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Signaling by inflammatory G protein-
coupled receptors in T lymphocytes 

 
 

Caroline Gustafsson 
 
 
 

Sammanfattning 
 

Mag- och tarmkanalen utsätts för många olika främmande substanser. Därför är det 

viktigt med en ökad kunskap om hur immunförsvaret fungerar i dessa områden. T-

lymfocyter är celler som ingår i immunförsvaret. För att de ska ha effekt på rätt plats 

måste de kunna ta sig till det angripna området i kroppen. För att göra det använder sig 

cellerna av receptorer. Det är en slags antenner som går tvärs igenom cellmembranen. 

Olika receptorer binder till en eller flera substanser i kroppen. Bindningen gör att 

receptorerna aktiveras. Eftersom receptorernas ändar sticker ut inne i cellen kan de starta 

olika signalsystem i cellen. Signaleringen sker genom att aktiviteten hos olika proteiner i 

cellen slås på eller av.  CCR9 är en receptor som finns på T-lymfocyter och är inblandad i 

cellernas förmåga att ta sig till tunntarmen. Detta examensarbete hade två syften. Dels att 

identifiera de proteiner som är inblandade i signaleringen som sätts igång av CCR9. Dels 

att undersöka om en annan receptor, B1-receptorn, finns på T-lymfocyterna och hur 

denna signalerar. Ökad kunskap om hur receptor-signaleringen fungerar hos T-

lymfocyter är av stor betydelse. Framför allt skulle det kunna hjälpa personer som lider 

av kroniska, inflammatoriska sjukdomar i tarmen, som till exempel Crohns sjukdom. 
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2. INTRODUCTION 
2.1 G protein-coupled receptors 
G protein-coupled receptors (GPCRs) belong to a family of proteins that span the cellular 

membrane seven times and signal through heterotrimeric G proteins, αβγ  (Fig. 1.). The 

amino terminus is located outside the cell, whereas the carboxy terminus is found on the 

inside. The structure of these receptors is dynamic and fluctuates between an active and 

an inactive conformation. Binding of a ligand to the receptor occurs extracellularly and 

stabilizes the active conformation, thereby allowing signaling to occur. GPCRs are 

activated by one or several of many ligands. These include odorants, photons, tasting 

molecules such as bitter or sweet compounds, amino acids, nucleotides, 

neurotransmitters, peptides and proteins. The intracellular parts of the receptor constitute 

binding sites for the G protein as well as phosphorylation targets for kinases, which 

mediates various regulatory events such as desensitization of the receptor [1, 2, 3, 4].  

 

 

 

Fig. 1. G protein-coupled receptors span the cellular membrane seven times and couple to 
heterotrimeric G proteins. The amino terminus is located outside the cell and the carboxy terminus is 
located inside the cells. Ligands bind to one or more of the extracellular domains. The G proteins bind 
to one or more of the intracellular domains.  

When an activating ligand (agonist) binds to the receptor a conformational change occur. 

This promotes the binding of a heterotrimeric, GDP bound, G protein to the intracellular 

part of the receptor. Subsequently, this interaction triggers the Gα bound GDP molecule 

to be replaced by GTP. As a result the heterotrimeric G protein dissociates into Gα and 
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Gβγ, which detach from the receptor and trigger various signaling cascades inside the cell 

by activating effector molecules. The subunits reassociate when the intrinsic GTPase 

activity of the Gα subunit converts GTP to GDP by releasing inorganic phosphate, thus 

completing the G protein activation cycle (Fig. 2.). Biological functions involving GPCR- 

mediated signaling include smell, taste, vision, cell growth and differentiation, 

neurotransmission, chemotaxis etc. An important characteristic of GPCR-mediated 

signaling is that each activated receptor is able to activate several G protein molecules. 

Each G protein – in turn – is able to activate several effector molecules before 

inactivation. This signaling cascade magnifies the primary signal and makes a rapid 

cellular response possible [1, 2, 3, 4].  

 

There are four families of Gα subunits (Gαi, Gαs, Gαq and Gα12/13), whereas Gβ and 

Gγ subunits exist in five and twelve distinct subunits respectively. Several thousand 

receptors have been identified so far, each receptor binding to receptor-specific ligands 

and one or several different G proteins. Furthermore, receptors may be regulated to 

various degrees by desensitization. This variability allows for great diversification to 

occur. G-proteins are classified with respect to their Gα subunit and are thus named Gi, 

Gs, Gq or G12/13. Bordetella pertussis toxin and cholera toxin are bacterial toxins that 

interfere with the activation-inactivation cycle, of Gi and Gs, respectively, and are 

commonly used to study the role of these proteins in signaling. These toxins affect these 

G proteins by ribosylating their Gα subunits of the intact G proteins. Pertussis toxin 

prevents the Gi-protein from dissociating into separate subunits, thus inhibiting Gi-

mediated signaling whereas cholera toxin inhibits the GTPase activity of Gαs thereby 

chronically activating it [1, 2, 3, 4]. The benefits from an extended knowledge about the 

mechanisms involved in GPCR-mediated signaling are tremendous, since this would 

provide a possibility to design specific modulators of crucial cellular processes that could 

function as drugs against many diseases such as asthma and chronic inflammatory 

conditions [3]. 
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Fig. 2. A Receptor binding of an activating ligand (agonist) induces a conformational change in the 
receptor, which makes the binding of a trimeric, GDP associated, G protein possible. B This interaction 
results in the dissociation of GDP from Gα. GDP is then replaced by GTP, resulting in the dissociation of 
the G protein into Gα and Gβγ. C These subunits trigger downstream signaling cascades by activating 
several effector molecules. D Gα has an intrinsic GTPase activity that hydrolyzes the GTP to a GDP. The 
GDP bound Gα then reassociates with Gβγ. 

 

2.2 Mitogen activated protein kinases and intracellular 
signaling 

Mitogen activated protein kinases (MAPKs) belong to a group of serine/threonine kinases 

that are rapidly activated in response to growth factor stimulation and some other 

mitogenic stimuli. In mammalian cells the MAPKs include extra cellular signal-regulated 

kinases 1 and 2 (Erk1 and Erk2, also called p42mapk and p44mapk), the c-Jun N-terminal 

kinases (JNK, also known as stress activated protein kinase SAPK) and p38 MAPK. The 

JNK protein kinases are encoded by three genes, which are spliced into 10 different JNK 
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isoforms. MAPKs integrate multiple signals from second messengers, leading to cellular 

proliferation and differentiation. Activated MAPKs translocate to the nucleus and 

phosphorylate various transcription factors [1, 3, 5, 6].   

 

The Gα subunits coupled to GPCRs can be Gαs, Gαq, Gαi or Gα12/13. When these 

subunits are bound to GTP, and thus released from Gβγ, they trigger different signaling 

cascades depending on their subtype (Fig. 3.). Gαs stimulates the enzyme adenylate 

cyclase, whereas Gαi acts inhibitory to this enzyme. Active adenylate cyclase uses ATP 

to form cyclic adenosine monophosphate (cAMP), which acts as a second messenger 

inside the cell. cAMP activates protein kinases, which, subsequently, affect the activity of 

other proteins including MAPKs [5]. Gαq activates phospholipase C (PLC) in the plasma 

membrane, resulting in the generation of diacylglycerol (DAG) and inositol tris-

phosphate (IP3). IP3 opens a calcium channel in the endoplasmatic reticulum, an event 

that, together with DAG, activates protein kinase C (PKC).  PKC then triggers the MAPK 

cascade, via Raf-1, which activates MAPK kinase (MAPKK, also known as MEK). 

MAPKK activates MAPKs that enter the nucleus and phosphorylate various transcription 

factors [4, 5]. Gα12/13 is associated with the activation of guanine nucleotide exchange 

factors for the small GTP-binding protein Rho [3]. Gβγ affects several tyrosine kinases, 

including phosphatidyl inositol 3-kinase (PI3K) and receptor tyrosine kinases (RTKs) [5]. 

Many different pathways are involved in intracellular signaling. Research is beginning to 

reveal a complex picture where many of the pathways are connected at one or several 

critical control points. This signaling network makes it possible for the cell to trigger a 

response that is highly designed with respect to type of receptor and ligand, 

differentiation state of the cell and environmental conditions.   
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It is well established that growth factors activate the phosphorylation cascade of protein 

kinases including tyrosine kinases, Ras, Raf-1, MEK and MAPK. Several studies suggest 

that MAPK might be a convergence point for growth signals originating from RTKs and 

GPCRs [1, 6, 8]. Indeed, some GPCRs act by transactivating the RTK for epidermal 

growth factor (EGF). These GPCRs activate metalloproteinases, which cleave 

transmembranal heparin binding EGF (HB-EGF), which is a ligand for the EGF receptor. 

This results in released HB-EGF molecules that are free to bind the EGF-receptor, 

causing its activation [9].  

Fig. 3. Gαs, Gαq, Gαi trigger various responses inside the cell. The enzyme adenylate cyclase is stimulated versus 
inhibited by Gαs and Gαi respectively. When this enzyme is in its active state it forms cyclic adenosine 
monophosphate (cAMP), which acts as a second messenger inside the cell. cAMP activates protein kinase A (PKA) and 
other receptor and non-receptor tyrosine kinases, affecting the activity of many proteins including MAPKs. Gαq 
activates phospholipase C (PLC), which results in the cleavage of phosphatidyl inositol 4,5-bisphosphate, thereby 
generating diacylglycerol (DAG) and IP3. IP3 binds to and opens a calcium channel in the endoplasmatic reticulum. 
The released calcium ions and DAG are able to bind and activate phospho kinase C (PKC). PKC activates the MAPK 
cascade resulting in the activation of transcription factors in the nucleus. This is a simplistic picture showing some of 
the main participants in the signaling mechanisms. There are many pathways involved in intracellular signaling, many 
of which are connected at one or several points. 
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2.3 Bradykinin receptors 
Bradykinin receptors are GPCRs and consist of at least two subtypes, B1 and B2 (Table 

1.) [10]. The B2 receptor (B2R) is constitutively expressed on most cells. This receptor is 

activated by bradykinin (BK) and Lys-BK (also called kallidin, KD), which are bioactive 

kinins that are rapidly formed following inflammation and/or tissue damage. On the other 

hand, the expression of the B1 receptor (B1R) is induced by proinflammatory mediators 

such as TNF-α or IL-1. In agreement with this, B1R is activated by des-Arg9- BK 

(DABK) and des- Arg10- KD (DABKD), which are formed later, possibly in the 

inflammatory process, constituting the carboxypeptidase products of BK and KD, 

respectively [11]. B2R is rapidly desensitized and primarily signals in the acute stage of 

inflammation. Activated B2R mediates increased vascular permeability, venoconstriction, 

arterial dilatation and pain. B1R is not desensitized and is involved in the chronic stage of 

inflammation. It promotes blood borne leukocyte trafficking, edema, inflammatory pain, 

as well as arterial dilatation. Treatment with B1R antagonists may be indicated in patients 

who suffer from chronic inflammatory diseases [10]. B1Rs are constitutively expressed in 

low amounts on some cells such as murine neutrophils where they have been shown to 

induce cell rolling, adhesion and emigration of these cells [12]. Another study has shown 

that B1Rs are expressed on human T lymphocytes from patients who suffer from the 

inflammatory disease Multiple Sclerosis.  Practically no expression of B1Rs could be 

observed on T lymphocytes from healthy control subjects and patients with other 

neurologic or inflammatory disorder. When B1 agonists were added to the B1R bearing T 

cells, their migratory ability was significantly reduced [13]. These results suggest that 

B1R constitute a target for drug development against multiple sclerosis, since it is the 

migration of T cells into the central nervous system that is believed to initiate this 

inflammatory disease [14].  
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Table 1.  The bradykinin receptors, B1 and B2, are activated by separate agonists and have distinct 
expression patterns and biological effects. 
Receptor Agonists Expression Effects 

B1 des-Arg9- BK and des- 
Arg10- KD  

• Not expressed on most cells 
during healthy conditions. 

• Induced by tissue injury or 
inflammation. 

• Not desensitized when stimulated 
with agonists 

• Involved in chronic 
inflammation 

• Stimulation of leukocyte 
trafficking 

• Increased vascular permeability 
• Venoconstriction 
• Arterial dilatation 
• Inflammatory pain 

B2 BK and KD • Constitutively expressed on most 
cells during healthy conditions 

• Rapidly desensitized 

• Involved in acute inflammation 
• Increased vascular permeability 
• Venoconstriction 
• Arterial dilatation 
• Inflammatory pain 

 

2.4 T lymphocytes 
T lymphocytes are cells that are important in the cell-mediated immune response. They 

mature in the thymus and circulate in the blood system and lymphatic tissue. Each T 

lymphocyte is able to recognize a certain molecular structure, an antigen. Mature T 

lymphocytes, which have not yet encountered their respective antigens are classified as 

naive. When the T lymphocytes bind to their antigens they are activated and start 

secreting cytokines and killing microbes or microbe-infected cells. Another feature of T 

lymphocyte activation is that the activated cell starts a rapid proliferation, forming an 

activated clone of antigen-specific T lymphocytes. When the foreign substance is 

eliminated most of the activated T lymphocytes die by apoptosis. However, a small part 

of the cells survive and circulate in the body as memory cells. These cells give rise to a 

rapid and enhanced immune response if the same antigen enters the body again [15].    

 

2.5 Chemokine receptor CCR9 
Chemokines are small, soluble molecules that often are involved in regulating the 

trafficking of immune cells by interacting with GPCRs. Chemokines are able to activate 

certain adhesion molecules on the immune cells, which then in turn exert a directional 

movement along the chemokine gradient [16, 17, 18]. Chemokine receptor CCR9 is a 

GPCR that is expressed by thymocytes, circulating gut-homing memory T cells and T 

cells in the small intestinal mucosa. CCR9 is also expressed by some immature B cells. 
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Murine, but not human, naive CD8+ T cells express CCR9. These cells are also found in 

lymph nodes, spleen and Peyers patches. Because these naive cells readily can be 

extracted from spleens in sufficient amounts and express high levels of CCR9 they are 

often used in research on this receptor. CCR9 binds to the chemokine CCL25, also called 

TECK (thymus-expressed chemokine). This chemokine is the only ligand known for 

CCR9. TECK is produced by epithelial and dendritic cells in the thymus, as well as 

epithelial cells in the small intestine. On the other hand, TECK is not expressed in other 

tissues such as lung, skin, adrenal gland, salivary gland etc [18, 19, 20, 21, 22]. Restricted 

chemokine expression make it possible to guide certain subsets of immune cells to 

specific areas in the body and to modify the character of immune response at different 

epithelial surfaces [20]. 

 

The gut is exposed to many alien substances and is therefore inhabited by a large number 

of immune cells. It has been shown in mice that CCR9 is expressed on CD8+ T 

lymphocytes in the gut associated area and that blocking of the TECK-mediated signaling 

results in a greatly reduced amount of T lymphocytes in the small intestine. It was 

concluded that the CCR9-TECK interaction is involved in T lymphocyte recruitment to 

this area [23, 24]. Murine, intraepithelial lymphocytes from the small intestine have been 

found to migrate in response to TECK. The level of migration is dose dependent with a 

maximum response at 250 nM TECK [24]. TECK also attracts the small subset of 

circulating, gut-homing, CCR9 expressing memory T cells in human blood [20]. In 

addition, CCR9 has been implicated to have a role in cell survival during T cell 

development in the thymus [25]. Because of their selective expression, on these cells, 

CCR9 and TECK constitute interesting targets for selective modification of small 

intestinal immune responses, such as treatment of Crohn’s disease [20, 26]. 

 

The signaling network that is triggered by the CCR9/TECK interaction is not very well 

understood. Chemokine receptors normally couple to Gαi proteins as their signaling is 

completely inhibited by pertussis toxin. The major effect of Gαi is the down regulation of 

cAMP levels. cAMP is an activator of protein kinase A (PKA), which in turn 

phosphorylates and thereby inactivates Rho A (Fig. 4.). Active Rho A is important in 
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mediating cytoskeletal and cell shape changes. The action of Gαi, to lower cAMP, 

therefore results in Rho A activation which promotes changes in cell shape. It is not only 

the Gα subunit that triggers important signals. Gβγ interacts with PH-domain-containing 

proteins, such as PI3Kγ. This protein target is a multi enzyme complex and is believed to 

be involved in processes like proliferation, antiapoptosis, cytoskeletal rearrangement and 

cell migration. MOLT4 is a human cell line that expresses CCR9. How important PI3K, 

Erk1/2 and Gαi are for TECK-mediated migration of these cells was investigated using 

their specific inhibitors wortmannin, PD98059 and pertussis toxin, respectively [27]. 

TECK stimulation resulted in the activation of both PI3K and Erk1/2, but only PI3K 

seemed to be essential for chemotaxis. Inhibition of PI3K did not affect the activation of 

Erk. Pertussis toxin completely inhibited the TECK-mediated chemotaxis, implying that 

CCR9 is a Gαi coupled receptor [17, 27]. Binding of TECK to MOLT4 cells has also 

been shown to trigger a rapid, transient calcium flux [25]. This was not affected by 

inhibition of PI3K or Erk1/2. It was also reported that TECK-mediated Erk1/2 activation 

in these cells was blocked by pertussis toxin but not by wortmannin [25]. In the case of 

growth factor receptors MAPKs are believed to couple to both cell migration and 

survival. However, this does not seem to be the case in CCR9/TECK-mediated 

chemotaxis in MOLT4 cells. Probably the effect of different receptors and effector 

proteins vary depending on the cell type [25]. 

 

 10



 
 Fig. 4. A. cAMP activates PKA, which then phosphorylates Rho A, thereby causing its inactivation. B. 
Gαi lowers the levels of cAMP, which results in a decrease in PKA activity. C. Gαi signaling therefore 
results in active Rho A molecules that are able to trigger cytoskeletal and cell shape changes. 
 

2.6 Chemotaxis 
How are the immune cells able to transport themselves into an infected area? The 

receptors on a cell function like sensitive antennas that are able to identify and bind one 

or several specific substances. When binding occur signal cascades are triggered inside 

the cell, allowing the cell to modulate its behavior depending on the surrounding 

conditions (Fig. 5 A). When an infectious agent has entered the body the endothelium 

becomes activated and starts to express selectin as well as integrin binding molecules. An 

inactive immune cell carries selectin ligands as well as integrins. However, the integrins 

are in a low affinity state and the interaction between the immune cell and the epithelium 

is weak. The cell is able to roll slowly along the endothelium using its selectin ligands 

(Fig. 5 B). When the immune system is activated chemokines are secreted, leading to a 

conformational change of the integrins, which now become active. Now, the immune cell 

is able to form a tight interaction with the endothelium (Fig. 5 C). When the cell has 

reached the right position it receives additional signals that allow the cell to leap through 

the endothelium and move towards the infected area. This process is called 

transmigration or emigration (Fig. 5 D). Chemotaxis is of course more complicated than 
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this simplistic description, being a complex process involving cellular polarization and 

dramatic conformational changes [15]. Chemokines are soluble mediators that are crucial 

in the process of activating and guiding T cell subsets to target tissues [28].    

 

 

 

 

 

 
 

Fig. 5. A. An unactivated immune cell expresses selectin ligands on its surface. However, since unactivated 
endothelium lacks selectin molecules, no binding occurs. B.  When the endothelium is activated it starts to express 
selectin and integrin ligands. A weak connection between the immune cell and the endothelium is possible through 
the selectin ligand – selectin interaction. The integrins expressed by the immune cell are in a low affinity state and 
are not able to adhere to the integrin ligands. The immune cell is able to roll along the endothelium. C. When the 
immune cell becomes activated its integrins switches to their active conformation and a tight interaction, where the 
cell spreads itself over the endothelial layer, is possible. D.  When the cell is stimulated by additional signals it 
leaps through the endothelium and moves along a chemotactic gradient, consisting of chemokines, towards the 
infected area.  

2.7 Aim of the study 
This study aims to explore mechanisms involved in TECK-mediated CCR9 signaling, as 

well as the des-Arg9- BK/B1R signaling in murine CD8+ T lymphocytes. CCR9 and B1R 

were stimulated for 0, 2, 5, 10 and 20 minutes with TECK and des-Arg9- BK, 

respectively. Western blot was then used to detect changes in MAPK phosphorylation. In 

addition, the effect of intracellular effectors, such as protein kinases etc. on TECK- 

mediated T cell migration was studied.  
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3. MATERIALS AND METHODS 
3.1  Mice 

C57BL/6 mice were obtained from the animal facility at the Section of Microbiology, 

Immunology and Glycobiology (MIG), Lund University (Lund, Sweden).   

 

3.2 Antibodies and reagents 

The following antibodies and reagents were used during the course of the study: 

Phospho-p44/p42 MAP kinase (Thr202/Tyr204) antibody, phospho-p38 MAP kinase 

(Thr180/Tyr182) antibody, phospho-SAP/JNK (Thr183/Tyr185) antibody were used as 

primary antibodies (Cell Signalling Technology, Massachusetts, USA).  All antibodies 

were rabbit polyclonal antibodies. Total antibodies Erk1, pan-JNK/SAPK1 and p38 

(pT180, pY182) were from BD Biosciences (Pharmingen, CA, USA). Beads with 

conjugated CD3/CD28 antibodies were from Pharmingen (CA, USA). 

 

Anti-rabbit IgG, Horseradish Peroxidase linked whole antibody from donkey (Amersham 

Biosciences, Little Chalfont Buckinghamshire, England) was used as secondary antibody. 

Des-Arg9-BK was from Sigma (CA, USA) and was used as agonist for stimulation of the 

B1 receptor. Murine recombinant TECK was used as agonist for stimulation of the 

chemokine receptor CCR9 and was from R&D Systems (Minneapolis, USA). 

Following antibodies and reagents were used during the purification of CD8+ T 

lymphocytes and/or FACS colouring for purity analysis or chemotaxis studies: anti-

FcRII/III (CD16/CD32) Ab, biotin conjugated anti-CD44 (Department of Immunology, 

Lund’s University, Sweden) and anti-CD8β, FITC conjugated anti-TCRβ and anti-

CD62L, PE conjugated anti-CD8α, APC conjugated anti-CD8α, PE conjugated 

streptavidin, 7 amino-actinomycin D (Sigma-Aldrich, Steinheim, Germany) and 

streptavidin microbeads (Miltenyi Biotech, Bergisch Gladbach, Germany). All antibodies 

were from Pharmingen (CA, USA) unless otherwise stated. Inhibitors used during the 

chemotaxis experiments were pertussis toxin (Sigma, CA, USA), wortmannin (Sigma, 

CA, USA), Y-27632 (Calbiochem, San Diego, USA), SP600125 (A. G. Scientific. Inc., 

San Diego, USA), SB20350 (Calbiochem, San Diego, USA), PD98059 (Calbiochem, San 
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Diego, USA), Rp-8-Cl-cAMP (Sigma, CA, USA) and GF109203x (TOCRIS, Ellisville, 

USA). The B1 antagonist des-Arg9Leu9BK (Sigma, CA, USA) was also used. 

 

3.3  Time dependent MAPK phosphorylation 

3.3.1 Isolation of CD8+ T lymphocytes from spleen with Magnetic 

Associated Cell Sorting 
Magnetic Associated Cell Sorting (MACS) is a technique that is used to sort out different 

cell types. Monoclonal antibodies, conjugated with biotin, are allowed to identify and 

bind to the target cell. In a subsequent step streptavidin conjugated magnetic beads are 

added. Since streptavidin and biotin connect to each other with high affinity the target 

cells will be labelled with the magnetic beads. When the labelled cells are run through a 

column, placed inside a strong magnet, they will be retained in the magnetic field 

(positive fraction). Unlabelled cells will run through (negative fraction). Removing the 

column from the magnetic field is then done to collect the labelled cells.  

 

Spleens from C57BL/6 mice, 8-12 weeks old, were homogenized through a filter by 

using a piston and transferred to a FALCON tube on ice. The cells were centrifuged for 7 

minutes at 1100 rpm. The supernatant was discarded and the cells were resuspended in 

ice-cold MACS buffer (3% Foetal calf serum, 2 mM EDTA in PBS). The cells were 

centrifuged for 7 minutes at 1100 rpm, the supernatant was discarded and the cells were 

resuspended in a solution containing the Fc-receptor blocking antibody anti-FcRII/III  

and incubated on ice for 20 minutes. This step was performed to reduce unspecific 

binding. The cells were washed, centrifuged and resuspended in anti-CD8β-biotin 

solution and incubated on ice for 30 minutes. After two subsequent washing steps the 

cells were resuspended in a solution containing streptavidin conjugated magnetic beads 

and incubated at 8 °C for 20 minutes. All reagents were used at a saturating 

concentration. The cells were washed and resuspended in room-temperature MACS 

buffer. A sample was collected to use as start sample in the purity control. Auto MACS 

was performed by running the sample through a MACS Separation Column (Miltenyi 

Biotech, Bergisch Gladbach, Germany) that was placed inside a strong magnet. The 
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labelled CD8+ cells were retained in the magnetic field while the negative fraction, 

mostly containing red blood cells, was washed out and the column was washed 5 times 

with MACS buffer. Removing the column from the magnet and adding MACS buffer 

then washed out the positive fraction. For improved purity the procedure was repeated 

once with the positive fraction. 

 

3.3.2  Flow cytometry - purity control 
A Fluorescence Activated Cell Sorter (FACS) can be used to analyse the composition of 

a sample by the principles of flow cytometry. As the cells pass the parallel light from a 

laser beam in a liquid stream the light is scattered. Depending on the size and granularity 

of the passing cell the angles of the deflected light are changed. The light scattered in a 

forward direction gives a measurement of the cell size whereas the light scattered in a 

right angle from the source gives information about the cellular granularity. These two 

parameters (forward scatter, FSC and side scatter, SSC) make it possible to identify a 

certain cell population for further analysis (Fig. 6).  

 

 

R1=Lymphocytes 
R2=Platelets/Debris 
R3=Red blood cells 
R4=Monocytes, 
macrophages 

Fig. 6. A FACS diagram that shows how forward scatter – side scatter profiles can be used to identify 
different subsets of cells. Cells passing a laser beam in a liquid stream give rise to a light deflection, in 
angles depending on the size and granularity of the cells. These angles are characteristic for different cell 
types, which makes it possible to gate a certain subset for further analysis. 
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By using fluorochrome-conjugated antibodies it is possible to extend the analysis to 

include identification of dead cells as well as flourochrome-tagged cells. Four emission 

channels are used in the FACS analysis: fluorescein isothiocyanate, phycoerythrin, 

tricolor (or 7AAD which emits light at the same wavelength) and allophycocyanin (table 

2.). 

 
Table 2. This table shows the fluorochromes used in the FACS staining and analysis. 
Fluorochrome Emitted light Channel 

FITC (fluoroscein isothiocyanate) Yellow-Green (520 nm) Fl-1 

PE (phycoerythrin) Orange-Red (∼576 nm) FL-2 

Tricolor or 7AAD Deep red (>640 nm) FL-3 

Allophycocyanin (APC) Deep red (660 nm) FL-4 

 

To verify that the sample collected from the MACS procedure was pure and consisted of 

CD8+ T lymphocytes a purity control was performed. To do this labelling with 

flourochrome conjugated antibodies in combination with flow cytometry was performed. 

50 µl samples of the start-, positive- and negative fractions were added to a micro titre 

plate. The cells were centrifuged for 2 minutes at 1200 rpm, the supernatants were 

discarded and the cells were resuspended in anti-FcRII/III solution and incubated on ice 

for 20 minutes. The cells were washed with FACS buffer (PBS with 2% foetal calf serum 

and 0.05% NaN3) and centrifuged as before, the supernatants were discarded and the cells 

were resuspended in a solution containing 7 amino-actinomycin D (7AAD, a dye that 

bind to apoptotic cells), anti-TCRβ-FITC and anti-CD8α-PE and incubated on ice for 20 

minutes. All reagents were added at saturating concentrations. The cells were washed and 

centrifuged as before and each sample was dissolved in 200 µl FACS buffer and 

transferred to a FACS tube. This labelling procedure is called FACS staining. Samples 

were analyzed on a flow cytometer (FACSCalibur, BD Biosciences Europe, 

Erembodegem, Belgium) using CellQuest software (BD Biosciences). The viable 

lymphocytes were gated and viewed in a dot plot showing signals from channel 1 (anti-

TCRβ-FITC) and channel 2 (anti-CD8α-PE). The double positive cells constituted the 
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percentage of CD8+ T lymphocytes and the percentage of these cells in the population 

was determined (normally 90-97%). 

  

3.3.3 Agonist stimulation and sample preparation 
The purified CD8+ T cells were resuspended in MACS buffer to a concentration of about 

10*106 cells/ml and divided into four samples. One of the four samples was used to 

create a positive control. Beads with conjugated CD3/CD28 antibodies were used as 

artificial antigen presenting cells (APCs). Anti-CD3 and anti-CD28 bind to the T cell 

receptor and the costimulator protein CD28, respectively. This results in T cell activation, 

which trigger intracellular signaling and are believed to cause MAPK activation. Using 

antibody-conjugated beads instead of free antibodies have been shown to improve the 

activation process by promoting T cell receptor clustering and preventing receptor 

internalisation [29]. The beads were added to the positive control sample in a 

concentration of 1 bead per cell, incubated for 5 minutes at 37°C, where after it was 

transferred to a microfuge tube with ice-cold PBS (phosphate buffer saline) and stored on 

ice. The remaining three samples were put in a 37°C water bath 2 minutes before addition 

of the agonists. TECK, des-Arg9- BK, or no agonist was added to the samples (final 

concentration in samples: 250 nM TECK and 100 nM des-Arg9- BK). The sample that 

did not receive any agonist contained a basal level of MAPK phosphorylation and is 

referred to as the basal sample. At 2, 5, 10 and 20 minutes samples were collected from 

the agonist-containing tubes and treated as the positive control. The basal sample was 

removed and cooled down after 13 minutes. The samples were centrifuged for 5 minutes 

at 1200g in a 4°C centrifuge. The supernatants were removed and the cells were lysed in 

a lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 5 mM EDTA, 1% Nonidet P-40, 0.5% 

deoxycholate, 0.1% SDS, 10 mM NaF, 10 mM Na2HPO4, 0.1 mM phenylmethylsulfonyl 

fluoride, 10 µg/ml leupeptin) for 30 minutes on ice and centrifuged at maximum speed 

for 15 minutes in a 4°C centrifuge. The supernatants were collected and samples were 

taken out for protein assay. The remaining supernatants were diluted with 2x SDS PAGE 

sample buffer (Bio-Rad Laboratories, CA, USA) and stored at -20°C.  

  

 17



3. 3.4 Protein assay 
Protein assay was performed according to the Microplate Assay Protocol (Bio-Rad 

Laboratories, California). The reaction is similar to the Lowry assay [30], but with some 

time saving improvements. Proteins interact with copper in an alkaline medium, followed 

by reduction of the Folin reagent by the copper-treated protein. The reduced Folin reagent 

has a characteristic blue colour with maximum absorbance at 650 nm and minimum 

absorbance at 405 nm. 

 

3.3.5 SDS-PAGE 
A sodium dodecylsulphate polyacrylamide gel electrophoresis (SDS-PAGE) was 

performed to separate the proteins, using a 12% running gel and a 4% stacking gel 

concentration according to the Mini-PROTEAN® 3 Cell Instruction Manual (Bio-Rad 

Laboratories, CA, USA). 

  

3.3.6 Immunoblotting 
The proteins were transferred to a 0.45 µm nitrocellulose membrane using the electroblot 

method. The membrane was washed 3*10 min with Tris Buffer Saline (TBS) and blocked 

with milk solution (10% not-fat dry milk in TBS) for 45 min. After blocking, the 

membrane was washed 3*10 min with TBS followed by incubation with primary 

antibody over night at room temperature. The next day, the membrane was washed 3*10 

min with TBS, incubated with the horseradish peroxidase linked secondary antibody 

together with TBS  3% BSA for 1 hour at room temperature and washed 3*10 min with 

TBS. The immobilized proteins were visualised using the Western LightningTM 

Chemiluminiscence Reagent Plus system (PerkinElmer, Boston). The horseradish 

peroxidase, linked to the secondary antibody, catalyses light emission at a wavelength of 

420 nm from the oxidation of luminol. The emission is increased approximately 100-fold 

by using an enhancer. The light was captured on Kodak Biomax MS Film (Fig. 7.). 
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Fig. 7.  Principle of the Western blotting and detection procedure. 1. The proteins were separated on a 
sodium dodecylsulphate polyacrylamide gel by electrophoresis. 2. The proteins were then transferred to a 
nitro cellulose membrane using the electroblot method. The phosphorylylated MAPKs were visualised by 
using primary phospho specific antibodies from rabbit and secondary antibodies connected to the enzyme 
horseradish peroxidase. The secondary antibodies were directed against the constant part of rabbit 
antibodies and were thereby able to connect to the primary antibodies. 3.  By using luminol and an 
enhancer, the horseradish peroxidase catalysed a light emission that was captured on a Biomax MS film. 
  

3.4  Effects of inhibitors on TECK-mediated chemotaxis 
The chemotactic effects of different chemokines can be studied by using a transwell 

chemotaxis plate. A solution of the chemokine is placed in the lower well of the plate and 

the cells are added to the upper well that has a bottom consisting of a micro porous 

membrane. As the upper wells are placed on top of the lower wells the membrane gets in 

contact with the chemokine containing solution in the lower wells (Fig. 8.). This solution 

is believed to disperse into the membrane, creating a chemokine gradient that can be 

sensed by those cells that carry the chemokine receptor for that specific chemokine. It is 

important to subtract the background migration from that induced by the chemokine 

gradient. This is performed by measuring the level of migration occurring when the cells 

are exposed to chemotaxis medium only. 
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Fig. 8. The picture shows a cross section of the chemotaxis plate, viewed from the side. The 
upper part of the picture shows a magnification of the two well system. The lower well contains a 
chemokine solution that is in contact with the micro porous membrane and creates a chemokine 
gradient. Cells that are added to the upper well sense this gradient and the cells that carry the 
appropriate chemokine receptors migrate through the membrane and into the lower well. 
 

Spleens from C5BL/6 mice were homogenized through a filter by using a piston and 

transferred to a FALCON tube on ice. The cells were centrifuged for 7 minutes at 1200 

rpm. The supernatant was discarded and the cells were resuspended in deionised H2O for 

10 seconds. This was performed to lyse red blood cells. The lysis was interrupted by 

addition of ice-cold RPMI 1640, a complete medium containing L-glutamine (Sigma-

Aldrich, Stockholm, Sweden). The cell suspension was filtered, to remove debris from 

the red blood cells, and centrifuged for 7 minutes at 1200 rpm and resuspended in 

chemotaxis medium (0.5% Bovine Serum Albumin in RPMI). The cell solution was 

diluted to a concentration of 3*106 cells/ml with chemotaxis medium and divided in 

FALCON tubes. Various inhibitors were added to the tubes (1 tube/inhibitor). All tubes 

were incubated for 60 minutes at 37°C. After the incubation, the amount of cells in each 

sample was determined and the samples were brought to a concentration of 1*106 

cells/ml by addition of room temperatured chemotaxis medium. 600 µl of room 

temperatured chemotaxis medium or chemotaxis medium + chemokine (TECK or des-
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Arg9- BK in concentrations of 250 nM or 100 nM respectively) was added to the lower 

wells of a transwell plate (φ 6.5 µm, 5 µm pore size, Corning Incorporated, NY, USA). In 

some cases TECK and des-Arg9- BK were added together in the lower well to find out 

whether des-Arg9- BK has any effect on CCR9/TECK-mediated signaling. 100 000 cells 

were placed in each of the upper wells, which were placed on top of – and in connection 

with – the lower wells.  

The plates were incubated for 90 minutes at 37°C whereafter the suspensions in the lower 

wells were transferred to FACS tubes for analysis. The relative number of cells in the 

lower wells was determined by counting the cells in a flow cytometer (FACSCalibur) at 

medium flow rate for 40 seconds. Each start population and the samples from the lower 

wells were analyzed using FACS staining and flow cytometry. The samples were 

incubated with anti-FcRII/III and anti-CD44-biotin for 20 minutes each, followed by 20 

minutes incubation with a solution containing anti-CD62L-FITC, 7Aad, anti-CD8α-APC 

and streptavidin-PE. All reagents were added at saturating concentrations. Naive cells 

only express the CD62 ligand, whereas CD44 makes the cells more adhesive and is 

expressed by activated and central memory cells.  Using these markers it is possible to 

find out how many percent of the viable lymphocytes that are CD8+ T cells. When these 

cells are gated and the anti-CD62L- and anti-CD44 channels are viewed one can identify 

the percentages of naive, central memory and activated cells in the CD8+ population. 

These percentages are used in combination with the cell number to calculate how many 

percent of the CD8+ T cells from the start fractions that had migrated into the lower 

wells. In these experiments 200 ng/ml pertussis toxin (inhibits Gi-mediated signaling), 

0.01, 1 and 10 µM wortmannin (inhibits PI3K), 0.1, 1 and 10 µM Y-27632 (inhibits Rho 

kinase), 10 µM SP600125 (JNK inhibitor), 10 µM SB20350 (p38 MAPK inhibitor), 50 

µM PD98059 (inhibits MAPKK), 10 µM Rp-8-Cl-cAMP (inhibits PKA) and 2.5 µM 

GF109203x (inhibits classical and non-classical PKC isotypes), 100 nM des-Arg9-BK, 1 

µM des-Arg9Leu9BK (B1R antagonist) and 250 nM TECK were used (table 3.). 
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Table 3. This table shows the inhibitors used in this experiment and the target proteins that they inhibit. 
SAP/JNK , p38 MAPK and ERK1/2 are mitogen activated protein kinases, PI3K = phospho inositide-3-
kinase, PKA = protein kinase A, PKC = protein kinase C. 
Inhibitor Inhibits Concentration 
pertussis toxin Gαi 200 ng/ml 
wortmannin PI3K 0.01, 1 and 10 µM 
Y-27632 Rho kinase 0.1, 1 and 10 µM 
SP600125 SAP/JNK 10 µM 
SB20350 P38 MAPK 10 µM 
PD98059 MAPKK, the activator of 

Erk1/2 
50 µM 

Rp-8-Cl-cAMP PKA 10 µM 
GF109203x PKC 2.5 µM 
 

4. RESULTS 

4.1  Time dependent MAPK phosphorylation 
Three identical experiments were performed using spleens from 17, 18 and 18 mice, 

respectively. Stimulation of the cells with CD3/CD28 antibody-conjugated beads did not 

result in any increased amount of phosphorylated MAPKs compared to the basal 

expression. Consequently, these antibodies could not be used as a positive control. 

Phosphorylated p38 MAPK only appeared as very weak bands, if at all, in all 

experiments (data not shown). This was probably due to a low expression level of p38 

MAPK in the cells in combination with too few cells in each sample. A significant 

increase of Erk1/2 phosphorylation was detected in TECK- and a slight increase was 

detected in des-Arg9- BK stimulated cells (Fig. 9-10.). The signal increased to reach a 

maximum after 5 and 2 minutes, and after 20 and 10 minutes of agonist stimulation the 

signal decreased. To verify that the total amount of MAPK loaded was the same in all the 

wells, attempts were made to strip the membranes and remove the primary and secondary 

antibodies. The membranes were then incubated with primary antibodies that bind to both 

active and inactive Erk1/2, p38 MAPK or SAP/JNK (total MAPK antibodies) in 

combination with a horseradish peroxidase linked secondary antibody as before. 

Unfortunately the stripping procedure removed much of the signal and this resulted in 

bands that were to weak to analyse. When total antibodies were used directly on an 

unexposed membrane the level of total MAPK could be determined in some cases. 

 22



However, due to insufficient amounts of sample, in combination with low protein 

concentrations, only the level of total SAP/JNK could be determined. 

 

 
Fig. 9. Western blot showing TECK stimulation after 0, 2, 5 10 and 20 minutes with respect to Erk1/2 
phosphorylation. “-“ stands for zero stimulation and thus constitutes the basal level of phosphorylation.The 
“+”-sign constitutes the positive control, which unfortunately only contained a basal level of Erk1/2 
phosphorylation. The picture shows an increase in phosphorylation at 2, 5, and 10 minutes, compared to 
background. The signal seems strongest after 5 minutes and decreases to basal level after 20 minutes.  The 
molecular weight indicated was obtained by using a BenchMarkTMProtein Ladder (Invitrogen, CA, USA). 
The molecular weights for Erk1 and Erk2 are 44 and 42 kDa respectively. 
 

 
Fig. 10. Western blot showing des-Arg9-BK stimulation after 0, 2, 5 10 and 20 minutes with respect to 
Erk1/2 phosphorylation. “-“ stands for zero stimulation and thus constitutes the basal level of 
phosphorylation. The “+”-sign constitutes the positive control, which unfortunately only contained a basal 
level of Erk1/2 phosphorylation. The picture shows a slight increase in phosphorylation after 2, 5, and 10 
minutes, compared to background. The molecular weight indicated was obtained by using a 
BenchMarkTMProtein Ladder (Invitrogen, CA, USA). The molecular weights for Erk1 and Erk2 are 44 and 
42 kDa respectively. 
 

In one of the three experiments a clear time dependent increase in SAP/JNK 
phosphorylation was observed both in TECK- and des-Arg9- BK stimulated cells (Fig. 
11-12.). The signal was in both cases increased after 2 and 5 minutes. After 10 and 20 
minutes the signal decreased. In the other two experiments the signals were weak and no 
increased phosporylation could be observed.  
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Fig. 11. Western blot showing TECK stimulation after 0, 2, 5, 10 and 20 minutes. “-“ stands for zero 
stimulation and thus constitutes the basal level of phosphorylation.The upper picture shows phosphorylated 
JNK. An increase in phosphorylation level is seen after 2, 5 and 10 minutes. After 20 minutes the signal has 
decreased below the basal phosphorylation. The lower picture shows the amount of both phosphorylated 
and unphosphorylated JNK and was performed to verify that equal amounts of kinase were loaded into the 
wells. The “20-minutes sample” is missing because too little sample was available. The molecular weight 
indicated was obtained by using a BenchMarkTMProtein Ladder (Invitrogen, CA, USA). The molecular 
weights for JNK isoforms are 46 and 54 kDa. 
 

 
 

    
Fig. 12. Western blot showing des-Arg9-BK stimulation after 0, 2, 5, 10 and 20 minutes. “-“ stands for zero 
stimulation and thus constitutes the basal level of phosphorylation.The upper picture shows phosphorylated 
JNK. An increase in phosphorylation level is seen after 2, 5 and 10 minutes, where after there is a 
successive decrease. The lower picture shows the amount of both phosphorylated and unphosphorylated 
JNK and was performed to verify that equal amounts of kinase were loaded into the wells. The “20-minutes 
sample” is missing because too little sample was available. The molecular weight indicated was obtained 
by using a BenchMarkTMProtein Ladder (Invitrogen, CA, USA). The molecular weights for JNK isoforms 
are 46 and 54 kDa. 
 

4.2  Effects of inhibitors on TECK-mediated chemotaxis 
250 nM TECK induced migration of approximately 20% of CD8+ T cells, in a population 

that mostly consisted of naive cells. This migration was shown to be dependent on Gαi, 

Rho kinase and PI3-K, since the addition of their respective inhibitors, pertussis toxin, Y-

27632 and wortmannin, inhibited the migration almost completely (Fig. 13. and Table 

4.). Inhibition of the MAPKs Erk1/2, p38 MAPK and SAP/JNK, or inhibition of PKC 

and PKA did not result in a significant difference in migratory ability of the T cells. 
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Whether preincubation with the B1 antagonist des-Arg9Leu9BK affects chemotaxis was 

not clarified by this study, due to a great variability of the results. However, agonist 

stimulation of B1R with des-Arg9-BK did not affect the migration (Fig. 13. and Table 

4.). All experiments were repeated 2-3 times and each sample was run in duplicates or 

triplicates. The p-values and significance for the inhibitors were calculated by using 

unpaired student’s t-test. However, more experiments are needed to further investigate 

the effect of the proteins that were unsignificant in CCR9/TECK-mediated chemotaxis in 

this study. More experiments would hopefully result in more accurate results with 

reduced standard errors.  

 

Dose-response curves of Y-27632 and wortmannin were created. Addition of 0.01, 1 and 

10 µM wortmannin (inhibitor of PI3K) caused a dose dependent inhibition with an almost 

complete inhibition at 10 µM (Fig. 14). A dose dependent inhibition of Rho kinase was 

also observed when 0.1, 1 and 10 µM Y-27632 were added (Fig. 15.). In conclusion, 

CCR9 is a Gαi-coupled receptor that, when activated by TECK, signals through PI3K 

and Rho kinase to induce chemotaxis of naive CD8+ T-lymphocytes.  
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Fig. 13. This diagram shows how inhibition of Gαi, JNK, p38 MAPK, Erk1/2, PKA, PKC, PI3K and Rho 
kinase affects CCR9/TECK-mediated chemotaxis. The experiments were repeated 3, 3, 4, 2, 3, 3, 2 and 2 
times, for inhibition of the target proteins, respectively. In addition, the TECK-induced migration was 
investigated 3 times in the presence of the B1R agonist des-Arg9-BK. The migration obtained for TECK 
without inhibitors was set to 100%. Standard error bars (SE) are included where sufficient numbers of 
experiments were performed. In conclusion, CCR9 seems to be a Gαi-coupled receptor that trigger the 
activation of PI3K and Rho kinase to promote chemotaxis of CD8+ T cells. Agonist stimulation of B1R, 
with des-Arg9-BK, did not seem to have any effect on the chemotaxis induced by TECK. Inhibition of 
JNK, p38 MAPK, Erk1/2, PKC and PKA did not result in a significant change in migratory ability of the 
cells. 
 
Table 4. This table shows the P values for the inhibitor study, obtained using student’s unpaired t-test. 
Inhibition of Gαi, Rho kinase and PI3-K resulted in a significant decrease of CCR9/TECK-mediated 
migration. None of the other inhibitors were able to affect the migration significantly.  

Protein P-value Significance
SAP/JNK 0.3266 no significance

p38 MAPK 0.9379 no significance
B1R 0.3678 no significance
Gαi <0.0001 ***

Rho kinase 0.0002 ***
PI3-K 0.0169 *
PKA 0.1727 no significance
PKC 0.5463 no significance
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Fig. 14.  This diagram shows the dose-response curve for wortmannin, the potent inhibitor of PI3K. 100% 
migration corresponds to the migratory response to TECK when no inhibitors are added. A dose dependent 
decrease is observed when 0.01, 1 and 10 µM wortmannin are added. 10 µM wortmannin inhibits the 
TECK-mediated migration almost completely. 
 

 
Fig. 15.  This diagram shows the dose-response curve for Y-2732, the Rho kinase inhibitor. 100% 
migration corresponds to the migratory response to TECK when no inhibitors are added. A dose dependent 
decrease is observed when 0.1, 1 and 10 µM Y-2732 are added. 10 µM Y-2732 inhibits the TECK-
mediated migration almost completely. 
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5. DISCUSSION 
My results show that there is a time-dependent activation of Erk1/2 in murine, TECK- 

stimulated naive CD8+ T cells from spleen. However, this activation does not seem to be 

essential for the chemotaxis process, suggesting that CCR9/TECK interaction may exert 

other biological effects in addition to chemotaxis. Such effects could be anti apoptosis 

and/or thymic development as mentioned in the introduction. It was not possible to detect 

any variations in the p38 MAPK phosphorylation since these signals were too weak to 

analyze. Maybe an increase in the amount of protein loaded in the SDS PAGE would 

increase the signals to analyzable levels. In the case of SAP/JNK somewhat disagreeing 

results were obtained in this study, since agonist stimulation of CCR9 and B1R resulted 

in a rapid SAP/JNK activation, in only one of three identical experiments. Since this 

kinase often is induced during stressful conditions it is possible that the cells that 

activated SAP/JNK after agonist stimulation were stressed. It would be interesting to 

deliberately stress the cells to elucidate whether TECK/CCR9 and/or des-Arg9-BK/B1R 

signaling increase SAP/JNK activity only during stress.  

 

It was expected that TECK-mediated chemotaxis is inhibited by pertussis toxin and 

wortmannin, but not by PD98059, since similar result was achieved with MOLT4 cells 

[27]. This suggests that CCR9 is a Gαi-coupled receptor mediating chemotaxis by 

signaling through PI3K, but not Erk1/2. The involvement of Rho kinase activity was also 

expected because Gαi lowers the cAMP level, leading to a decrease in PKA activity. 

Decreasing the activity of PKA results in an increase in Rho A activity, which is a direct 

upstream effector of Rho kinase. Active Rho A promotes cell shape changes which 

should be a crucial step during the migratory process. Rho kinase has also been shown to 

be required for CCR7-mediated polarization and chemotaxis of T lymphocytes. In the 

same experiment CCR7 also induced Erk-2 activation, although this had no affect on 

polarization and migration [31]. In addition, with Gαi lowering the PKA activity, it was 

not surprising that the PKA inhibitor only had minor effects on TECK-mediated 

migration. It is speculated that Gβγ trigger the activation of PI3K, a protein target that is 

believed to be involved in processes like proliferation, antiapoptosis, cytoskeletal 
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rearrangement and cell migration. This could be further investigated by using specific 

inhibitors of Gβγ and investigate how the chemotaxis is affected. PKC has been found at 

focal adhesions in the leading edge of polarized, motile cells and is believed to be 

involved in focal adhesion formation [32]. The PKC family consists of several isotypes 

that are divided into classical and non-classical PKCs. The PKC isotypes have different 

cofactor requirement and tissue expression [33]. In motile and non-motile variants of the 

MOLT4 cell line, the effects of classical and non classical PKCs have been investigated. 

Inhibition of non-classical PKCs restored the motility of non-motile MOLT4, whereas 

PKC activation with PMA (phorbol 12-myristate 13-acetate) caused the motile MOLT4 

cell line to become non-motile [34]. In contrast, the classical isotype PKC-β(1) has been 

shown to induce motility in T cells with active LFA-1 integrins. However, since LFA-1 is 

important, but not crucial for T cell migration, it is possible that PKC-β(1) is just one of 

many possible participants in the migratory process [35, 36]. In this experiment inhibition 

of PKC with GF109203x (a potent inhibitor that inhibits both classical and non-classical 

PKC isotypes) did not alter the CCR9/TECK-mediated migration significantly. It would 

be interesting to treat the cells with a PKC activator, like PMA, to investigate whether 

this would inhibit chemotaxis as was the case with the PMA treatment of motile MOLT4 

cells. JNK has been implicated to be involved in cell migration of fish keratocytes and 

tumor epithelial cells. It was suggested that JNK stimulated adhesion and cell movement 

by phosphorylation of paxillin [37]. In this study, inhibition of JNK did not alter the 

CCR9/TECK-mediated migration significantly. p38 MAPK has been reported to be 

crucial for plasmin-induced chemotactic activity, which is partially inhibited by the Janus 

kinase (JAK) inhibitor AG490. However, p38 MAPK did not have any effect on 

CCR9/TECK-mediated migration in this study.  

 

In conclusion, these experiments shows that CCR9/TECK-mediated chemotaxis of 

murine, naive CD8+ T lymphocytes is dependent on PI3-K and Rho kinase. It was also 

concluded that CCR9 is a Gαi coupled receptor. None of the other inhibitors were able to 

affect the CCR9/TECK-mediated chemotaxis in this study. However, more experiments 

are needed to verify the effects of these proteins. This study showed that CCR9/TECK-

signaling and B1R/des-Arg9-BK-signaling result in Erk1/2 activation. It is possible that 
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the B1R agonist des-Arg9-BK affects chemotaxis of activated, but not naive, CD8+ T-

lymphocytes. Therefore it would be interesting to study the effects of induced B1 

receptors on CCR9/TECK signaling in activated T lymphocytes. It is of great interest to 

unravel the signaling mechanisms triggered when TECK activates CCR9 on T cells and 

promotes the tissue specific migration. This knowledge would make it possible to design 

and develop drugs that prevent T cell homing to the small intestine, which would help 

patients that suffer from chronic inflammatory diseases in the gut.    
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