP is located in the cytosol of CD4
+
 T cells. CD4

+
 T cells were isolated from one healthy 

donor; cells were activated with αCD3/CD28 beads for 40h, harvested, and stained for flow cytometry and 

confocal microscopy. Flow cytometry histograms of A) CD69 and C) TAGAP protein expression. Purple, and 

yellow lines represent the isotype controls for untreated CD4
+
 T cells, and CD4

+
 T cells activated with 

αCD3/CD28, respectively. Blue line represents the CD69 or TAGAP expression in CD4
+
 T cells activated with 

αCD3/CD28, and red, untreated CD4
+
 T cells. B) and D) MFI of peaks of CD69 and TAGAP protein expression, 

respectively. E), F), and G) represent the confocal microscopy pictures. The panels on the left show the nuclei 

staining with Hoechst, the panel in the centre are stained with the isotype control (αIgG) (upper panel) or 

αTAGAP (lower panel), and the panels on the right show the merged pictures. All panels are in the same scale, 

scale bars are 50 µm.  
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Furthermore, when investigating the cells in the confocal microscope, the TAGAP staining of  

activated  CD4
+
 T cells also showed increased TAGAP expression when compared to the 

untreated CD4
+ 

T cells (Figure 18G). However, it is not possible to identify the exact location 

of TAGAP, as the whole cytoplasm of the cells is stained. Additionally, all samples were 

stained with the isotype control antibody (αIgG) and presented no background staining, 

therefore, one representative image is shown (supplementary figure 2). 

3.4.3 293T cells 

As 293T cells have a big cytoplasm, and do not express high basal levels of TAGAP 

(biogps.org; proteinatlas.org), this cell line could be used as a model system to further analyze 

the localization of TAGAP and do functional analyses. Moreover, since TAGAP is thought to 

have a RhoGTPase function, and RhoGTPases are directly linked to actin polymerization, as 

described in section 1.4.3, the use of 293T cells would also be ideal to investigate the effects 

of TAGAP on the actin filaments. 

3.4.3.1 Tool development 

In order to evaluate when the 293T transfected cells are expressing the introduced protein, and 

to determine the transfection efficiency, the cells were co-transfected with GFP-plasmid so 

that it would be easy to identify the green fluorescence in transfected cells. However, one 

plasmid may repress the expression of the other plasmid when co-transfecting cells, this could 

be due to plasmids having the same promoter, causing a competition for the transcription 

factors, or simply due to the size and amount of plasmids transfected [86]. 

In order to determine the most suitable concentration of GFP-plasmid and TAGAP-plasmid, 

293T cells were co-transfected with 1 µg of GFP-plasmid, and different concentrations of 

TAGAP-plasmid. However, the cells were also transfected with a third plasmid, empty-

plasmid, so that all cell transfections would have the same final concentration of plasmids 

transfected (2 µg). 

293T cells were transfected as in section 2.4.2, and after 24h the cells were investigated in a 

fluorescence microscope in order to visualize the GFP fluorescence. Cells were harvested for 

flow cytometry in order to determine the transfection efficiency of the different transfection 

samples (table 2). As cells transfected with 1µg GFP-plasmid + 0.5µg TAGAP-plasmid + 
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0.5µg empty-plasmid presented a high transfection efficiency, 293T cells were transfected 

with these concentrations of plasmid, and stained for TAGAP protein expression to be 

analysed in the flow cytometer. A high expression of TAGAP was observed in transfected 

cells when compared with untransfected 293T cells (Figure 19), indicating that the TAGAP 

overexpression was successful. Moreover, it was also observed an endogenous TAGAP 

protein expression in untransfected cells. 

Table 2: Transfection efficiency is altered depending on the amount of TAGAP-plasmid transfected into 

293T cells. 293T cells were co-transfected with different concentrations of plasmid containing TAGAP and 

empty plasmid, and GFP-plasmid. Transfection efficiency was measured by flow cytometry 24h after 

transfection. 

 Transfection efficiency 

(GFP positive cells) 

Untransfected cells  0 % 

1µg GFP-plasmid + 1µg TAGAP-plasmid 42.8 % 

1µg GFP-plasmid + 0.5µg TAGAP-plasmid + 0.5µg empty-plasmid 71.5 % 

1µg GFP-plasmid + 0.2µg TAGAP-plasmid + 0.8µg empty-plasmid 67.7 % 

1µg GFP-plasmid + 0.1µg TAGAP-plasmid + 0.9µg empty-plasmid 74.8 % 

1µg GFP-plasmid + 0.05µg TAGAP-plasmid + 0.95µg empty-plasmid 45.1 % 

 

Figure 19: 293T cells transfected with TAGAP-plasmid display an increase in TAGAP protein expression. 

293T cells were transfected with 0.5 µg of plasmid containing TAGAP, 24h after transfection cells were 

harvested, and stained for flow cytometry. Purple line represents the TAGAP expression of transfected cells, 

blue line represents the TAGAP expression of untreated cells, and red and yellow lines represent the isotype 

controls for untreated and transfected cells, respectively. 

 

 



72 

 

3.4.3.2 Subcellular localization 

Based on the table 2 and Figure 19, 293T cells were transfected with 1 µg of GFP-plasmid, 

and 0.5 µg of plasmid containing TAGAP, or 0.5 µg of empty-plasmid, and harvested 24h 

after transfection. The cells were stained for flow cytometry and confocal microscopy 

analyses. The flow cytometry staining was used to confirm cell transfection efficiency 

measuring the fluorescence of GFP, and the increased TAGAP expression of 293T cells 

transfected with TAGAP-plasmid. Whereas confocal microscopy was used to visualize the 

pattern of distribution of TAGAP in the cytoplasm in cells transfected with TAGAP-plasmid, 

and empty-plasmid, and to analyze the actin staining in the same cells. 

293T cells transfected with plasmid containing TAGAP showed no significant difference in 

TAGAP protein expression when compared with cells that were transfected with empty-

plasmid (Figure 20A), as seen on Jurkat cells (Figure 15C). Moreover, the confocal images of 

the cells transfected with TAGAP-plasmid showed clusters with high intensity staining that 

are not present with the same abundance in cells transfected with empty-plasmid (Figure 20C 

and D), which could indicate the staining of overexpressed TAGAP, and basal levels of the 

protein expression, respectively. Therefore, TAGAP seems to be located throughout the 

whole cytoplasm, but also enriched in small spots. Additionally, all samples were stained with 

the isotype control antibody (αIgG) and presented no background staining, therefore, only one 

representative image is shown (Supplementary figure 3). 

3.4.3.3 Actin staining 

As TAGAP is thought to have a RhoGTPase function, and RhoGTPases are directly linked to 

actin polymerization, as described in 1.4.3. The samples from the previous section were 

further stained with phalloidin, which binds to filamentous-actin (F-actin), and has a 

fluorescent tag, making it possible to visualize polymerized actin in a confocal microscope.  

293T cells were transfected with 1 µg of GFP-plasmid, and 0.5 µg of plasmid containing 

TAGAP, or 0.5 µg of empty-plasmid, and harvested 24h after transfection. The cells were 

then stained for confocal microscopy analyses. The cells overexpressing TAGAP protein 

presented a clear increase in the actin staining 
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Figure 21A) when compared with cells transfected with empty-plasmid 

(

 

Figure 21B), which could indicate a connection between TAGAP and actin polymerization. 

However, it is not possible to draw a definite conclusion, as only two experiments were 

performed, and since the overexpression could not be confirmed.  
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Figure 20: TAGAP-plasmid transfection in 293T cells present an increase in TAGAP protein expression. 

293T cells were transfected with 0.5 µg of plasmid containing TAGAP and 0.5 µg of empty-plasmid, 24h after 

transfection cells were harvested, and stained for flow cytometry and confocal microscopy. A) Shows the 

histogram of the TAGAP protein expression of cells transfected with TAGAP-plasmid and empty-plasmid. Red 

line represents TAGAP expression of cells transfected with TAGAP-plasmid, and blue, cells transfected with 

empty-plasmid. B), C), and D) represent the confocal microscopy pictures. The panels on the left show the nuclei 

staining with Hoechst, the panel in the centre are stained with the isotype control (αIgG) or αTAGAP, and the 

panels on the right show the merged pictures. All panels are in the same scale, scale bars are 50 µm. 
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Figure 21: 293T cells overexpressing TAGAP present stronger actin staining. 293T cells were transfected 

with 0.5 µg of plasmid containing TAGAP and 0.5 µg of empty-plasmid, 24h after transfection cells were 

harvested for actin staining with phalloidin. The panels on the left show the nuclei staining with Hoechst, the 

panel in the centre are stained with phalloidin, and the panels on the right show the merged pictures. A) Shows 

the cells that were transfected with TAGAP-plasmid, while B) shows cells that were transfected with empty-

plasmid. All panels are in the same scale, scale bars are 50 µm. 
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4 Discussion  

4.1 Methodological considerations 

4.1.1 Choice of reference genes for the relative expression of the 

target genes 

The reference genes used for qPCR need to be stably expressed throughout the treatments that 

the cells receive, as they serve as an internal control. Studies have shown that some reference 

genes have their expression altered depending on the experimental conditions [86], which can 

influence the outcome of the genes of interest, as the expression of the target genes is 

measured in relation to the housekeeping genes, leading to overestimation or underestimation 

of their expression, which could suggest a biased conclusion [87].  

In the current thesis, five reference genes were used in total, 18S rRNA, GAPDH, SHDA, 

TBP, and RNAseP. The first four genes were used in the analyses of CLEC16A, TAGAP, 

IL2RA, and CD69 expressions in CD4
+
 T cells activated with αCD3/CD28 coated beads and 

treated with vitamin D (section 3.1). TBP and RNaseP were used to analyze IL2RA and 

TAGAP expression in Jurkat cells activated with PMA/IO (section 3.2.2).  

For the Jurkat cell experiments, the choice of reference genes was based on previous results 

from other students in our group. The qPCR of the three independent experiments was done 

separately, and in all of them TBP was more stable than RNAseP (Supplementary figure 1). 

Conversely, the cDNA preparation and qPCR analyses performed on CD4
+
 T cells were done 

in parallel for all donors. Moreover, when comparing the expression of the housekeeping 

genes in activated CD4
+
 T cells, a significant increase in reference gene expression was 

observed (Figure 8), indicating that those genes were not reliable to be used as reference for 

the target genes.  

The 18S rRNA reference gene was stable upon CD4
+
 T cell activation after 1 and 24 hours, 

but significantly enhanced after 48h of activation. However, vitamin D addition did not have 

an impact on 18S rRNA expression compared to addition of vehicle. Therefore, 18S rRNA was 

used to measure the relative expression of the target genes upon CD4
+
 T cell activation and 

treatment with vitamin D. 
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4.1.2 Overexpression and knock-down of TAGAP  

Transfection of cells is a well-stablished method used to introduce DNA/RNA to the cells in 

order to perform functional analyses of proteins. For example, the nucleotide sequence can be 

inserted in a plasmid that works as a vector for overexpressing the protein of interest, or can 

be a siRNA sequence that binds to its complementary mRNA and blocks its translation. 

A drawback of the cell transfection method is that it is transient and the transfected cells do 

not express equal levels of the protein (Figure 22), which could interfere with the analyses. 

An alternative for the transient transfection is the stable transfection, in which a plasmid 

containing the cDNA of the desired protein is integrated into the genome of the host, and it is 

co-expressed with a selection marker. The co-expressed marker could be, for example, 

antibiotic resistance. The addition of the antibiotic to the media in which the transfected cells 

are growing selects only cells that integrated the foreign gene into their genome. Therefore, 

the stable transfection is a more reliable method in terms of protein expression, however, the 

methodology demands time and it is difficult to establish the cell line overexpressing the 

protein of interest. 

Figure 22: Histogram representation of GFP expression in transfected cells. The red lines represent cells 

that were transfected with GFP-plasmid, and purple lines represent untransfected cells. A) Jurkat cells were 

transfected with GFP-plasmid and 40% of the cells expressed the green fluorescence. B) 293T cells were 

transfected with GFP-plasmid and 80% of the transfected cells expressed the green fluorescence. The threshold  

for GFP expression is set to 10
3
 in the channel RL1-A.  

In this thesis, cell lines were used in order to knock-down and overexpress the TAGAP 

protein. The use of cell lines is an important asset, as they have a reliable growth and are easy 

to transfect. The Jurkat cells are a T cell line, which makes it more relevant in the context of 
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this study, as T cells are associated with MS. However, since we were not able to overexpress 

or knock-down our protein of interest in Jurkat cells, the 293T cell line was used to 

overexpress TAGAP, as they have a big cytoplasm, making it easier to visualize the proteins 

outside the nucleus.  

4.1.2.1 Overexpression of TAGAP in Jurkat cells  

Jurkat cells were transfected as described in section 2.4.1. As a control for transfection 

efficiency, cells were transfected in parallel with a plasmid expressing green fluorescent 

protein (GFP). The transfection efficiency was measured by flow cytometry. All cell 

transfections, with either siRNA or plasmid, presented a transfection efficiency of around 

40%. This percentage is the standard for transfection of Jurkat cells using an electroporator 

observed in experiments from other students in our group. 

In the first experiment, we observed the DDK-tag TAGAP in the immunoblot represented by 

the third band at around 100 kDa (Figure 14). However, this was not reproduced later, as the 

DDK-tag was not seen in the immunoblot (Figure 15B); therefore, we speculated that the 

plasmid containing TAGAP was degraded. However, the same plasmid was used for 293T 

cell transfections, and as a positive control for the amplification with primer pairs specific for 

TAGAP (table 1), and both experiments presented the expected results.  

Therefore, we speculated whether the TAGAP antibody was not recognizing the tagged 

protein, thus, the immunoblots were incubated with an antibody for the DDK-tag, and the 

DDK-tag TAGAP was not detected, indicating that the cells were not overexpressing TAGAP 

(data not shown).  

Moreover, it was hypothesized that the lack of visualization of the DDK-tag TAGAP in the 

immunoblot could be due to mistakes in the protein transfer to the blotting membrane. 

Therefore, samples were stained for flow cytometry analyses (Figure 15C), and the same 

results were obtained, no overexpression of TAGAP. Conversely, at the mRNA level, it was 

observed a significant increase in TAGAP expression (Figure 15). Therefore, the lack of 

TAGAP overexpression at the protein level is still not understood.  
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4.1.2.2 Transfection of 293T cells 

293T cells were transfected using the Lipofectamine method, which is based on the binding of 

the nucleic acid with the cationic liposome, as described in section 2.4.2. The transfection 

efficiency of all 293T experiments performed were around 80% (Figure 19), and TAGAP 

overexpression was also detected by confocal microscopy (Figure 20B). 

4.1.3 Discrepancy between RNA and protein levels of TAGAP in 

transfected Jurkat cells 

Jurkat cells were transfected with siRNA in order to knock-down TAGAP expression. A 

decrease of 40% of TAGAP expression at the mRNA level was observed, and no reduction 

was detected at the protein level (Figure 13). This difference could be due to the fact that 

siRNA binds directly to the mRNA, leading to its degradation, and that the protein is very 

stable with a long half-life, as the cells were transfected for 24, 48, (Figure 13B) and 72h 

(data not shown) and no difference was observed. Briefly, one of the methods to determine 

the half-life of a protein is by labeling the protein with a radioactive precursor, which is used 

to measure the relative half-life of the targeted protein. However, this method was not 

performed in the current thesis, instead, we investigated the function of TAGAP by 

overexpressing the protein in Jurkat cells and 293T cells. 

Moreover, when overexpressing TAGAP by transfecting Jurkat cells with a plasmid 

containing TAGAP cDNA, it was observed that the TAGAP expression at the mRNA level 

was already increased 24h after transfection with the smallest concentration of TAGAP-

plasmid used. However, at the protein level, overexpression was only observed 48h after 

transfection with 3µg of TAGAP-plasmid and more (Figure 14). This discrepancy between 

mRNA and protein expressions could be explained by the fact that the protein undergoes 

proteolysis, meaning that the translational process might be regulated in the level of 

termination of translation. 

4.1.4 Subcellular localization of TAGAP 

There are different methods to identify the subcellular localization of a protein, for example, 

by cellular fractionation, or by immunostaining. Cellular fractionation consists of the 

separation of nuclear, cytoplasmic, and membrane fractions. Proteins are isolated from the 
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three portions, separated by size in a SDS-PAGE, and an immunoblot is obtained using an 

antibody specific for the targeted protein. Thus, it is possible to identify in which fraction the 

protein is present. In the current thesis, the immunostaining methodology was used, since our 

group already had established a protocol for intracellular staining for confocal microscopy 

visualization.  

Moreover, visually identifying the subcellular localization of TAGAP would have been an 

important tool for analyzing its function, as if TAGAP were localized close to the cell 

membrane, it would indicate that it could interact with RhoGTPases, as GTPases, when bound 

to GTP, anchor to the plasma membrane.  

Saponin was used in order to permeabilize the cell membrane. It is a mild detergent that 

removes cholesterol, leaving holes in the plasma membrane, allowing the access of 

antibodies. As the saponin permeabilization occurs via cholesterol removal, it is not optimal 

for staining nuclear proteins [88], as it preserves membranous structures in the cells. 

Determining the subcellular localization of a protein using confocal microscopy is a three 

steps process. The first one is to find an appropriate antibody that needs to be specific and 

sensitive. In this thesis, the TAGAP antibody used for western blotting also functions to 

detect endogenous expression of TAGAP in immunostaining of Jurkat cells (Figure 16). 

The second step on identifying the subcellular localization of a protein is to stain the cell with 

an antibody towards the protein of interest to visualize its location and pattern of distribution. 

Thus, identifying whether the protein is inside a vesicle, or bound to the plasma membrane, 

for example. Finally, the third step is to perform a co-staining, staining the targeted protein 

and the compartment that it is believed to be associated with, and check for co-localization. In 

the current thesis, the third step was never performed, since it was not possible to pinpoint a 

specific subcellular compartment that TAGAP is associated to. 

Even though the exact localization of TAGAP was not identified, it was observed that it is a 

cytosolic protein and it seems to be absent from the cell membrane. Moreover, as mentioned 

previously, the permeabilization method used during cell staining is not optimal for nuclear 

staining. However, Jurkat cells presented staining in the nuclei, which could indicate that the 

protein traffics between the nucleus and the cytoplasm.  
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When staining Jurkat cells with the TAGAP antibody, a myriad of spots appeared in addition 

to the high intensity clusters (Figure 16). This high staining could be due to the high basal 

levels of TAGAP, therefore, Jurkat cells were activated with PMA/IO in order to detect 

increased TAGAP levels, and evaluate whether its subcellular localization changed upon 

activation. Moreover, untreated and activated CD4
+
 T cells were stained in order to analyze 

an increased TAGAP staining in activated cells, and perhaps, changes in the localization of 

the protein, since the TAGAP expression in non-activated CD4
+
 T cells is low. Furthermore, 

primary cells are more biologically relevant.  

More TAGAP staining was observed in activated Jurkat cells when compared to the control 

(vehicle-treated cells) (Figure 17E and F). In addition, vehicle-treated cells presented a 

different pattern of staining; the cells did not display the high intensity clusters, which could 

indicate that more expression induces clustering of the protein.  

The confocal microscopy images of CD4
+
 T cells showed an increased TAGAP staining of 

the cells treated with αCD3/CD28. Furthermore, untreated cells and activated cells presented 

clusters of staining; in addition, activated cells displayed a more even staining throughout the 

cytoplasm, which was not observed in Jurkat cells.  

In an attempt to facilitate the visualization of TAGAP, 293T cells, which have a big 

cytoplasm, were used. As 293T cells do not express TAGAP as much as immune cells 

(biogps.org), they were transfected with TAGAP-plasmid and empty- plasmid (see 2.4.2), and 

stained for confocal microscopy. Cells that were transfected with TAGAP-plasmid presented 

an increased TAGAP staining when compared to the cells transfected with the empty-plasmid 

(Figure 20). 

Moreover, 293T samples analyzed in the confocal microscope presented a small cytoplasm 

(Figure 20 and 21); this could be due to the dense population of cells present on the coverslips 

prior to cell staining, or due to partial detachment of the cells upon treatment for 

immunostaining. Therefore, the experimental settings should be refined. 

In addition, the increased staining observed in activated and transfected cells was due to an 

increase in expression of isoforms 1 and 2, as the TAGAP antibody used for immunostaining 

binds to the amino acid sequence from amino acid 250 to 400, therefore, isoform 3 (figure 4) 

was not detected. 
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4.2 TAGAP isoforms 

T cell activation Rho-GTPase activating protein encoded by TAGAP is suggested to be a T 

cell protein, as it was identified that its expression increases upon T cell activation [63]. 

However, in this thesis we showed that TAGAP is also expressed in other immune cells as B 

cells, monocytes, and NK cells, and in embryonic kidney cells (table 1). 

TAGAP has three isoforms, and the presence of the isoforms were verified using three 

different sets of primers (Figure 11). Isoform 1 is composed by 9 exons, and it has 731 amino 

acids. Isoform 2 is constituted of 553 amino acids and four exons, that are equivalent to exons 

6 to 9 of isoform 1, thus, it does not have the same N-terminus as isoform 1. Conversely, 

isoform 3 does not have the same C-terminus as isoform 1, it is composed of seven exons, and 

has 266 amino acids. The difference in size of the isoforms could indicate a particular ability 

of each isoform to bind to other proteins. Moreover, since the only homology found within 

the TAGAP sequence is the RhoGTPase domain, it could be speculated that the N- and C-

terminus of isoform 1 are for protein interactions.  

Of the cell lines analyzed, not all displayed the expression of the same isoforms (table 1), 

which could indicate that TAGAP performs different functions in different cell types. 

Moreover, it was observed that upon activation with αCD3/CD28 coated beads, CD4
+
 T cells 

started expressing isoform 3, which could indicate that the different isoforms are required in 

specific stages of cell development and cell cycle.  

4.3 Actin polymerization 

Upon TCR recognition of a MHC molecule presenting an antigen, filaments of actin are 

rapidly polymerized. This cytoskeletal rearrangement is crucial for optimal redistribution of 

cellular receptors, and the assembly of signaling complexes, leading to the stabilization of the 

cell and improvement of the immunological synapse [89].  

Several immunodeficiencies are known to be associated with an impairment of actin 

polymerization, which culminates in a defective interaction between T cells and APCs. 

Patients with mutations in proteins that regulate actin polymerization fail to successfully 

mount immune responses, leading to vulnerability to infections [90].  
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In the current thesis, 293T cells were transfected with a plasmid containing TAGAP cDNA, 

and stained with phalloidin. Phalloidin is a compound that binds to F-actin, and when labeled 

with a fluorochrome enables the visualization of polymerized actin. 293T cells transfected 

with TAGAP-plasmid displayed a higher intensity staining when compared with cells 

transfected with empty-plasmid. This difference indicates more actin polymerization in cells 

overexpressing TAGAP 

(

 

Figure 21), as expected, since TAGAP has a RhoGTPase domain indicating that it has a role 

in cellular movement, polarity, and cell-to-cell contact.  

This suggests that TAGAP would promote the stabilization of the immune synapses, leading 

to an appropriate TCR signaling. However, experiments need to be done in immune cells in 

order to investigate actin polymerization during T cell activation, and in cells overexpressing 

and knocked-down for TAGAP. Nevertheless, it could be hypothesized that the changes in the 

TCR signaling provoked by TAGAP [68] could be due to an over polymerization of actin, 
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leading to reduced cell movement, or reduced quality of the immune synapse upon 

encountering with antigen-loaded MHC on APC. 

4.4 Vitamin D treatment and TAGAP expression 

The purpose of identifying if vitamin D regulates MS related genes prior to T cell activation 

was due to three reasons: i) vitamin D deficiency is thought to be one of the possible 

environmental causes for susceptible individuals to develop MS, ii) studies have shown that 

vitamin D intake improves disease course, and iii) genes that were found to be related to MS 

have VDR binding regions.  

We and others have shown that TAGAP is induced in T cells upon T cell activation [41, 63], 

and that the addition of vitamin D to activated CD4
+
 T cells down-modulates TAGAP 

expression [41]. To analyze whether vitamin D could inhibit T cell mediated TAGAP 

induction, vitamin D was added to the cells prior to T cell activation, as biologically, when T 

cells are activated they are already under influence of vitamin D present in the serum, which 

makes this method more biologically accurate.  

In this thesis we showed that vitamin D up-modulates IL2RA and TAGAP expressions in 

CD4
+
 T cells activated with αCD3/CD28 24h and 48h after activation (Figure 10). Moreover, 

CD69 expression is prolonged in vitamin D treated cells. Conversely, we did not observe a 

significant difference in CLEC16A expression when comparing vitamin D- and vehicle-

treated cells. However, van Luijn et al. analyzed whether vitamin D modulates CLEC16A 

expression in monocyte-derived dendritic cells and observed a significant decrease in 

CLEC16A mRNA expression when compared to untreated cells [56]. This contrast in the data 

could be explained by the fact that different cell types were analysed.  

Studies have shown that vitamin D inhibits TH1 CD4
+
 T cell development and its associated 

pro-inflammatory cytokines IL-2, IFN-γ, and TNF-α [91, 92], in addition to promoting the 

production of the anti-inflammatory cytokines IL-4 and IL-10, and inducing proliferation of 

TH2 and Treg cells [93]. Moreover, IL2RA codes for the α subunit of CD25, which is an IL-2 

receptor present in Treg cells [94]. We observed an increase in IL2RA expression in cells 

treated with vitamin D, which could indicate an increased ability of vitamin D treated cells to 

respond to IL-2, leading to increased differentiation towards Treg cells.  
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Furthermore, it is known that an impaired TCR signaling results in TH17 CD4
+
 T cell 

differentiation [95], and  TH17 cells have been associated with autoimmune diseases [96]. In 

addition, CD4
+
 T cells differentiate to Treg cells upon strong TCR stimulation [13]. Tamehiro 

et al. showed that TAGAP induces a weaker TCR signaling resulting in TH17 CD4
+
 T cell 

differentiation [68]. Moreover, TAGAP-deficient mice have been shown to have a protective 

effect against EAE [68], and TAGAP expression varies with inflammation location and 

severity in Crohn’s disease, showing increased expression in more severely diseased tissues 

[57]. Thus, the vitamin D down-modulated TAGAP expression observed in this thesis, 

associated with the anti-inflammatory effects of vitamin D, corroborate the EAE data.    

4.5 Future remarks 

As the function of TAGAP was explored using transient overexpression, which was done by 

transfecting cells with a plasmid containing TAGAP cDNA, and transient knock-down by 

siRNA transfection, alternative methods should be considered. The CRISPR/Cas9 is a 

promising method to stably down- or up- regulate the expression of TAGAP [97].  

The permanent protein knockdown or overexpression facilitates the further investigation of its 

function by the analyses of cell signaling, cytokine production, and actin polymerization, for 

instance. Moreover, the stable overexpression of the targeted protein contributes to 

identifying its subcellular localization.  
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Complementary to determining the function and subcellular localization of TAGAP, would be 

to investigate its potential interaction partners using, for example, the yeast-wo-hybrid 

system, which would be a promising method to identify in which cell context TAGAP is 

performing its functions, and the pathway it is included (Figure 23).  

Figure 23: Possible interaction partners of TAGAP and the pathway in which it is associated. The scheme 

was obtained on string-db.org; a multiple protein search was performed with the proteins showed in the figure, 

and the colored lines represent possible protein associations.  
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List of abbreviations 

µ Micro 

18S rRNA 18S ribosomal RNA subunit 

Ab Antibody 

APC Antigen presenting cell 

APC Allophycocyanin 

bp Base pair 

BSA Bovine serum albumin 

CD Cluster of differentiation 

cDNA Complementary DNA 

CIITA MHC class II transactivator 

CNS Central nervous system 

CT Cycle threshold 

Da Dalton 

DC Dendritic cell 

dH2O Distilled water 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

dNTP Deoxynucleotide 

EBV Epstein-Barr virus 

ECL Enhanced chemiluminescence 

EDTA Ethylene diamine tetraacetate 

et al. And others (Latin: et alii) 

EtBr Ethidium bromide 

EtOH Ethanol 

F-actin Filamentous actin 

FBS Foetal bovine serum 

FCS Foetal calf serum 

FITC Fluorescein isothyiocyanate 

FITC Fluorescein isothiocyanate 

FSC Forward scatter 

g gram 
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GAP GTPase activating protein 

GAPDH Glyceraldehyde 3-phosphate dehydrogenase 

GDP Guanosine diphosphate 

GEF Guanine nucleotide exchange factor 

GFP Green fluorescent protein 

GWAS Genome wide association study 

HLA Human leukocyte antigen 

HRP Horseraddish peroxidase 

IFN-γ Interferon gamma 

IL-2 Interleukin 2 

IL-2Rα Interleukin 2 receptor alpha 

IMSGC International multiple sclerosis genetics consortium 

ITAM Immunoreceptor tyrosine-based activation motif 

k Kilo 

kb Kilobase 

L Liter 

M Molar (mol/L) 

m milli 

MFI Median fluorescence intensity 

MHC Major histocompatibility complex 

mL Milliliter 

MQ-H2O Milli-Q water  

mRNA Messenger RNA 

MS Multiple Sclerosis 

Mw Molecular weight (g/moL) 

n nano 

NaAzid Sodium azid 

NEAA Non-essential amino acids 

PAGE Polyacrylamide gel electrophoresis 

PBMC Peripheral blood mononuclear cells 

PBS Phosphate buffered saline 

PCR Polymerase chain reaction 

Pen/Strep Penicillin/Sreptomycine 
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PFA Paraformaldehyde 

PIC Protease inhibitor cocktail 

PP-MS Primary-progressive multiple sclerosis 

PVDF Polyvinylidene fluoride 

qPCR Quantitative poly chain reaction 

RIPA Radioimmunoprecipitation assay buffer 

RNA Ribonucleic acid 

rpm Rounds per minute 

RPMI Roswell Park Memorial Institute medium 

RR-MS Relapsing-remitting multiple sclerosis 

RT Room temperature 

SD Standard deviation 

SDS Sodium dodecyl sulphate 

SDS-PAGE Sodium dodecyl sulphate polyacrylamide gel electrophoresis 

SEM Standard deviation of mean 

siRNA Short interfering RNA 

SNP Single nucleotide polymorphism 

SP-MS Secondary-progressive multiple sclerosis 

SSC Side scatter 

TAE Tris-acetate ethylene diamine tetraacetate 

TAGAP T cell activation Rho GTPase protein 

TBP TATA-box biding protein 

TBS Tris-buffered saline 

TBS-T Tris-buffered saline with Tween 

TCR T cell receptor 

TE Tris-ethylene diamine tetraacetate 

TH1 T helper 1 

TH17 T helper 17 

TH2 T helper 2 

Treg T regulatory 

Tris 2-Amino-2-(hydroxymethyl)-1,3-propanediol 

Tris-EDTA Tris-ethylene diamine tetraacetate 

UV Ultraviolet 
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VDR Vitamin D receptor 

VDRE Vitamin D responsive element 
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Appendix – Recipes  

Cell work 

293T freezing media 90% 293T growth media, 10% DMSO 

293T growth media RPMI 1640, 5% FBS, 1% Pen/strep, 1% NEAA, 1% sodium 

pyruvate, 0,05Mm  β-mercaptoethanol 

Jurkat freezing media RPMI 1640, 20% FBS, 20% DMSO 

Jurkat growth media RPMI 1640, 10% FBS, 1% Pen/strep, 1% NEAA, 1% sodium 

pyruvate, 0,05Mm  β-mercaptoethanol 

Jurkat pre-freezing 

media 

RPMI 1640, 20% FBS 

Jurkat transfection 

media 

RPMI 1640, 5% FBS, 1% NEAA, 1% sodium pyruvate, 0,05Mm  

β-mercaptoethanol 

Isolation buffer (CD4
+
 

T cells) 

PBS, 0.1% BSA, 2 mM EDTA 

Cell staining  

Actin staining – blocking solution PBS, 1% BSA 

Actin staining – fixing buffer PBS, 3,7% PFA 

Actin staining – permeabilization buffer PBS, 0,1% Triton X-100 

Confocal microscopy - fixing buffer PBS, 3% PFA 

Confocal microscopy – permeabilization buffer PBS, 0,05% saponin, 0,25% BSA 

Confocal microscopy - washing media PBS, 2% FBS 

Confocal microscopy (adherent cells) - fixing 

buffer 

PBS, 4% PFA 

Confocal microscopy (adherent cells) - 

permeabilization buffer 

PBS, 0,1% Triton-X 
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Confocal microscopy (adherent cells) – 

blocking buffer 

PBS, 4% FBS 

Flow cytometry – fixing buffer PBS, 3% PFA 

Flow cytometry – permeabilization buffer PBS, 0,05% saponin, 0,25% BSA 

Flow cytometry – post-permeabilization buffer PBS, 2% FBS, 0,05% Saponin 

Flow cytometry – suspension buffer PBS, 0,05% sodium azide 

Flow cytometry – washing buffer PBS, 1% FBS, 0,05% sodium azide  

Flow cytometry - washing media PBS, 2% FBS 

Protein experiments 

Transfer buffer 25mM Tris, 192 mM glycine, 10% methanol, yield 2.5 L (dH2O) 
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Appendix – Equipment  

 

Atunne® acoustic focusing cytometer Life Technologies 

Criterion™ cell Bio-Rad 

Eppendorf centrifuge 5810R Eppendorf 

Nanodrop 2000 C spectrophometer Thermo Scientific 

Olympus FluoView™ FV1000 BX61 confocal microscope Olympus 

TC20™ Automated Cell Counter Bio-Rad 
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Appendix – Materials and Kits 

 Catalog number Producer 

1 kb plus DNA ladder 10787-018 Invitrogen 

10% Criterion™ Tris-HCl Gel 345-0009 Bio-Rad 

10x SDS Running Buffer 1610744 Bio-Rad 

6x Loading dye R0611 Thermo Scientific 

Agarose, SeaKem® LE 50004 Lonza 

Alexa Fluor 647 Phalloidin A22287 Thermo Scientific  

Alexa Fluor® 647 (goat anti-rabbit) A-21245 Life Technologies 

Attune® Focusing Fluid 4449790 Life Technologies 

Attune® Performance Tracking Beads 4449754 Life Technologies 

Attune® Shutdown Solution 4454955 Life Technologies 

Attune® Wash Solution A-24974 Life Technologies  

Bovine Serum Albumin (BSA) – 

Rinderalbumin 30% 

805095 Bio-Rad 

Counting Slides Dual Chamber for cell 

count 

145-0011 Bio-Rad 

Cover glass thickness number 1 631-0146 VWR® 

dNTP Mix 100mM 362271 Life Technologies 

ECL Blotting Substrates 1705060 Bio-Rad 

Electroporation cuvettes 4mm gap 732-1137 VWR® 

Ethidium bromide 190202 MP Biomedicals 

Extra thick blot paper filter paper 1703967 Bio-Rad 

Foetal Bovine Serum SV30160.03 Thermo Scientific  

Hoechst 33342 H1299 Life Technologies  
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Immuno-Blot PVDF membrane 162-0177 Bio-Rad 

Maxima First Strand cDNA Synthesis Kit K1642 Thermo Scientific  

Methanol 32213 Sigma Aldrich 

Mr. Frosty
™

 Freezing container 5100-0001 Thermo Scientific 

Non-essential amino acids (NEAA) 100x 11140-035 Life Technologies 

PBS - Dulbecco’s phosphate buffered 

saline 

D8537 Sigma-Aldrich 

pEGFP-N1 Gift from Anne Spurkland’s group 

Penicillin/Streptomycin  15140-122 Life Technologies 

Poly-l-lysin 25988-63-0 Sigma-Aldrich 

Polysine™ microscope slides 631-0107 VWR® 

Precision Plus Protein™ Standards Dual 

Color 

161-0374 Bio-Rad 

Quick Start™ Bradford 1x Dye Protein 

Assay kit 1 

500-0201 Bio-Rad 

Quick Start™ Bradford 1x Dye Reagent 500-0105 Bio-Rad 

Rab5-mCherry Gift from Anne Spurkland’s group 

Restore Western Blot Stripping Buffer 21062 Thermo Scientific 

RIPA 11542461 Thermo Scientific  

RPMI 1640 21875-034 Life Technologies 

Saponin from quilaja bark S7900 Sigma Aldrich 

Skim milk powder 70166-5006 Sigma Aldrich 

SlowFade® Gold antifade reagent S36936 Invitrogen 

Sodium Azide 0,1M 08591 Sigma Aldrich 

Sodium Pyruvate 100mM 100x 11360-039 Life Technologies 

TAE Buffer 50x R023 G-Bioscience 
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TaqMan® Gene Expression Master Mix 4369016 Applied Biosystems 

Trypan Blue solution 0,4% 1450021 Bio-Rad 

Trypsin 0.25%  (1x) 25050-014 Thermo Scientific 

αCD4 (mouse anti-human) 9522-02 Southern Biotech 

αCD69 (mouse anti-human) 2162069S Immunotools 

αIgG (mouse anti-human) 0102-02 Southern Biotech 

αIgG (rabbit anti-human) AB172730 Abcam 

αIgG1 (mouse anti-human) 21275516S Immunotools 

α-Mouse-HRP (goat anti-mouse) 205-035-108 Jackson ImmunoResearch 

α-Rabbit-HRP (goat anti-rabbit) 111-035-144 Jackson ImmunoResearch 

αTAGAP (rabbit anti-human) AB187664 Abcam 

β-mercaptoethanol M3148 Sigma Aldrich 
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Appendix – Supplementary figures 

Supplementary figure 1: TBP reference gene displays most stability when analysing Jurkat cell activation. 

Jurkat cells were activated with PMA/IO for the indicated time points. The graph shows the quantity mean of the 

reference genes RNAseP and TBP in PMA/IO- and vehicle-treated cells. The symbols represent the mean of 

PMA/IO- and vehicle-treated cells and the horizontal lines represent the SD.  

 

Supplementary figure 2: TAGAP antibody does not display unspecific binding to the isotype control in 

CD4
+
 T cells. CD4

+
 T cells were isolated from one healthy donor; cells were activated with αCD3/CD28 beads 

for 40h, harvested, and stained for confocal microscopy. The panel on the left show the nuclei staining with 

Hoechst, the panel in the centre is stained with the isotype control (αIgG), and the panel on the right show the 

merged pictures. All panels are in the same scale, scale bars are 50 µm.  
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Supplementary figure 3: TAGAP antibody does not display unspecific binding to the isotype control in 

293T cells. 293T cells were transfected with 0.5 µg of plasmid containing TAGAP and 0.5 µg of empty-plasmid, 

24h after transfection cells were harvested, and stained for confocal microscopy. The panel on the left show the 

nuclei staining with Hoechst, the panel in the centre is stained with the isotype control (αIgG), and the panel on 

the right show the merged pictures. All panels are in the same scale, scale bars are 50 µm. 
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Appendix – Plasmid maps 

GFP-plasmid map obtained from SnapGene 

TAGAP-plasmid map obtained from Genecopoeia 
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Empty-plasmid map obtained OriGene 

 


