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ABSTRACT 
ymphocytes, the principal cells of the immune system, perform the immune func-
tion throughout the body by their unique capacity to circulate in blood stream and 

lymphatic vessels and migrate in lymphoid and non-lymphoid tissues. The mechanisms 
regulating lymphocyte adhesion and migration, interactions with cells and components 
within the extracellular matrix are not fully understood. The aim of this work has been 
to elucidate molecular mechanisms governing T lymphocyte adhesion and migration by 
endogenous molecules.  
 
The studies presented in this thesis have shown that thrombospondin-1 (TSP-1) is ex-
pressed in T lymphocytes with a high turnover, manifested by variable cell surface ex-
pression, and is regulated by SDF-1α, adhesion to fibronectin and collagen type IV. 
The TSP-1 binding site of calreticulin (CRT), spanning amino acid 19-32, was shown 
to be a major triggering factor for T cell migration within a three-dimensional collagen 
type 1 matrix. The chemokine SDF-1α stimulated migration via a calreticulin-TSP-1 
pathway. Endogenous calreticulin binding to the N-terminal domain of endogenous 
TSP-1 elicited a motogenic signal to the T cells through the C-terminal domain of TSP-
1 and its cell surface receptor integrin-associated protein (IAP, CD47). Inhibition ex-
periments of ligand binding of CD91 by receptor associated protein (RAP) and small 
interfering RNA technology indicated that CD91 is an important factor in TSP-1-
mediated T cell adhesion and migration. These results unveil an autocrine mechanism 
of CRT-TSP-1-CD47-CD91 interaction for the control of T cell motility and migration 
within 3D extracellular matrix substrata. 
 
The data demonstrated that T cell adhesion and migration are sequential events gov-
erned by a series of interacting cell surface molecules comprising a CRT-TSP-1-CD47-
CD91 pathway where endogenous TSP-1 functions as the hub. Ligation of the CD3/T 
cell antigen receptor complex determines T cell adhesion through this mechanism. CRT 
interaction with the N-terminal domain of TSP-1 elicits cytoplasmic spreading, and 
augments adhesion, while a counter-adhesive motogenic pathway, triggering interac-
tion of the C-terminal domain of TSP-1, induces migration. CD91-dependent internali-
zation of TSP-1 is a crucial event of this motogenic pathway.  
 
In conclusion, the studies provide a novel mechanism governing T cell adhesion and 
migration within extracellular matrix substrata.  
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1 THESIS SUMMARY 
onstant circulation of lymphocytes in the blood stream and lymphatic vessels and 
migration in lymphoid and non-lymphoid tissues are basic properties for their 

function in the immune system. The aim of this work has been to elucidate molecular 
mechanisms regulating T lymphocyte adhesion and migration with special reference to 
the extracellular matrix. The thesis consists of four papers two of which have been pub-
lished. Brief description of each paper or manuscript is provided as follow. 
 
Paper I. “T lymphocyte expression of thrombospondin-1 and adhesion to extracel-
lular matrix components” (Eur. J. Immunol. 2002. 32: 1069–1079) by SS Li, et al. 
The major finding in this work is that T lymphocytes express thrombospondin-1.  
 
Paper II. “Autocrine regulation of T cell motility by calreticulin-thrombospondin-
1 interaction” (J. Immunol. 2005, 174: 654–661) by SS Li, et al. This paper demon-
strates that endogenous calreticulin, thrombospondin-1 and CD47 regulate T cell motil-
ity and migration within three-dimensional extracellular matrix in an autocrine fashion. 
 
Paper III. “Lymphocyte adhesion controlled by an endogenous Calreticulin-
Thrombospondin-1-CD47-CD91 pathway” (submitted, 2005) by SS Li, et al. It is 
shown in this manuscript that β1-integrin-mediated T cell adhesion is regulated by en-
dogenous CRT and TSP-1, and a counteradhesive TSP-1-CD47-CD91 interaction. The 
CD3/ T cell receptor complex enhances T cell adhesion through TSP-1.  
 
Paper IV. “Long-term gene silencing by small interfering RNA in mammalian 
cells -- Establishment of a dual-promoter lentivirus delivery system” (manuscript) by 
SS Li, et al. The main achievement in this work is that a lentiviral transfer system for 
small interfering RNA (siRNA) was established. It has been used to transfer expression 
cassette of siRNA into the difficult-to-transfect T lymphocytes. Leukemia cell lines 
with knocked-down expression of CD91 were established, and the studies of impact of 
CD91 on CRT-TSP-CD47-CD91 mechanism in migration of T leukemia cells have 
been commenced.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

C 
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There is a tree. You see it. You touch it. You even taste it. 
But do you see the forest? 

 
There is a forest. You stroll in it. You feel it. You smell it. You even hear it.  

But do you see the trees? 
 

-- Adapted from a Chinese proverb 
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2 INTRODUCTION 
he human body is a dynamic entity consisting of many organs, tissues, and fluids 
the constituents of which include cells (e.g., red blood cells, leukocytes, platelets), 

and soluble molecules (e.g., hormones, and antibodies) responsible for different func-
tions. The human beings are constantly exposed to pathogenic microorganisms but 
normally are disease-free and survive pathogenic environments thanks to the immune 
system whose function is to prevent or limit infections by microorganisms. 
 
2.1 THE IMMUNE SYSTEM 

The immune system consists of innate immunity and adaptive immunity. The innate 
immunity refers to the basic resistance to diseases, the first line of defense against in-
fection. The characteristics of innate immunity are: 1), Non-specific; 2), No memory or 
lasting protective immunity; 3), Limited repertoire of recognition molecules; 4), Phy-
logenetically ancient.   
 
Four types of defensive barriers constitute the innate immunity: 1), Anatomic, i.e., the 
skin and the surface of mucous membranes; 2), Physiologic, e.g., temperature, pH, and 
various soluble factors such as lysozyme, interferon, and complement; 3), Phagocytic 
i.e., phagocytosis; and 4), Inflammatory, i.e., inflammatory response. 
 
Adaptive immunity or acquired immunity is capable of recognizing and selectively 
eliminating specific foreign microorganisms and molecules (i.e., foreign antigens). 
Unlike innate immunity, adaptive immune responses are reactions to specific antigenic 
challenges and display four characteristics: 1), Antigenic specificity, it can distinguish 
subtle differences among antigens; 2), Diversity, it can recognize billions of uniquely 
different structures on foreign antigens; 3), Immunologic memory; 4), Self/non-self 
discrimination. 
 
The key cells in adaptive immunity are B and T lymphocytes (B and T cells), respon-
sible for antibody-mediated and cell-mediated (helper and cytotoxic T cells) immune 
responses, respectively. Adaptive immunity occurs after exposure to an antigen, and the 
function is improved upon repeated exposure.  
 
Adaptive and innate immunity do not work totally independent of each other. An effec-
tive immune response involves lymphocytes and antigen-presenting cells (APCs). The 
latter includes dendritic cells, Langerhans cells, macrophages, and activated B cells [1, 
2]. The lymphocytes, 20-40% of the body’s white blood cells determine the specificity 
of immunity. Activated lymphocytes enter tissues where they can eradicate local infec-
tions, and some become memory lymphocytes that are scrutinizing for reentry of their 
specific antigens. APCs interact with lymphocytes, and present antigen through the so-
called immunological synapse (will be discussed below). Macrophages encountered 
with microbes gain increased ability to display antigen for recognition by antigen-
specific T cells. In turn, when T cells encounter appropriately presented antigen, some 
of them synthesize and secrete cytokines that increase the ability of macrophages to kill 
the microbes they have ingested. Through the carefully regulated interplay of adaptive 
and innate immunity, the two systems work together to eliminate a foreign invader. 
 

T 
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2.1.1 Cells of the Immune System 

White blood cells, which include lymphocytes, neutrophils, eosinophils, basophils, and 
monocytes, each play distinct yet correlated roles in the complex immune system. Ma-
jor white blood cells are discussed below.  
 
2.1.1.1 B lymphocytes 

B cells, one of the major arms of the immune system, are responsible for humoral im-
munity. They are produced throughout life in humans, primarily in the fetal liver before 
birth and in the bone marrow afterwards. After export of mature B cells from the bone 
marrow, B cells undergo activation, proliferation, and differentiation, which occur in 
the periphery and require antigen. The activation process may directly depend on cross-
linkage of membrane immunoglobulin (Ig) with the antigen, or be indirectly induced by 
a helper T cell [3-5]. Activated B cells divide and differentiate either into antibody-
secreting cells [6, 7] or into memory cells [8-10]. The antibody-secreting cells account 
for primary antibody responses, dominated by IgM, largely controlled by the interac-
tion of the activated B cells with T cells and by stimulation of T cell-derived cytokines. 
Memory B cells give rise to antibody-secreting cells upon encounter with reentry of the 
antigen. This response is of greater magnitude, occurs more quickly, and composed of 
antibodies with higher affinity for the antigen, dominated by IgG, IgA, or IgE. The dif-
ferentiation of activated B cells into memory cells occurs in the germinal center of 
spleen and lymph nodes [11, 12]. In normal situations, B cells only mount immune re-
sponses to potentially pathogenic foreign antigens ignoring self-antigens.  
 
Immunoglobulins are expressed in two forms: secreted antibody produced by plasma 
cells and membrane-bound antibody present on the surface of B cells. The latter as-
sociates with heterodimers (Igα and Igβ) to form the B-cell antigen receptor [13, 14]. 
Membrane-bound antibody determines the antigenic specificity of a B cell. The het-
erodimer of the B cell receptor mediates the intracellular signals that lead to B cell acti-
vation following interaction with antigen. Antigen-specific membrane receptors ex-
pressed by and Ig molecules secreted by B cells comprise a large protein superfamily. 
The Ig superfamily also includes the T cell antigen receptor (TCR), the CD3 complex, 
and adhesion molecules.  
 
2.1.1.2 T lymphocytes  

T cells, the other major class of lymphocytes, are derived from precursors in hemato-
poietic tissue, undergo differentiation in the thymus, and then circulate to peripheral 
lymphoid tissue and blood stream. T cells are usually subdivided into two distinct 
classes, T cells expressing TCRs with α and ß chains, and T cells with gamma and 
delta chain receptors. The α/ß T cells are further divided into two sub-lineages: those 
that express CD4 (CD4+ T cells) and those that express CD8 (CD8+ T cells).  
 
CD4+ T cells are the major helper cells of the immune system whose helper function 
depends both on cell surface molecules, and on a wide array of cytokines they secrete.  
CD4+ T cells differentiate into TH2 cells, mainly secreting cytokines IL-4, IL-13, IL-5, 
IL-6, and IL-10 or into TH1 cells, mainly producing IL-2, IFN-γ, and lymphotoxin. TH2 

cells help B cells develop into antibody-producing cells, whereas TH1 cells induce cellu-
lar immune responses, such as enhance the microbicidal activity of macrophages and 



T lymphocyte adhesion and migration 

5 

consequently increase efficiency in destroying microorganisms in intracellular vesicular 
compartments. 
 
T cells also serve as effector cells, i.e., CD8+ T cells, can develop into cytotoxic T lym-
phocytes (CTLs) and lyse target cells. Some effector cell functions depend on cytokines 
they secrete which may be directly toxic to target cells. To be recognized by T cells, 
antigen must be displayed together with the major histocompatibility complex (MHC) 
molecules on the surface of antigen-presenting cells or on virus-infected cells, cancer 
cells, and grafts. The T cells have developed to eliminate these altered self-cells. CD4+ 
T cells differ from CD8+ T cells in that the CD4+ T cells only recognize peptide/class II 
complexes, whereas the CD8+ T cells recognize peptide/class I complexes. 
 
The immunological synapse is a complex cellular structure that forms at the inter-
face of a T cell and a cell that expresses the appropriate peptide-MHC complexes 
[15]. A number of pairs of molecules participate in the formation of the immunological 
synapse, i.e., TCR/MHC-peptide pair: TCR bound to a MHC molecule on the APC 
(CD4+ T cells to MHC II aided by CD4; CD8+ T cells to MHC I aided by CD8). In ad-
dition, CD28 on the T cells bound to its ligand B7 on the APC, and LFA-1 on T cells 
bound to ICAM-1 on the APC [15, 16]. Cytokine receptors also cluster in the synapse 
where they are exposed to cytokines secreted into the synapse [17, 18].  
 
The function of the immune synapse is envisioned as a platform that provides sufficient 
architectural complexity to accommodate regulatory mechanisms that are required to 
guide T cell activity in accordance with its developmental stage, its range of functions, 
the nature of the APC involved, as well as both the quality and quantity of TCR ligands 
to be recognized [15].  
 
The TCR associates with CD3, forming the TCR/CD3 membrane complex [19]. T cells 
are activated by the interaction of the TCR/CD3 complex with its cognate ligand, a 
peptide bound to a class I or II MHC molecule, on the surface of a competent antigen-
presenting cell.  
 
The main focus of this thesis is about T lymphocyte adhesion and migration. Other 
cells important in the immune system are only briefly introduced in the following sec-
tions.  
 
2.1.1.3 Other immune cells 

Natural killer (NK) cells are closely related to T cells and play an important role in the 
immune system. Most NK cells are large, granular constituting 5-10% of the lympho-
cytes in human peripheral blood. They do not express the membrane molecules that 
distinguish T and B cell lineages, and lack TCR (or Ig) but express two groups of re-
ceptors: a set of activating receptors recognizing features associated with virally in-
fected cells or tumor cells; and inhibitory receptors for MHC molecules that dampen 
their activity [20].  
 
Some macrophages are motile, so called free macrophages while others reside in par-
ticular tissues, and serve different functions in different tissues and are named accord-
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ing to their tissue location, e.g., alveolar macrophages in the lung; histiocytes in con-
nective tissues; Kupffer cells in the liver; mesangial cells in the kidney; microglial cells 
in the brain; and osteoclasts in bone. One major function of macrophages is antigen 
presenting to attract activated T cells. The dendritic cell acquired its name because of 
long membrane extensions that resemble the dendrites of nerve cells. Most of dendritic 
cells process and present antigen to TH cells.  
 
Granulocytic cells include neutrophils, eosinophils, and basophils classified according 
to their cellular morphology and cytoplasmic staining characteristics. Neutrophils 
constitute 50-70% of the circulating white blood cells, eosinophils 1-3% and basophils 
<1%. Neutrophils and eosinophils are phagocytic, whereas basophils are not. They play 
roles in a variety of inflammations. 
 
Mast cells can be found in a wide variety of tissues, including the skin, connective tis-
sues, and mucosal epithelial tissue of the respiratory, genitourinary, and digestive tracts. 
Mast cells, together with blood basophils, play an important role in allergic inflamma-
tory responses.  
 
2.1.2 Circulation of Lymphocytes  

Blood cell precursors originate mainly from fetal liver and yolk sac during embryo-
genesis and stem cells reside in bone marrow soon after birth. From there, stem cells 
differentiate into an array of precursor cells including lymphoid series. Most competent 
T cells mature in the thymus from their precursors. B cell precursors differentiate into 
competent B cells in bone marrow. They do not pass through thymus. Natural killer 
cells are large granular lymphocytes, CD4-/CD8-, and do not pass through thymus.  
 
After maturation, lymphocytes enter the blood circulation throughout the body. Lym-
phocytes extravasate, and migrate through the lymph node or other secondary lymphoid 
organs by binding to endothelial cells in post papillary venules of lymph node and re-
turn to the blood constituting recirculation of lymphocytes [21, 22]. Lymphocytes 
specific for a particular antigen will encounter that antigen presented by APCs, and aid 
the development of inflammatory responses. Lymphocyte recirculation is fundamental 
to maintain an effective immune system. 
 
2.2 T LYMPHOCYTE ADHESION & MIGRATION 

Adhesion and migration play key roles in lymphocyte recirculation from the blood 
and lymph into and out of the various lymphoid organs and within tissues. In order to 
exit the blood or lymphatic vessels or move within tissue, the cells need an array of 
molecules, which will be discussed in details below. The molecules involved include 
those expressed by the lymphocytes themselves as well as those expressed by other 
cells, e.g., endothelial cells.  
 
2.2.1 Adhesion Molecules  

The vascular endothelium is the first physical barrier for the movement of leukocytes 
into the tissues. However, the endothelial cells also express molecules that facilitate the 
ability of leukocytes to adhere to and pass between the endothelial cells lining the walls 
of blood vessels, a process called extravasation. Some of these molecules, for example, 
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leukocyte specific cell-adhesion molecules (CAMs) are expressed constitutively while 
others are expressed only in response to local cytokines produced during an inflamma-
tory response. These endothelial ligands are recognized by receptors expressed on re-
circulating leukocytes, enabling these cells to extravasate into inflamed tissue or pe-
ripheral lymphoid organs. Most of these CAMs can be categorized into the following 
families of proteins: the selectin family, the mucin-like family, the integrin family, and 
the immunoglobulin super-family. 
 
2.2.1.1 Selectins 

Selectins are membrane glycoproteins having a distal lectin-like domain that enables 
them to bind to specific carbohydrate region of glycoproteins or oligosaccharides on 
cells. The selectin family consists of three molecules, designated L, E, and P. L-
selectin is expressed in most circulating leukocytes, whereas E-selectin and P-selectin 
are expressed on vascular endothelial cells. They mediate initial binding, with low af-
finity, between lymphocytes and high endothelial venules or between neutrophils and 
inflammatory cytokine-activated endothelial cells, or between activated platelets and 
endothelial cells.  
 
Most leukocytes share some common adhesion molecules, whereas some particular 
molecules play roles mainly on lymphocytes. L-selectin is the peripheral lymph node 
homing receptor. L-selectin on lymphocytes recognizes a carbohydrate epitope on sev-
eral distinct molecules synthesized by high endothelial venules (HEVs) [23], including 
GlyCAM-1 [24], CD34 [25] and MAdCAM-1 [26].  
 
2.2.1.2 Mucin-Like molecules 

Mucins are heavily glycosylated proteins rich in serine and threonine. They present 
sialylated carbohydrate ligands to selectins, e.g., L-selectin on leukocytes recognizes 
sialylated carbohydrates on two mucin-like molecules CD34 and GlyCAM-1 (glycosy-
lation-dependent cell adhesion molecule 1) expressed on certain endothelial cells of 
lymph nodes. E- and P- selectin expressed on inflamed endothelium interacts with P-
selectin Glycoprotein Ligand-1 (PSGL-1) found on neutrophils. 
 
2.2.1.3 Integrins 

Integrins are a family of glycosylated, heterodimeric transmembrane adhesion recep-
tors composed of two non-covalently bound α- and β-subunits. They are expressed by 
leukocytes and promote adherence to the vascular endothelium and other cell-to-cell 
interactions. The integrins are categorized into α- or β- integrins according to which 
subunit they contain. Different populations of leukocytes express different integrins 
enabling these cells bind to different ligands (e.g., CAMs) expressed on the vascular 
endothelium.  
 
Integrin α-chains consist of a short carboxyl-terminal cytoplasmic domain, a single 
transmembrane domain and a large globular extracellular domain containing a bivalent 
cation binding site, usually calcium or magnesium. Integrin β-chains are highly con-
served and consist of a transmembrane domain, a short carboxyl-terminal cytoplasmic 
domain and an extracellular domain stabilized with intra-chain disulfide bonds [27]. 

Each α or β sub-family may be associated with several types of the other sub-family, 
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resulting in changes in their ligand-binding specificity (Figure 2-1). Up to date, 24 α- 
and 9 β -subunits have been identified [28], among which 18 α- and 8 β-subunits have 
been recognized, and are known to form 24 different heterodimers [29]. The ligand 
specificity of the integrin is determined by the combination of the α- and β-subunits. 
Many integrins have binding specificities for the same ligands.  
 
 

 
 
Figure 2-1. Possible combinations of integrin receptors. Integrins in the box are particularly relevant to T 
cell-mediated immunity [30]. 
 
 
 
Integrins play fundamental roles in T cell adhesion and migration. The β1-integrin sub-
family was identified on T cell surface (Table 2-1) at a late stage of T cell activation 
[31, 32] (also known as very late activation antigens, VLA antigens). They contain re-
ceptors for the extracellular matrix proteins, e.g., fibronectin (VLA-3, VLA-4, VLA-5), 
laminin (VLA-3 and VLA-6) and collagen (VLA-2 and VLA-3) [33, 34]. The VLA-4 
interacts with the immunoglobulin-like cell adhesion molecule vascular cell adhesion 
molecule-1 (VCAM-1) normally expressed on cytokine-activated endothelial cells [35]. 
All members of the β1-integrin sub-family are recognized by the monoclonal antibody 
anti-CD29. 
 
T lymphocytes interact with components of the ECM by virtue of β1-integrin receptors. 
α4β1 has been implicated in lymphocyte migration to sites of inflammation through 
VCAM-1 [36], and to the central nervous system in experimental models of autoim-
mune diseases [37]. α5β1 (VLA-5) plays a role in regulation of lymphocyte transmi-
gration across cultured HEVs [38]. The major β1-integrins expressed by T lymphocytes 
and their ligands are shown in Table 2-1.  
 
Lymphocyte adhesion to ECM components via β1-integrin is often accompanied by 
cytoplasmic spreading of the cells comprising formation of pseudopodia and flattening 
of the cytoplasm [39]. These events are thought to be a direct consequence of the an-
chorage to β1-integrin per se although lymphocytes also can develop pseudopodia in 
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the absence of substrate adhesion. However, pseudopodia formation and flattening of T 
lymphocytes may depend on thrombospondin-1 (TSP-1) exposed by the cells as a con-
sequence of adhesion to ECM components. 
 
 
           Table 2-1. Major β1-integrins expressed by lymphocytes 

Cells  Integrin Also known as Ligands  

α1β1 VLA-1, CD49a/CD29 Collagens, Laminins 
Activated T cells 

α2β1 VLA-2, CD49b/CD29 Collagens, Laminins 

α4β1 VLA-4, CD49d/CD29 Fibronectin, VCAM 

α5β1 VLA-5, CD49e/CD29 Fibronectin Resting T cells 

α6β1 VLA-6, CD49f/CD29 Laminins 

Resting B cells α3β1 VLA-3, CD49c/CD29 
Laminins, Fibronectin, 

Thrombospondin 

Resting memory B cells 

Resting memory T cells 
α4β1 VLA-4, CD49d/CD29 Fibronectin, VCAM 

 
 
 
The β2-integrin sub-family, as shown in Figure 2-1, comprises four molecules impor-
tant in the adhesion of leukocytes to endothelium. They are αLβ2 (LFA-1), the com-
plement receptors Mac-1 (CR3 or αMβ2), p150, 95 (CR4 or αxβ2), and αdβ2-integrin 
[40]. The β2-chain is detected with the anti-CD18 monoclonal antibody, and α-chains 
with the monoclonal antibodies anti-CD11a, anti-CD11b and anti-CD11c recognizing 
the α-chains of αLβ2, αMβ2 and αxβ2 molecules, respectively. The immunoglobulin-
like cell adhesion molecules ICAM-1, ICAM-2 and ICAM-3, expressed on leukocytes 
and endothelial cells, are the main ligands for αLβ2, whereas ICAM-3 also binds αdβ2 
integrin. αLβ2 is involved in lymphocyte binding to HEVs and non-lymphoid endothe-
lial cells (ECs) in vitro [36], and lymphocyte migration in vivo [41]. Its ligands on ECs 
are ICAM-1 and ICAM-2.  
 
α4β7 integrin is the mucosal homing receptor. α4β7 on lymphoid cells binds to MAd-
CAM-1, which is expressed by HEVs in mucosal lymph nodes and by post-capillary 
venules in the lamina propria of the gut wall [42, 43]. VCAM-1 is an endothelial ligand 
for α4β1 (very late antigen-1, VLA-4) and for integrin α4β7. VCAM-1 promotes the 
adhesion of lymphocytes. 
 
2.2.1.4 The immunoglobulin superfamily 

These related molecules that share a common immunoglobulin-like domain, a globular 
structure that was originally described in antibodies, are therefore classified in the im-
munoglobulin superfamily (Ig superfamily), which includes intercellular adhesion 
molecule-1 (ICAM-1, CD54), ICAM-2 (CD102), ICAM-3 (CD50), and VCAM-1 
(CD106) expressed on vascular endothelial cells and bind to various integrin molecules. 
The B7 and CD28 superfamilies are subsets of the Ig superfamily.  
 
Mucosal vascular addressin cell adhesion molecule 1 (MAdCAM-1) is an endothelial 
cell adhesion molecule expressed on the surface of high endothelial venules in the gut, 
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and in Peyer’s patches which is mobilized by cytokines like TNF-α and directs lym-
phocyte entry into mucosa. This molecule has both Ig-like domains and mucin-like 
domains. It binds to integrins by its immunoglobulin-like domain and to selectins by its 
mucin-like domain. 
 
2.2.2 Extracellular Matrices 

The Extracellular matrix (ECM) is a complex network of macromolecules, e.g., fi-
bronectin, collagens, laminins, and polysaccharides, produced and secreted by cells in 
tissue, and organized by the cells [44], that fills the extracellular space within tissues. 
The ECM is a dynamic structure yet provides structural support for cells, organs. It 
also acts as a physical barrier to or as a selective filter for soluble molecules (e.g., 
glomerular basement membrane). The ECM also sequesters growth factors, probably 
plays a critical role in the differentiation, growth of a number of cell types [45], and 
in cell signaling as well as cell-to-cell interactions. Although the ECM is ubiquitous, its 
component varies significantly depending on their locations. Some major ECM pro-
teins relevant to T cell adhesion and migration are briefly introduced. 
 
2.2.2.1 Fibronectin 

Fibronectin (FN) is a large dimeric glycoprotein having multiple distinct adhesive do-
mains [46]. It is a prototype cell adhesion protein, widely distributed in the tissues and a 
potential ligand for most cell types (Hynes, R.O., 1990). Fibronectin exists in two main 
forms: 1), an insoluble polymeric fibrillar network in the ECM; and 2), a soluble disul-
phide-linked dimer found in the plasma. FN is involved in many cellular processes, 
such as tissue repair, embryogenesis, blood clotting, and cell adhesion and migration. 
 
Fibronectin serves as a cell adhesion molecule by anchoring cells to collagen or pro-
teoglycan substrates. FN can also organize cellular interaction with ECM by binding to 
different components of ECM and membrane-bound FN receptors on cell surfaces. The 
amino acid sequence Arg-Gly-Asp (RGD) of FN is the most important recognition site 
for integrins [47]. The cell adhesive RGD motif is originally discovered in FN [48], and 
later in vitronectin and laminin [49]. In addition, cell-type specific recognition sites in 
FN as well as its receptors, i.e., α5β1, α3β1, α4β1, αIIbβ3, mediate its functions [46, 
47]. 
 
2.2.2.2 Collagen 

The collagens are a family of extracellular matrix proteins that are major structure 
components of various tissues and have many other important functions, e.g., involved 
in cell adhesion, migration, and tissue remodeling during growth, differentiation, 
morphogenesis and wound healing, as well as in many pathologic states.  
 
Collagens are the most abundant proteins in human body (~30% of protein mass) [50]. 
They are insoluble, extracellular glycoproteins, with at least 27 collagen types plus 42 
distinct α chains, and more than 20 additional proteins have collagen-like domains so 
far have been found in vertebrates. Most collagens form solid structures, such as fibrils 
and networks that strengthen the tendons and vast, resilient sheets that support the skin 
and internal organs, forming bones and teeth, protecting and supporting the softer tis-
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sues and connecting them with the skeleton. Based on the polymeric structures they 
form, collagens can be divided into the following classes [51]:  
 

(a) Collagens that form fibrils (types I, II, III, V, XI) 
(b) Collagens that form network-like structures (type IV family, types VIII and X) 
(c) Collagens that are found on the surface of collagen fibrils and are known as fi-

bril-associated collagens with interrupted triple helices (types IX, XII, XIV, 
XVI, and XIX),  

(d) Collagen that forms beaded filaments (type VI)  
(e) Collagen that forms anchoring fibrils for basement membranes (type VII)  
(f) Collagens with a transmembrane domain (types XIII and XVII) 

 
Collagen types I, II, III, V and XI are the most abundant components of interstitial 
connective tissues as well as in elastic connective tissues like the dermis, and in liga-
ments, cartilage and bone. Collagen types IV, VI, VIII, X and XVIII are network-forming 
collagens, and these are the most abundant constituent of basement membranes [51, 52]. 
Some collagens have restricted tissue distributions, for example, types II, IX and XI, 
are found almost exclusively in cartilage; type X, found only in hypertrophic cartilage; 
the family of type IV collagens in basement membranes; type VII in the anchoring fi-
brils for basement membranes; and type XVII in skin hemidesmosomes whereas some 
collagen types are found in most extracellular matrices [50]. The most common colla-
gens are summarized in Table 2-1.  
 
 
           Table 2-1. Most common collagens found in human body. 

Types Composition 
Type I: Tendons, bones, skin, dentin, cornea, ligaments 
Type II: Cartilage (>50%) 
Type III: Skin, blood vessels, the intestine, and the uterus 
Type IV: Basal lamina of epithelia, or basement membrane  

 
 
 
2.2.2.3 Other ECM components 

Laminin is a major component of basement membranes. It has numerous biological 
activities including promotion of cell adhesion, migration, growth, and differentiation. 
The laminin family comprises of 13 members: Laminin α1-5, Laminin β1-4, and 
Laminin γ1-3. 
 
SPARC (Secreted Protein Acidic and Rich in Cysteine, also known as osteonectin or 
BM-40) is expressed during many stages of development in a variety of organisms and 
is restricted in adult vertebrates primarily to tissues that undergo consistent turnover or 
to sites of injury and disease [53]. SPARC binds to a number of ECM components in-
cluding thrombospondin 1, vitronectin, fibrillar collagens (types I, II, III, and V), and 
collagen type IV [53] providing a basis for the association of SPARC with basement 

membranes and fibrous connective tissue.  
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Tenascins are a family of large multimeric ECM proteins consisting of four members 
tenascin-C, -R, -X and -W in vertebrate connective tissues. To the contrary of many 
ECM proteins, tenascins have weak effect on cell adhesion and do not activate cell 
spreading. They have been classified as anti-adhesive, adhesion-modulating or even 
repellent ECM proteins [54-56]. For example, Tenascin-C was found to inhibit cell ad-
hesion of many cell types to fibronectin [57]. 
 
The thrombospondins (TSP) are a family of proteins synthesized and secreted by a 
variety of cells, and incorporated into the extracellular matrix. They are multimeric, 
multi-domain glycoproteins. They found involvements in cell adhesion, platelet aggre-
gation, cell proliferation, angiogenesis, tumor metastasis, vascular smooth muscle 
growth, and tissue repair, etc. More discussion is available in Section 2.3 
 
2.2.2.4 Experimental models for extracellular lymphocyte migration 

Cells in the body perform their functions, e.g., cell attachment and polarity, growth and 
differentiation, as well as adhesion and migration, in a complex dynamic three-
dimensional (3-D) microenvironment consisting of multimerized extracellular matrix. 
The cells are constantly communicating with one another and interacting with their sur-
rounding ECM primarily through cell adhesion receptors [34, 58-62].  
 
2.2.2.4.1 2-Dimensional versus 3-Dimensional cell culture environment 

In vitro, ex vivo and in vivo experiments are three commonly used research protocols. 
2-D and 3-D culture environment represent useful models for in vitro studies in cell 
biology, especially in the field of adhesion and migration. In 2-D cultures, various 
ECM components, antibodies or anything of interest are coated on, for example, a plas-
tic surface followed by application of cells of interest on top. There are probably disad-
vantages, e.g., distorting the cells by enforcing them to adjust to flat and rigid surface 
[63]. 3-D architecture mimics in vivo environment providing an at-home-setting for the 
cells, and appears to provide complex information not present if cells merely attach to a 
2-D coated surface [64]. Earlier studies have demonstrated the advantages and differ-
ences of 3-D cultures over 2-D cultures [65, 66]. Nevertheless, both 2-D and 3-D cul-
tures are useful models for in vitro study and were used in our studies. 
 
3-D collagen lattices have been widely used for in vivo-like cell culture [63]. The fi-
ber distribution and biophysical architecture of collagen lattices most closely resemble 
interstitial soft tissues, dermis, and the network-like stroma of the lymph node cortex 
[63, 67], and are considered as a defined and appropriate substrate to study diverse as-
pects of cell behavior in vitro, e.g., migration [68]. Cell suspensions may be mixed with 
the collagen solution prior to polymerziation thus trapping the cells between fibers and 
bypassing initial adhesion steps [69, 70]. Alternatively, cells are placed on top of the 
lattice for subsequent attachment and penetration of the preformed lattice [71, 72].  
 
2.2.3 Chemokines 

Chemokines, a group of cytokines, are a superfamily of small polypeptides produced 
by a variety of lymphoid and non-lymphoid tissues. According to location of the con-
served cysteine (Cys) residues, chemokines can be categorized into four distinctive 
subgroups [73]. 
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 C-C chemokine, the conserved Cys are contiguous, e.g., RANTES (regulated 

upon activation, normal T-cell expressed and secreted). 
 C-X-C chemokine, the conserved Cys are separated by a single amino acid (X), 

e.g., Stromal Cell-Derived Factor-1α (SDF-1α). 
 C chemokines (XCL1 and XCL2), two out of the four conserved Cys residues are 

missing. 
 CX3C chemokine (Fractalkine /CX3CL1), three amino acids separating the two 

Cys residues at N-terminal. 
 
Functionally chemokines may be divided into subfamilies as follow [74]: 
 
 Inflammatory chemokines control the recruitment of effector leukocytes in infec-

tion, inflammation, tissue injury and tumors. 
 Homeostatic chemokines navigate leukocytes during hematopoiesis in the bone 

marrow and thymus, during initiation of adaptive immune responses in the spleen, 
lymph nodes and Peyer’s patches, and in immune surveillance of healthy peripheral 
tissues. 

 Dual-function chemokines participate in both aforementioned functions, i.e., im-
mune defense and also target non-effector leukocytes, including precursor and rest-
ing mature leukocytes, at sites of leukocyte development and immune surveillance. 

 
The biologic effects of the chemokines are mediated by Chemokine receptors, which 
are designated according to the type of chemokine(s) they bind (CXC, CC, XC, 
CX3C), followed by R for receptor and a number indicating the order of discovery. 
Corresponding to the different chemokines, there are four subgroups of Chemokine re-
ceptors, CXC receptors (CXCRs), which recognize CXC chemokines; CC receptors 
(CCRs), which recognize CC chemokines; XC receptor 1 (XCR1) recognize C 
chemokines and CX3CR1 recognize CX3C chemokine [73]. Chemokine receptors 
are polypeptide chains and traverse the cell membrane seven times, so are called seven-
transmembrane-domain receptors, which represent a subset of the G protein–coupled 
receptor (GPCR) superfamily [75, 76]. Chemokines, through interaction with their re-
ceptors, induce leukocyte adherence to the vascular endothelium and move into various 
tissues. 
 
2.2.4 Transendothelial T cell Migration  

Adhesion and migration of lymphocytes within the body, and into and out of sub-
compartments of lymphoid and non-lymphoid tissues [77, 78] are controlled by the 
recognition of endothelial ligands by a selection of selectins, integrins and other com-
ponents [77-79].  
 
There are two subsets of T lymphocytes in the circulation. T cells that have not yet ex-
posed to a foreign peptide are referred to as “naive” T cells. Naive T cells are the ma-
jority T cells recirculating continuously in the secondary lymphoid organs including the 
spleen, lymph nodes, and mucosal lymphoid organs [80, 81] ensuring that Naive T cells 
encounter processed foreign peptide-MHC complexes that provides a complete stimu-
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lus for T-cell proliferation [82, 83]. If they are not stimulated by antigen they return to 
the blood [84].  
 
Effector T cells express adhesion molecules and chemokine receptors such that they 
recognize inflamed vascular endothelium and chemoattractants generated during the 
inflammatory response and then extravasate and migrate in inflamed tissues [85]. Cy-
tokines (e.g., IL6, TNFα) and some cell-adhesion molecules, e.g., LFA-1, are upregu-
lated in effector and memory cells and enable these cells to interact with ligands present 
on non-lymphoid tissue, such as skin and mucosal epithelia, and at sites of inflamma-
tion. Naive cells express high levels of L-selectin and low levels of such molecules, so 
they do not traffic to these sites.  
 
 

 
 
Figure 2-2. Proposed mechanism for T lymphocyte extravasation and migration 
 
 
 
The initial attachment of naive lymphocytes to HEVs is mediated by binding of the 
brake-like homing receptor L-selectin (CD62L) to adhesion molecules such as Gly-
CAM-1 or CD34 on HEVs (Figure 2-2). The next step is an integrin-activating stimu-
lus mediated by chemokines presented on the endothelial surface. Chemokines (e.g., 
CCL19 or CCL21) binding to their receptors (e.g., CC chemokine receptor 7) on the 
lymphocyte leads to activation of integrin molecules (e.g., αLβ2) on the membrane 
[86]. Once activated, a rapid increase in integrin affinity and/or avidity occur, the in-
tegrin molecules interact with Ig-superfamily adhesion molecules (e.g., ICAM-1), so 
the lymphocytes adhere firmly but transiently to the endothelium [87-92]. Finally, the 
cells transmigrate through the HEV in peripheral lymph nodes and mucosal lymphoid 
organs. The molecular mechanisms involved in the final step are poorly understood.  
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2.2.5 Extracellular T Cell Migration 

After transmigration through endothelium lymphocytes adhere and migrate in an envi-
ronment consisting of ECM components, such as collagen, fibronectin and proteogly-
cans as depicted in Figure 2-2. ECM substrata in both 2- and 3-D form have been 
found to exert an influence on the morphogenetic behavior of lymphocytes and to pro-
mote lymphocyte motility [79]. On the other hand, ECM degrading metalloproteinases 
(MMPs) have been implicated constituting a penetration mechanism in this context 
[93], however, this has recently been questioned [94].  
 
Cell migration on 2-D surfaces consists of at least three processes: 1), Protrusion of the 
leading edge for adhesive cell-substratum interactions; 2), Contraction of the cell body; 
3), Detachment of the rear edge. In this setting, contact-dependent clustering of adhe-
sion receptors results in focal contact and stress fiber formation. It is basically a func-
tion of adhesion and de-adhesion without spatial barriers towards the advancing cell 
body. While in 3-D environment, the cell shape is mostly bipolar and the cytoskeletal 
organization is less stringent, frequently lacking discrete focal contacts and stress fibers 
[62]. 
 
2.3 BIOLOGY OF THROMBOSPONDIN 
2.3.1 Thrombospondins & Their Structures 

As briefly introduced in Section 2.2.2.3, TSPs are found as ECM components in addi-
tion to FN, collagens, SPARC, etc. They are expressed in a variety of cells comprising 
a family of glycoproteins with five distinct members identified so far, namely, throm-
bospondin-1, -2, -3, -4, and 5 (cartilage oligomeric matrix protein, COMP). According 
to their structure, they are usually divided into two sub-groups (Figure 2-3). 
 
 
 
 
 
  
 
 
 
     
 
 
 
                         
Figure 2-3. Monomer structures of subgroup A and subgroup B thrombospondins  
 
 
2.3.1.1 Group A 

There are two members in this subgroup, TSP-1 and TSP-2, which are trimers with a 
molecular mass of about 145 kDa for each monomer. Three monomers are covalently 
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bound through the N-terminal domain via disulfide bond. Each monomer consists of a 
few domains. As shown in Figure 2-3, the domains of Group A TSP are as follows:  
 

i. The NH2-terminal region or Heparin Binding Domain (HBD) [95-97].  
ii. The connecting domain and procollagen domain. These domains are in-

volved in interchain disulfide bonds [98]. 
iii. The type I repeats are formed by a motif repeated three times responsible 

for the binding to ECM proteins, e.g., type V collagen [99] and fibronectin 
[100], but can also play an interesting role for cell binding [101]. 

iv. The type II repeats or EGF-like (epidermal growth factor-like) repeats 
consist of 3 motifs of 60 amino acids. Their functions are not clear. 

v. The type III repeats rich in aspartic acid residues responsible for calcium 
binding, and contains a RGD integrin recognition sequence essential for cell 
attachment and spreading. This sequence is considered to interact with 
αvβ3 integrins and αIIβ3 present in various cell types [102].  

vi. The COOH-terminal domain or Cell-Binding Domain (CBD). This do-
main is suggested to be involved in the mechanisms governing cell motility 
through CD 47 [103]. CD47-binding sequences (IRVVM and RFYVVM) 
responsible for these interactions have been identified [104].  

 
Unlike other ECM components (e.g., collagens), TSP-1 and TSP-2 do not seem to be a 
structure element of physical entities, such as a basement membrane. Rather, it seems 
that these proteins act to influence cell functions by modulating cell-matrix interactions. 
TSP-1 and TSP-2 can interact with specific cell-surface receptors, cytokines, growth 
factors, and proteases [105].  
 
2.3.1.2 Group B 

The members in this group, TSP-3 to -5, are pentamers with a subunit molecular mass 
of about 100 kDa. They do not have the connecting domain and procollagen domain, 
nor type 1 repeats but instead have four copies of the type 2 repeat [106-110]. 
 
2.3.2 Expression & Distribution of Thrombospondin-1 

The expression of thrombospondin members varies in different stages of life and patho-
physiological conditions (Table 2-3). Many developing tissues express multiple throm-
bospondins, but the expression of individual family members are often found in dif-
ferent cell populations within a given tissue [111].  
 
TSP-1 is a glycoprotein first isolated and characterized in platelets [112]. Later, it was 
found to be expressed and secreted by bovine aortic cells [113], and other cell types 
including cancer cells or cell lines, e.g., in squamous carcinomas, melanoma, glioma 
[114], osteosarcoma [115] and adenocarcinoma [116]. TSP-1 generally has a higher 
expression in proliferative cells than in quiescent [117]. The expression is regulated 
during cell differentiation [118], and upregulated in wounds healing in skin, muscle, 
and the central nervous system through macrophages or microglia, fibroblasts, and en-
dothelial cells. TSP-1 is present in atherosclerotic lesions, tumor-associated stroma, and 
rheumatoid synovium. In culture, TSP-1 is most highly secreted by proliferative sparse 
cells and is deposited amorphously around migratory cells [119]. In denser, static cul-
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tures, TSP-1 localizes with heparan sulfate proteoglycans in small cell-surface patches 
[120, 121]. 
 
 
Table 2-3. Expression and distribution of thrombospondins 

1. Compiled from tissue Northern blot, in situ hybridization, and immunostaining data. a species: b = bovine, ch 
= chick, h = human, m = mouse or rat, p = porcine, X = Xenopus 

2. Adapted from Adams, JC [122] 
 
 
 
2.3.3 Thrombospondin-1 Receptors  

Different domains of TSP-1 induce various functional responses through certain recep-
tors or ligands, which are summarized in Table 2-4 [123]. 
 
2.3.3.1 Integrins  

As shown in Table 2-4, TSP-1 has been reported to interact with integrins. The N-
terminal domain and RGD motif in the type III repeats of TPS-1 are the major recogni-
tion sites for integrins, e.g., it interacts with α3β1 on neurons, α4β1 and α5β1 on acti-
vated T lymphocytes, and αIIbβ3 or α2β1 on activated platelets [124-126]. However, 
the mechanism of interaction between integrins and TSP-1 still largely remains ob-
scure. 
 
2.3.3.2 CD 47 

Integrin associated protein (IAP, CD 47), a 50 kd membrane glycoprotein that has five 
transmembrane spanning regions and one immunoglobulin-like extracellular domain 
[127, 128], has been shown to bind the VVM motif, which resides in the C-terminal 
domain of TSP-1 [129] and play a key role in host defense by participating in migration 
and activation of leukocytes in response to bacterial infection [130], stimulate T cell 
spreading [131] and play an indirect role in chemotaxis of Jurkat cells to environmental 
TSP-1 [132]. The interactions of TSP-1 with integrins may exert a cooperative effect on 

Major sites of expressiona 
Protein 

Embryonic Adult Pathophysiological 
TSP-1 Widespread, especially 

heart, lung, intestinal epi-
thelium, skeletal muscle 
(m), CNS, cartilage (ch), 
Floorplate (ch, X) 

Platelet α granules (h, m) 
activated endothelium, fi-
broblasts, monocytes (h, m), 
corneal endothelium (b, h), 
lens epithelium (b) 

Component of fibrin clot (h, m) Healing 
wounds of skin, skeletal muscle, nerve, 
atherosclerotic lesions, intimal hyperplasia 
(h, m), corneal fibroblasts of pseudoexfo-
liation syndrome (h) 

TSP-2 Cartilage, growth zone 
(ch, h, m), tendon (ch), 
adrenal, skeletal muscle, 
kidney (m) 

Adrenal cortex (b, m), Ley-
dig and Purkinje cells, mar-
row stromal cells (m) 

Fibroblasts of healing skin wounds (m) 

TSP-3 CNS, spinal cord, lung, 
bone (ch, m), kidney (h), 
notocord (X) 

Endocrine, kidney, uterus, 
muscle (h), CNS, gut, lung 
(m) 

 

TSP-4 Early osteogenesis, cor-
nea (ch), somites, skeletal 
muscle (X) 

Heart, skeletal muscle (h), 
neuromuscular junction 
(m), cerebellum, retina (m), 
tendon (b) 

Increased in dystrophic muscle (h) 

COMP/ 
TSP- 5 

Articular cartilage (m, p) Articular cartilage, tendon, 
synovium (p, b, m, h), testis 
(m), arteries (h) 

Mutations lead to bone dysplasias, 
PSACH and MED (h). Increased in serum 
and synovial fluid in joint injury, os-
teoarthritis and rheumatoid arthritis (h) 
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cell behavior, which involve RGD, VVM and other molecules. Details of the protein 
complex formation, however, remain to be elucidated.  
 
2.3.3.3 CD36  

CD36, the first non-integrin receptor of TSP-1, is a platelet glycoprotein with a molecu-
lar mass of 88 kDa [133]. CD36 was found to bind TSP-1 through a CSVTCG se-
quence within type I repeats [134, 135].  
 
 
    Table 2-4. Structure and functions of a single subunit of the TSP-1 

TSP-1 domains Sequences  Receptor  Functions  References  

N-terminal domain QNV α3β1 integrin 
 

Cell adhesion 
Hemostasis  

[124, 136] 
 

 RKGSGRR/KKTR HSPG-LRP-gp330 Endocytosis [137-139] 

  Syndecan   [140] 

  Sulfated glycolipid  [141] 

 MKKTRG Decorin  Inhibits cell adhesion [142] 

 LDVP α4β1 integrin Promote cell adhesion [132] 

  α5β1 integrin Chemotaxis   

   Stimulates MMP synthesis  

 25 kDa peptide ? Stimulates angiogenesis [143] 

Procollagen domain NGVQYRN  Angiogenesis inhibition 
Chemotaxis inhibition [144] 

Type I repeat domain RFK LTGFβ Activates Latent TGFβ [145, 146] 

 WSHWSPW Protein  Activates Latent TGFβ [147, 148] 

  Glycosaminoglycan    

 GGWSHW Fibronectin  Cell adhesion [149] 

 CSVTCG CD36 Anti-angiogenesis [134, 135] 

  HIV gp120 Cell adhesion  

  HSPG   

Type III repeat domain RGD αvβ3, αIIbβ3 Cell adhesion [102, 150, 151] 

   Calcium binding [152] 

 NCPFHYNP Cathepsin G, elastase  [153] 

 NCQYVYNV Elastase   [153] 

C-terminal domain RFYVVM CD47 Chemotaxis  [129, 154, 155] 

 IRVVM  Cell proliferation  

 
 
 
2.3.3.4 Low-density lipoprotein receptor-related protein  

Low-density lipoprotein receptor-related protein (LRP, CD91) is a large cell surface 
scavenger receptor of the LDL receptor family [156, 157]. CD91 mediates the endocy-
tosis and subsequent degradation of different molecules including proteinases [158, 
159] and TSP-1 [137, 138, 160]. CD91 plays important roles in lipoprotein catabolism, 
protease regulation, cell migration, and signal transduction [156]. For example, CD91 
has promoting effect in in vitro invasiveness of human breast cancer cells [161]. Recep-
tor-associated protein (RAP), with a molecular mass of 39 kDa, binds to several mem-
bers of the LDL receptor family and blocks their ligand-binding capacity [162].  
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2.3.3.5 Heparan sulphate proteoglycans  

As shown in Table 2-4, TSP-1 interacts with heparin, sulfatides and heparan sulfate 
proteoglycans (HSPG). The sites of interactions reside in the heparin-binding domain 
in the N-terminal domain, and in type I repeats. 
 
2.3.3.6 Calreticulin 

Calreticulin (CRT) is a Ca2+-binding chaperon protein of the endoplasmic reticulum 
(ER) lumen [163], but also present on the cell surface [164]. CRT has three domains: 
1), N-domain, with a highly folded globular structure, which can bind Zn2+ and inter-
act with α-integrins, and ER protein 57. 2), P-domain, a proline-rich domain, can bind 
Ca2+ with high affinity, and 3), C-domain, highly acidic and terminates with the KDEL 
ER retrieval sequence. It can bind more than 25 mol of Ca2+/mol of protein. The N-
domain and p-domain are responsible for the chaperon activities, and the C-domain 
plays a key role in calcium storage within the ER and ER retention of the protein [164]. 
 
CRT is involved in cellular calcium homeostasis, in the folding of newly synthesized 
glycoproteins [164-167], integrin-dependent calcium signaling [168], and in adhesive 
interactions of non-lymphoid cells to extracellular substrata via modulation of integrin 
affinity and regulation of expression of vinculin and N-cadherin [168-172]. Consistent 
with a role in cell-substrate adhesion, CRT-deficient embryonic stem cells were se-
verely impaired in their ability to adhere to fibronectin and laminin through cell surface 
integrins [168]. It has recently been found that TSP-1 binds to the amino terminus of 
CRT at amino acids 19–36 [173]. CRT and CD91 are co-localized on the macrophage 
cell surface, where they act as co-receptors for macropinocytosis of necrotic cells [174]. 
CRT is able to interact with CD91, and CD91 is a co-receptor for cell surface CRT 
[175, 176] to mediate focal adhesion disassembly in response to the hep 1 sequence of 
TSP-1 [176].  
 
2.3.4 Functions of Thrombospondin-1 

TSP-1 was first identified in platelets in response to activation by thrombin [112]. It 
binds to the platelet surface dependent on Ca2+ after being released from platelets. It is 
associated with platelets aggregation. However, TSP-1 null mice showed no bleeding 
defects, and thrombin-induced platelet aggregation was normal [177]. By contrast, 
TSP-2 is not present in platelets but TSP-2 null mice displayed a bleeding diathesis 
[178]. A reduced ability of platelets to aggregate in vitro from TSP-2 null animals was 
observed.  
 
With more data accumulated in recent years, more details of the functions of the TSP 
family emerge, but at a mechanistic level, they are still largely not well understood. 
Due to the differences in the structures between Group A and B thrombospondins, their 
physiological roles are probably distinct. A brief summary of possible functions of TSP 
family members is shown in Table 2-5. Among many functions of TSP-1 only a few 
are briefly discussed below. 
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2.3.4.1 Proliferation, apoptosis, & tumor progression 

It has been reported that TSP-1 can promote proliferation of smooth muscle cells [179] 
in concert with EGF (epidermal growth factor) or PDGF (Platelet Derived Growth Fac-
tor), also stimulate T cell proliferation through CD47 and CD36 [180]. TSP-1 inhibits 
tumor growth by its combined effects including inhibition of angiogenesis, tumor cell 
proliferation and induction of endothelial cell apoptosis. TSP-1 prevents the formation 
of new blood vessels by inducing apoptosis in the activated endothelial cells [181, 
182]. Further data has shown that TSP-1 induces endothelial cell apoptosis and inhibits 
angiogenesis by activating the caspase death pathway [183]. The antiangiogenic activ-
ity of TSP-1 has been reported to be dependent on CD36 [184], and this ability was ab-
sent in a CD36 null mouse model [185]. In macrophages, which may play a crucial 
role in the progression of atherosclerosis, however, CD36-TSP-1 interactions are not 
sufficient to induce apoptosis [186].  
 
 
Table 2-5. Functions of TSPs 

Functions TSP-1 TSP-2 TSP-3 TSP-4 TSP-5/COMP 
Calcium-binding + + + + + 

Cell attachment + + + +  
Cell spreading/cytoskeletal 
organization* 

+ + NT + -/+ 

Cell motility* + + NT NT NT 

Cell proliferation* S/I + NT NT NT 

Neurite outgrowth + NT NT + NT 

Apoptosis*  + + NT NT NT 

Phagocytosis*  + NT NT NT NT 

Binding other ECM  + + NT + + 

ECM assembly  - + NT NT + 
Binding/regulating Protease* + + NT NT + 

Activation of TGF-β + - NT NT NT 

Platelet aggregation + + NT NT NT 

Cell-cell interaction* + + NT + NT 

Inhibition of angiogenesis + + NT NT - 
Presence (+), or absence of activity (-). For proliferation, S: stimulation, I: inhibition and depends on the cell-type. 
NT: not tested. Underlined properties are known to be mediated by the type 1 repeats and are therefore unlikely to be 
shared in pentameric TSPs by the same mechanism. (*): Indicates function is cell-type dependent. For detailed refer-
ences see Adams, et al [187] 
 
 
 
2.3.4.2 Cell adhesion, motility & tumor invasion 

TSP-1 has been reported to be an adhesive substratum for a number of tumor cells and 
cell lines [188-190]. On the other hand, TSP has been shown to reduce focal adhesions 
in endothelial cells and fibroblasts [191], which attach but do not spread on TSP-treated 
substrates [102]. The heparin-binding domain of TSP-1 exerts a reducing effect on fo-
cal adhesions in aortic endothelial cells plated on fibronectin [192] mediated by cal-
reticulin and (cyclic guanosine monophosphate) cGMP-dependent protein kinase [193, 
194].  
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TSP-1 has an integrin recognition sequence in the RGD motif located at type III re-
peats. TSP-1 interacts with αvβ3 as well as other integrins including α3β1 on neurons 
[124], and α4β1, α5β1 on activated T lymphocytes [126]. It was found that α3β1 is the 
dominant integrin mediating adhesive activity of breast carcinoma cells to TSP-1 [151]. 
The α3β1 integrin, in cooperation with sulfated glycolipids, mediates adhesion of small 
cell lung carcinoma cell lines to TSP-1 [136]. 
 
TSP-1 is a potent chemotactic factor for a variety of cells, for example, smooth muscle 
cells [144, 195], neutrophils [196], monocytes [197], melanoma [198, 199], squamous 
carcinoma cells [200, 201], fibroblasts [202], and mesangial cells. The chemotaxis of 
tumor cells to TSP-1 was found to be partially dependent on a pertussis toxin sensitive 
G-bind protein [203]. Wang, et al [103] reported that CD47-TSP-1 stimulates α2β1 in-
tegrin-mediated smooth muscle cell migration through G-binding protein-mediated in-
hibition of extracellular signal-related kinase (ERK) activity, and that suppression of 
cAMP (cyclic adenosine monophosphate) levels.  
 
Proteolysis is one important factor in tumor cell invasion. TSP-1 can bind to several 
proteases, including urokinase plasminogen activator (uPA), thrombin, plasmin, 
cathepsin G, and neutrophil elastase [203]. For example, tumor cell TSP-1 promoted 
cell invasion and decreased cell adhesion through upregulation of uPAR-controlled 
uPA and plasmin activities [204] indicating that TSP-1 may play an important role in 
tumor cell adhesion and invasion by regulating the plasminogen/plasmin system. Ma-
trix metalloproteinases (MMPs) may also play a role in TSP-mediated cell adhesion or 
migration. It has been shown that the levels of MMP2 are twice as high in the condi-
tioned media of TSP-2 null fibroblasts as in media of control cells [205].  
 
The reported functions of TSP-1 in the literature are sometimes contradictory regarding 
its role in adhesion and migration. Taraboletti et al. [206] observed that different mo-
lecular domains mediated different behaviors in tumor cells, possibly because some are 
cell type- or substratum-dependent. This may attribute to the conformation of the pro-
tein, which may differ in solution or bound to a matrix. Overall, these findings may re-
flect the relative availability of domains in the protein to interact with different cell-
surface receptors and then induce different biological responses (Table 2-5).  
 
2.3.4.3 Endocytosis  

As discussed above and seen from Table 2-5, TSP-1 contributes in different aspects in 
tumor progression. A balance between TSP-1 synthesis and its catabolism may be nec-
essary for cell migration and invasion of tumor cells. Endocytosis or internalization of 
TSP-1 may constitute a regulatory mechanism for TSP-1 functions.  
 
CD91 appears to interfere in the regulation of cell migration in tumors [207], and medi-
ates a rapid constitutive endocytosis of several families of proteins including lipopro-
tein, proteinases, and ECM components including TSP-1 and -2 [137, 138]. TSP-1 
binds to CD91 specifically with high affinity via the N-terminal heparin-binding do-
main, and is internalized and degraded [138, 160].  
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2.3.4.4 TSP-1’s role in T lymphocytes? 

Little information is currently available in the literature regarding the expression and 
functions of TSP-1 in T cells. Activated T cells have been shown to adhere to TSP-1 
through α4β1 and α5β1 integrins [126]. It is reasonable to speculate that TSP-1, ex-
pressed and released at inflammatory sites, may provide regulatory signals for clonal 
expansion of T cells, and a matrix for T cell accumulation [180].  
 
Roue, et al reported CD47-mediated caspase-independent T cell death [208]. These au-
thors found that after T cell stimulation via CD47, a rapid mitochondrial transmem-
brane potential disruption is accompanied by the production of reactive oxygen species 
and phosphatidylserine exposure, and the dying cells do not exhibit caspase-3 activa-
tion and display intact nuclei without any DNA fragmentation. 
 
2.4 GENE MODIFICATION BY SMALL INTERFERING RNA 

Often investigators need to modify a gene of interest in order to study its function. The 
small interfering RNA technology has been recently introduced in this regard. Various 
approaches have been used to deliver siRNA into cells in vitro and in vivo. Chemically 
synthesized siRNA can be transfected into cells in culture by various approaches but 
the effect is usually transient. Short double-stranded RNA (dsRNA) delivered via a 
plasmid-based approach shows longer effect but needs continuous selection (i.e. with 
drugs) to establish cells stably expressing siRNA. Lentiviruses can infect both dividing 
and non-dividing cells, and easily integrate into the host’s genome, be especially useful 
for those difficult-to-transfect cells.  
 
2.4.1 Lentiviral Vectors 

In order to study a gene’s function, one approach is often to knockout or overexpress 
that particular gene and observe the phenotype. Due to their extraordinary ability to in-
vade cells, viruses or viral vectors are often used. Viruses transfer their genetic material 
efficiently into the host cell and use the host cellular machinery to produce new viral 
particles. Four types out of many have been used: retroviruses, adenoviruses, adeno-
associated viruses and herpes viruses, each having its advantages and limitations. For 
example, adenoviruses are hampered by their induction of immune responses in the 
host and their inability to stably integrate into the host genome. Herpes simplex virus-
based vectors lack ability to stably integrate while adeno-associated viruses can inte-
grate into genomic DNA but depend on "helper" viruses (e.g. adenovirus or herpes 
simplex virus) for productive infection [209]. The major drawback of the commonly 
used onco-retroviral vectors is their inability to transduce non-dividing cells [210].  
 
Lentivirus is a group of retroviruses that are associated with slow, progressive diseases 
affecting the immune system. Lentiviruses have the ability to infect and stably integrate 
their genes into the genome of dividing and non-dividing cells [211, 212] and, there-
fore, constitute ideal candidates as gene transfer vectors. To be useful and safe as a tool 
in research and potential clinical applications, HIV genome has been modified to make 
a few separate vectors, namely transfer, packaging and envelope vectors (Figure 2-
4). More recently a four-vector system has been made (Trono Laboratory, Switzerland).    
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2.4.2  Small Interfering RNA 

Small interfering RNA (siRNA) is highly specific, efficient, and being widely used to 
study genes’ functions. The fundamental discoveries originated from the early studies 
in 1984 in bacteria when small RNA molecules complementary to a region in a gene 
were used, the expression of that gene was dramatically inhibited [213, 214]. One year 
later, it was found that anti-sense RNA can suppress exogenous and endogenous genes 
[215], and Guo, et al in 1995 reported that both sense and antisense small RNA mole-
cules injected into C elegans resulted in an identical phenotype - embryonic lethality 
[216]. Fire A., et al in 1998 documented that a mixture of sense and antisense strands 
of RNA sequences silenced a target gene expression roughly 10 folds more than either 
strand alone [217], and the term RNA interference or RNAi was coined. Elbashir S, et 
al further analysed the interference induced by these RNA molecules and found that the 
suppression effects of those RNA interference were mediated by duplexes of 21-
nucleotide RNAs [218].  
 
  

 
 
Figure 2-4. Schematic representation of the HIV-1 genome, and the structures of the derived vectors.   
The lentivector is made up of SIN-LTRs in which the promoter/enhancer region from the 3' LTR have 
been deleted. The structural elements of the virion are provided as two sub-elements: a structural protein 
construct and a Rev construct. In the structural protein construct, RNA packaging sequence and the ac-
cessory genes (vif, vpu, vpr and nef) are deleted. The regulatory genes, tat and rev are constructed in the 
packaging vector. The envelope construct consists of a CMV and a VSV-G expression cassette. The re-
porter gene GFP is expressed from Elongation Factor Short (EFS). 
 
 
 
The mechanisms of siRNA are not completely understood though some proposed mod-
els were available. Figure 2-5 represents the main theory where it is proposed that the 
siRNA recognizes and binds to its complementary target mRNA with the help of RNA-
induced silencing complex (RISC) and degrades the target mRNA.  
 
In this study, oligos were designed containing short sequences of target genes and sub-
cloned into lentiviral vector (Figure 2-4), and lentiviruses were made to infect targets 
cells of interest. 
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Figure 2-5. Mechanism of siRNA function. RNAi is initiated by the Dicer enzyme, which processes 
double-stranded RNA into 21-nucleotide siRNAs. The siRNAs are incorporated into a multicomponent 
nuclease, RISC (green, RNA-induced silencing complex).  
 
 
 
2.5 RATIONALE OF THE STUDY  

Lymphocytes are patrolling over the body by constantly leaving from and back to the 
blood stream and lymphatic vessels, and migrating in tissues [84]. They interact exten-
sively with endothelial cells and ECM components in tissues. Therefore, adhesive in-
teractions are of crucial importance for the function of the immune system [77, 78]. The 
process of T cell recirculation requires precise coordination with the capacity of adhe-
sion and migration. Integrins are cell adhesion receptors that mediate vital lymphocyte 
functions including adhesion and motility. Integrin-mediated interactions with ligands 
on lymphocytes and within the ECM induce cell adhesion, spreading, and migration, 
and are crucial for extravasation and antigen recognition [77, 219-224].  
 
The CD3/TCR complex plays a crucial role for lymphocyte adhesion to counter-
receptors on cells, and ECM ligands. Stimulation of the CD3/TCR complex results in 
increased integrin-dependent adhesion that does not require increased integrin expres-
sion on the T cell surface, and antigen receptor engagement delivers a stop signal to 
migrating T cells [225-228]. The CD3/TCR signaling to β-integrins seems to require 
phosphatidylinositol 3 kinase (PI3-k)-dependent recruitment of tyrosine kinases regu-
lating actin polymerization and enhancement of β1 integrin avidity through changes in 
integrin conformation [229, 230]. However, the relationship between lymphocyte adhe-
sion and migration is not well understood. 
 
Endogenous ligands with capacity to bind to cell surface receptors independent of the 
substrate may be attractive putative regulators of lymphocyte migration within 3D sub-
strata. Our hypothesis was that endogenous TSP-1 produced by T cells interacting with 
various cell surface receptors might be important for T cell adhesion and migration. As 
discussed in Section 2.3.3 and Section 2.3.4, TSP-1 binds several receptors on the cell 
surface, including heparin sulfate proteoglycans, α3β1, α4β1 and αvβ3 integrins as 
well as CRT, CD36, CD47 and CD91. The importance of these molecules for lympho-
cyte function is virtually unknown. 
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Recent work on endothelial cells has shown that thrombospondin mediates focal adhe-
sion disassembly through interactions with cell surface CRT [194]. CD91 has promot-
ing effect in in vitro invasiveness of human breast cancer cells [161]. Okada, et al [231] 
reported that the RAP and anti-CD91 antibodies inhibited smooth muscle cell migra-
tion. More recently, it has been reported that CD91 regulates β2-integrin-mediated leu-
kocyte adhesion [232]. As discussed in Section 2.3.3.2, CD47 stimulate T cell spread-
ing [131] and play an indirect role in chemotaxis of Jurkat cells to environmental TSP-1 
[132]. It is of our interest to study TSP-1, CD91, CRT and CD47 and their relationships 
in the context of T cell adhesion and migration.  
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3 AIMS OF THE THESIS 
he general aim of this thesis is to study mechanisms of T lymphocyte adhesion 
and migration, and particularly the roles of a glycoprotein, thrombospondin-1 

(TSP-1), and its receptors in T lymphocyte adhesion and migration. The studies have 
focused on: 
 

 The expression of TSP-1 in T cells 
 The role of TSP-1 in T cell adhesion to ECM components, and 
 The role of TSP-1 in T cell migration within a 3D collagen type I substrate 

 

T 
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4 METHODOLOGY SUMMARIES 
etails of materials and methods used in the studies are given separately in the in-
cluded individual papers or manuscripts, brief summaries of which follow.  

 
4.1 CELL PREPARATIONS & MATERIALS 

The following cells were used in the experiments included in this thesis. Peripheral 
blood lymphocytes, leukemia cell line PEER, the birch (Bet v 1) specific T cell clone 
AF24, and a monkey embryonic kidney cell line 293T. Peripheral blood T cells were 
purified by depletion of monocytes by treatment with carbonyl iron and magnetic re-
moval of phagocytic cells and with anti-CD14-coated beads. Blood T cells and the T 
cell clone AF 24 were stimulated with anti-CD3 or specific antigen and cultured in the 
presence of IL-2 and IL-4 for 24 to 48 hours before the experiments. All cells were cul-
tured in RPMI 1640 (Gibco Ltd., Paisley, Scotland) supplemented with 10% FCS 
unless otherwise specified. 
 
 
              Table 4-1. Major mAb against TSP-1 used in the studies*: 

Name: Recognition domain 
TSP-Ab-9 (clone MBC 200.1, or A2.5) Heparin-binding domain 
TSP-Ab-4 (clone A6.1) Collagen type III-binding domain 
TSP-Ab-3 (clone C6.7)  Cell-binding domain 

                  *, From NEO-MARKERS, CA 
 
 
Major antibodies against TSP-1 used in the studies are listed in Table 4-1. Listed in 
Table 4-2 are major peptides used. 
 
 
         Table 4-2. Peptides used in the studies: 

Name: Sequence: Note:  
CRT19-36 RWIESKHKSDFGKFVLSS* TSP-1 binding site in CRT (19-36) 
Hep1 ELTGAARKGSGRRLVKGPD* 17-35 aa (N-terminal domain of TSP-1) 
Hep2 RSKASTLGERDLKPSAAVG* Control peptide1 
 RSKAGTLGERDLKPGARVG* Control peptide2, scrambled hep1 
4N1K KRFYVVMWKK# TSP-1-derived CD47-binding peptide 
m4N1K KRFYGGMWKK# Mutated 4N1K 

           *, Synthesized by the Biomolecular Resource Facility, University of Lund, Sweden 
           #, Synthesized by Tri pep, Novum Research Park, Huddinge, Sweden.  
 
 
 
4.2 POLYMERASE CHAIN REACTIONS 

For RT-PCR detection of TSP-1 in the cells, the mRNA was extracted as previously 
described [233]. Genomic DNA was extracted as described in Protocols in Molecular 
Biology 2003. Briefly, pellet cells and resuspend cells in 1 volume digestion buffer 
(100 mM NaCl, 10 mM Tris⋅Cl, pH 8, 25 mM EDTA, pH 8, 0.5% SDS and 0.1 mg/ml 

D 
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proteinase K), and incubate the samples with shaking at 50°C for 18 hr in tightly 
capped tubes, after which thoroughly extract the samples with phe-
nol/chloroform/isoamyl alcohol followed by centrifugation 10 min at 1700× g in a 
swinging bucket rotor. Recover DNA from the aqueous layer by addition of 1/2 volume 
of 7.5 M ammonium acetate and 2 volume of 100% ethanol, by centrifugation at 1700× 
g for 2 min. For the PCR detection, the genomic DNAs were linearized with HindIII at 
37oC for 1 hr. Running parameters of the PCR reactions vary in different settings. The 
following PCR primer pairs were used in these studies ass shown in Table 4-3. 
 
 
Table 4-3. PCR primers 
For detection of TSP-1 

CGT CCT GTT CCT GAT GCA TG  (99–118) Primer 
pair I GGC AGG ACA CCT TTT TGC AGA-3 (1115–1135) 

TTG GCC ACA AGA CAA AGG AC (887–906) Primer 
pair II AAA TCT CTT GTC ACA CTC CTG (1387–1407) 
For cloning H1 promoter into lentiviral vectors 
Forward: CGCGGCATCGATAATTCGAACGCTGACGTC  
Reverse 1 CGCGGGATCGATTGATCAGTCGACACTAGTGTGGTCTCATACAGAACTTATAAG  
Reverse 2 CGCGGCATCGATTGATCAGTCGACACTAGTGTGGTCTCATACAGAACTTATAAG 
For one-step PCR verification of cloning siRNA and integration in host DNA 

ACAGGCCCGAAGGAATAG (for.) 
Cloning 

AAAGGCGGAGCCAGTACAC (rev.) 
GATGATGATATCGCCGCGCT (for.) 

β-Actin 
TGGGTCATCTTCTCGCGGTT (rev.) 

 
 
 
4.3 IMMUNOCYTOCHEMISTRY  

Glass chamber slides were coated with poly-L-lysine (10 µg/ml) or FN (10 µg/ml) at 
4oC over night. T cells were attached to these slides in PBS or AIM-V medium at 37°C 
for 15 min unless otherwise stated and subsequently fixed in 2% paraformaldehyde at 
4°C for 20 min after which time the TSP-1 expression was detected with the mAbs and 
a complex of biotinylated peroxidase and avidin (Vector laboratories, Burlingame, 
CA). For detection of intracellular antigens cells were fixed in 2% paraformaldehyde in 
Earle’s balanced salt solution (EBSS) buffer and permeabilized by washing in EBSS 
buffer containing 0.1% saponin. The cells were examined in a Nikon Eclipse E1000M 
microscope as depicted in Figure 4-1. The intensity of the immunocytochemical stain-
ing was quantified using the image processing and analysis program ImageJ.  
 
4.4 MIGRATION ASSAY  

Migration assay was done by using collagen type 1 prepared as previously described 
[63]. The chemokines were dissolved in the gel while antibodies and peptides were pre-
sent with the cells in migration experiments. 1.0 × 106 cells in AIM-V medium were 
added to each well and allowed to migrate for different times. The cells were fixed in 
2.5% glutaraldehyde and washed twice with PBS. Cell morphology and cell migration 
were routinely, unless otherwise stated, evaluated in seven fixed positions in each well 
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and at 10 µm intervals throughout the gel by the use of an inverted microscope (Nikon 
Eclipse TE300) and a digital depth meter (Heidenheim ND221).  
 
 
 

           
                                             
 
 
Figure 4-1. Illustration of immunocytochemistry and measurement of migration assay 
 
 
 
The results are given as total number of infiltrating cells throughout the gel as deter-
mined with 20 × or 100 × objectives or mean number of infiltrating cells/field per infil-
tration depth (50 µm for the first layer immediately beneath the gel surface and 100 µm 
for other layers further down).  
 
4.5 ADHESION ASSAY  

To study cell adhesion on ECM substrata, plastic petri dishes (90 mm, Heger A/S, 
Norway), as illustrated in Figure 4-2, were coated with TSP-1 (1 or 10 µg/ml), BSA 
(10 µg/ml), or FN (10 µg/ml), and were extensively washed before use. The cells in 
AIM-V medium were incubated on the substrates in a humidified CO2 incubator at 37o 
C for 15 or 30 min after which time unbound cells were removed by gentle aspiration 
and bound cells were fixed in 2.5% cold glutaraldehyde (GTA) for 10 min. 
 
 

Migration assay in 3D 
collagen gel

Immunocytochemistry 

 

Figure 4-2. Adhesion assay on petri dish 
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4.6 BIOSYNTHETIC LABELING & IMMUNOPRECIPITATION 

The surface membrane of intact lymphocytes was labeled with D-biotinyl-e-
aminocaproic acid-N-hydroxysuccinimide ester (biotin-7-NHS) as described by the 
manufacturer (Roche Molecular Biochemical). Immunoprecipitation was essentially 
carried out with protein G agarose beads as described (Roche). The supernatants were 
mixed with 1 µg proper antibody at 4o C over night followed by centrifugation at 12000 
g at 4o C for 20 sec. Proteins were transferred to the Hybond ECL membrane (Amer-
sham) and detected using the BMC chemiluminescence’s blotting kit (Roche). 
 
4.7 CONSTRUCTIONS & PRODUCTION OF LENTIVIRUS 

The siRNA expression cassettes were constructed into lentiviral vectors. The recombi-
nant lentiviruses were produced in 293T cells using a three-plasmid expression system, 
which includes transfer vectors encoding the siRNAs, the packaging plasmid 
pCMV∆8.91 and the envelope plasmid pMD.G. Viral particles were produced by tran-
sient polyethylenimine (PEI) co-transfection in 75-cm2 flasks. The culture medium (vi-
rus supernatant) was collected and filtered through 0.45 µm filters.  
 
Target cells were transduced with proper virus concentrate. The transduced cells were 
subjected to fluorescence microscopy (20 ×, Zeiss Axiovert 200M with an AxioCam 
MRC camera, Carl Zeiss, Oberkochen, Germany) 4 days post-transduction. Cell popu-
lations with various intensities of green fluorescence were sorted and collected by flow 
cytometry on a FACS Vantage machine (Becton Dickinson) and subsequently main-
tained in DMEM or RMPI 1640 supplemented with 10% FCS, 2 mM glutamine and 
PEST.   
 
4.8 WESTERN BLOTTING 

Proteins were extracted and dissolved in lysis buffer (50 mM Tris⋅Cl, pH 7.4, contain-
ing 1% SDS, 5 mM EDTA) premixed with protease inhibitors (Cat. No. 1836170, 
Roche Diagnostics). The protein concentrations were determined using a BCA Protein 
Assay Reagent Kit (Pierce, Rockford, IL, USA) according to the manufacturer’s in-
structions. The purified proteins were resolved through SDS-PAGE gel. The separated 
proteins were electrophoretically transferred to Hybond™-C extra membranes (Cat. No. 
RPN203E, Amersham Biosciences, Uppsala, Sweden), and the membrane was blocked 
with 3% BSA in PBS at room temperature for 1 hr and subsequently incubated with 
proper antibodies at 4o C overnight. Bound antigens were visualized by chemilumines-
cence using the ECL kit according to the manufacturer’s instructions (Cat. No. RPN 
2106, Amersham Biosciences, Uppsala, Sweden).  
 
4.9 STATISTICAL ANALYSIS 

The results are shown as mean ± SD, and the significance of the data was evaluated by 
Student’s t-test unless otherwise specified and p < 0.05 was judged significant. 



T lymphocyte adhesion and migration 

31 

5 RESULTS & DISCUSSION 
esults from the original papers or manuscripts are summarized and categorized 
into: 1), Expression and regulation of TSP-1 in lymphocytes; 2), TSP-1 in T cell 

adhesion and migration; 3), Mechanism of TSP-1’s role in T cell adhesion and migra-
tion. Brief discussion of each section follows.  
 
5.1 TSP-1 EXPRESSION OF T LYMPHOCYTES 

The expression of TSP-1 in T lymphocytes was studied at mRNA and protein levels by 
RT-PCR, biosynthetic labeling, immunoprecipitation, and SDS-PAGE. We show that T 
lymphocytes express TSP-1, and that T cell TSP-1 has a high turnover. Brefeldin A, an 
inhibitor of cellular protein transport, rapidly increase while cycloheximide tend to de-
crease the cellular TSP-1 content on cells adhered to fibronectin (Paper I, Figures 6 
and 7; Paper II, Figure 7). Surface expression of TSP-1 has been shown on T cells in a 
transient manner as indicated by using Brefeldin A in non-permeabilized and permeabi-
lized T cells (Paper II, Figures 2, 4 and 7). It is evident that inhibition of cellular pro-
tein transport for a period of 15 min markedly augmented intracellular TSP-1 while no 
TSP-1 was detectable on the cell surface. This result demonstrates that TSP-1 is trans-
ported from an intracellular compartment to the cell surface, and endogenous TSP-1 is 
the source of cell surface TSP-1 in T cells.  
 
The data in Paper I (Figure 1) indicate that T cell adhesion to ECM substrata induced a 
substantially higher expression of cell surface TSP-1 than that on T cells in suspension. 
T cell TSP-1 is preferentially stored intracellularly and shows variable cell surface ex-
pression. This indicates that substrate adhesion induces transport of TSP-1 to the T cell 
surface suggesting that TSP-1 after its synthesis within the cells is relocated to the cell 
surface as a consequence of T cell adhesion to ECM components. The data also suggest 
that immediate fixation of the cells is necessary to “capture” TSP-1 transiently ex-
pressed on the cell surface (Paper I and II). The results with blood T cells show that 
both non-stimulated and stimulated (by anti-CD3 and IL-2) cells expressed the TSP-1.  
 
It was shown that SDF-1α up-regulated TSP-1 expression on the surface of T cells 
(Paper II, Figure 6) by using quantitative immunocytochemistry and immunoprecipita-
tion of biotinylated cells. Brefeldin A inhibited SDF-1α-induced TSP-1 expression in-
dicating that up-regulated TSP-1 expression by SDF-1α is dependent on transport of 
endogenous TSP-1 to the lymphocyte surface.  
 
The data presented in Paper II (Figure 2) demonstrated that CRT19-36 (the TSP-1 
binding site in CRT) increased cell surface TSP-1 significantly and inhibited the inter-
nalization of TSP-1 as quantified by immunocytochemistry using mAbs to the C-
terminal (TSP mAb-3), N-terminal (TSP mAb-9, not shown) and collagen-binding do-
mains of TSP-1 (TSP mAb-4). Further studies in Paper III (Figure 3) showed that 
CRT19-36 induced redistribution, polarization and internalization of cell surface TSP-1 
to pseudopodia. A short period of time (5-15 min) after the cell adhesion, the polariza-
tion of TSP-1 expression occurred suggesting an augmented surface expression of TSP-
1. Subsequently, however, CRT19-36 decreased the number of surface positive cells 
and the TSP-1 expression was increased intracellularly indicating the transient nature of 

R 
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surface expression of TSP-1. This redistribution/polarization and internalization of cell 
surface TSP-1 induced by CRT19-36 was prevented by AG490, which potentiated T 
cell adhesion. Several other inhibitors tested did not have this effect showing that the 
effect of AG490 was specific. 
 
The Hep1 sequence in the N-terminus of TSP-1 is the recognizing site for CRT, and 
TSP-1-CRT complex formation can be blocked specifically by hep 1 peptide [194]. 
Our data revealed that Hep1 potentiated cell surface TSP-1 expression (Paper III, 
Figure 3) indicating that endogenous CRT also induces internalization of cell surface 
TSP-1. The effects of peptides blocking interaction between endogenous CRT and 
TSP-1 imply that these molecules interact on the lymphocyte surface and that this in-
duces redistribution and internalization of TSP-1.  
 
The results in Paper III (Figure 2) showed that cell surface expression of TSP-1 was 
increased as a consequence of ligation with FN as well as anti-integrin mAbs (α4β1) 
while ligation of other components with antibodies did not. This increased expression 
of TSP-1 is blocked by brefeldin A indicating that this TSP-1 is actively transported to 
the cell surface.    
 
CD91 is a CRT co-receptor to TSP-1 [176], so it is likely to be involved in the dynam-
ics of TSP-1 expression on cell surface. Receptor associated protein (RAP) is an inhibi-
tor of ligand binding of many LDL receptor family members including CD91 [162]. 
The addition of RAP will block CD91 binding to its ligands. It was found in Paper III 
(Figure 4) that addition of RAP augmented adhesion and spreading of T cells on fi-
bronectin. RAP also decreased cell surface TSP-1 expression and rendered the T cells 
strongly surface positive for CD91. This indicated that RAP displaced TSP-1 associ-
ated to CD91. 
 
5.2 ROLES OF TSP-1 IN T CELL ADHESION & MIGRATION 
5.2.1.1 Involvement of CRT and TSP-1 in T cell adhesion to ECM components 

As discussed above, hep1 peptide can specifically prevent the formation of TSP-1-
CRT complex [194]. The experiments presented in Paper III on activated human 
blood T cells and the T cell clone AF24 as well as T cells fresh from the blood demon-
strated that hep1 inhibited adhesion and spreading on both fibronectin and collagen 
type IV (Figure 1) indicating that T cell adhesion on ECM substrata is dependent on 
CRT-TSP-1 interaction. Hep1 also inhibited adhesion and spreading induced by anti-
α4 Abs while a control peptide hep2 did not, further implying that CRT-TSP-1 interac-
tion plays a role for integrin-dependent T cell adhesion.  
 
On the other hand, CRT19-36, the TSP-1 binding site in CRT, markedly enhanced in-
tegrin-dependent adhesion and cytoplasmic spreading of T cells on fibronectin and col-
lagen IV. The CD47 binding site in TSP-1 (4N1K) did not augment cytoplasmic 
spreading. A mAb against β1 integrin (CD29) inhibited T cell adhesion and spreading 
induced by CRT19-36. Noteworthy, an antibody to the N-terminal domain of TSP-1 
also inhibited T cell adhesion and spreading (Figure 1). These data indicate that CRT-
TSP-1 interaction determines integrin-dependent T cell adhesion.  
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It has been demonstrated in Paper III (Figure 6) that 4N1K, the CD47 binding se-
quence of TSP-1 [234], reduced T cell adhesion to fibronectin. 4N1K also increased the 
cell surface expression of TSP-1 and simultaneously reduced the amount of intracellu-
lar TSP-1. Therefore, T cells internalize TSP-1 via a CD47 dependent process and that 
TSP-1 binding to CD47 delivers a counter-adhesive signal. 
 
5.2.1.2 CRT19-36 triggers T cell migration into 3D collagen 

The influence of CRT on T cell migration into collagen type 1 matrices was studied 
using CRT19-36 and was determined by counting cells at different levels using a digital 
depth meter (Figure 4-1). We showed in Paper II (Figures 1 and 3) that CRT19-36 
triggered motility in a high percentage of all T cells independent of the nature of the 
substrate (plastic or collagen), and a massive infiltration of T cells into 3D collagen 
type 1. The peptide also provoked an extreme elongation of the infiltrating cells, a 
characteristic polarized locomotor morphology. Hep1 was found to inhibit T cell mi-
gration into a collagen gel (Paper II, Figure 3). These data strongly indicated T cell 
migration is dependent on endogenous TSP-1. 
 
SDF-1α is an important regulator for T as well as B cell adhesion and migration [235-
239]. It is of interest to investigate whether CRT and TSP-1 plays a role in SDF-1α-
induced T cell migration. Our data indicate that hep1 specifically inhibited SDF-1α-
induced development of locomotor morphology and migration of T cells (Paper II, 
Figure 5). Based on the findings that hep1 peptide inhibited migration and the CRT19-
36 triggers migration we conclude that CRT via its TSP-1 binding site plays a key role 
for SDF-1α-induced T cell migration. 
 
5.2.1.3 TSP-1 stimulates T cell migration through CD47 

CD47 is a receptor for the C-terminal “cell binding” domain of TSP-1 [234]. Our 
work presented in Paper II and III indicated that CRT induction of T cell migration 
via the N-terminal domain of TSP-1 was mediated through interaction of the C-
terminal domain of TSP-1 with CD47. A peptide from the C-terminal domain KRF 
YVV MWK K (4N1K) was a potent stimulator of T cell migration into collagen.  

B6H12, a mAb to CD47, previously found to block functional responses to CD47 
ligands [103, 129], inhibited the peptide-induced stimulation of T cell migration. The 
same mAb to CD47 also inhibited CRT-induced T cell migration indicating that TSP-
1 induces T cell migration via interaction with CD47. B6H12 in separate experiments 
exerted a 40-65% inhibition of SDF-1α-induced T cell infiltration into collagen thus 
supporting the conclusion that CD47 is involved in T cell migration (Paper II, Figure 
8). 

TSP Ab-9, a mAb to the N-terminal domain of TSP-1, inhibited adhesion and spread-
ing (Paper III, Figure 1) which probably can be accounted for by interference with the 
CRT binding to this domain. TSP Ab-3, a mAb to the C-terminal CD47 binding do-
main of TSP-1, enhanced the cytoplasmic spreading in a characteristic non-polarized 
fashion with diminished pseudopodia formation while the other antibodies tested with 
the exception of a mAb to CD47 (B6H12.2) had no effect (Paper III, Figure 6). TSP 
Ab-3 changed the pattern of spreading similar to AG490 (Paper III, Figure 1) and 
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RAP. This result indicates that T cell spreading consists of an initial CRT-TSP-1-
induced development of lamellar active cell edges along the entire cell circumference 
accompanied by TSP-1-CD47-induced pseudopodia formation and polarization of the 
cell.  
 
5.2.1.4 CD3/TCR enhances T cell adhesion through CRT, TSP-1 and CD91 

Cross-linking of the CD3/TCR complex is known to increase integrin-mediated adhe-
sion and cause a reduction in cell motility within minutes [225]. Data presented in Pa-
per III (Figure 5) show that hep1 attenuated CD3-mediated potentiation of T cell adhe-
sion and spreading on fibronectin indicating that the CD3/TCR complex controls T cell 
adhesion through CRT-TSP-1 interaction. Cross-linking of CD3 also markedly aug-
mented the cell surface expression of CRT, CD91 and TSP-1 in T cells on fibronectin. 
Insoluble anti-CD3 antibodies augmented CD91 expression and also potentiated TSP-1 
expression on ECM substrata, although this effect was not statistically significant. 
These data demonstrate that CD3 ligation influences T cell adhesion through CD91, 
CRT and TSP-1. 
 
5.3 A NEW MODEL FOR T CELL ADHESION & MIGRATION 

A schematic drawing in Figure 5-1 represents a model for T cell adhesion and migra-
tion, which predicts that T cell TSP-1 functions as a hub in a multiple-step regulation, 
involving integrin, CRT, TSP-1, CD47 and CD91, connecting adhesion and migration. 
It is postulated that T cell TSP-1 functions as an endogenous ligand connecting separate 
functional elements on the lymphocyte surface and associated submembranous compo-
nents.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-1. Model for T cell adhesion and migration 
 
 
 
The TSP-1 molecule interacts with multiple cell surface receptors including α3β1, 
α4β1, α5β1 [124-126] and CRT via its N-terminal domain [173] and with CD47 via its 
C-terminal domain [129] leading to formation of a multi-protein complex [240-242]. 
CD91 and CRT form complexes in cells and interact with TSP-1 [176]. The finding 
that RAP displaces TSP-1 and up-regulates the cell surface expression of CD91 
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strongly support the conclusion that TSP-1 interacts directly with CD91 and that this 
interaction leads to internalization of the CD91-TSP-1 complex.  
 
Integrins and the CD3/TCR complex enhance T cell adhesion by up-regulating the cell 
surface expression of key molecules in the “CRT-TSP-1-CD47- CD91 mechanism”. 
Ligation of integrins induces cell surface expression of TSP-1, and CRT binding to the 
N-terminal domain of TSP-1 induces cytoplasmic spreading, and increases adhesion. 
However, interaction between the C-terminal domain of TSP-1 and CD47 also triggers 
a counter-adhesive CD91-dependent motogenic pathway implying that T cells are sig-
naled to migrate rather than to adhere, and that endogenous TSP-1 has a dual role as a 
regulator of both adhesion and migration of T cells. The relative magnitude of the 
proadhesive CRT-TSP-1 phase versus the motogenic TSP-1-CD47 phase of the “CRT-
TSP-1-CD47-CD91 mechanism” determine the adhesion. CRT-TSP-1-interaction pro-
motes T cell adhesion and non-polar spreading without dominating pseudopodia while 
TSP-1 binding to CD47 induces pseudopodia formation coupled to program for T cell 
migration through CD91.  
 
The CD3/TCR complex, when ligated, inhibits T cell migration through inhibition of 
CD91 recycling. CD91-dependent internalization of TSP-1 is a crucial event of this 
motogenic pathway. The cascade of molecules including TSP-1, integrins, CRT, CD47 
and CD91 undergoes rapid changes modulating its functional impact on the cell owing 
to redistribution within the cell surface membrane and internalization. The validity of 
the concept that the control of adhesion and migration is integrated is strongly sup-
ported by the fact that inhibition of migration by AG490 and RAP augments adhesion. 
 
It has been shown that inhibitors of PI3-kinase and the Janus family of tyrosine kinases 
interfere with lymphocyte motility and homing [235, 243]. The PI3-kinase inhibitor 
wortmannin, and the JAK tyrosine kinase inhibitor AG490 inhibited the induction of T 
cell migration by both the CRT19-36 and the CD47 binding site of TSP-1. Thus, T cell 
migration induced via CRT, TSP-1 or CD47, respectively, appears to use a common 
pathway involving PI-3 kinase and tyrosine kinase. Interestingly, chemokine-mediated 
lymphocyte homing was also recently reported to involve a tyrosine kinase pathway 
[243]. PI3-kinase has previously been shown to play a role in SDF-1α-induced lym-
phocyte polarization and chemotaxis [235] consistent with our findings. The “CRT-
TSP-1-CD47-CD91 mechanism” explains that adhesive interactions ultimately lead to 
migration unless enhanced through ligation of the CD3/TCR complex.  
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6 CONCLUSSIONS 
 

 TSP-1 is expressed by primary T cells, T cell clones and T cell lines  
 The cell surface expression of TSP-1 is regulated by adhesion to ECM compo-

nents and SDF-1α  
 TSP-1 is an important regulator in T cell adhesion to fibronectin 
 N-terminal domain of TSP-1 plays a pivotal role in TSP-1-mediated T cell mi-

gration into 3D collagen type 1 matrix  
 CD3/TCR complex enhances T cell adhesion through CD91, CRT and TSP-1 
  Binding site for TSP-1 in calreticulin triggered T cell adhesion, and migration 

into a 3D collagen type 1 matrix 
 TSP-1 mediates T cell migration through the interaction of its C-terminal do-

main with CD47  
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7   FUTURE PLANS 
As shown in Paper IV, a lentiviral transfer system for small interfering RNA (siRNA) 
was established. By using this system, CD91 siRNA has been delivered into PEER 
cells, a T leukemia cell line, and stable cell lines with various suppressed level of CD91 
expression have been establish. Preliminary studies of the inpact of CD91 on the role of 
the CRT-TSP-CD47-CD91 machanism governing migration of T cells has been 
conducted and will be further studied using these established cell lines. Similar ap-
proach will be conducted to study CRT. 
 
The siRNA technology will be used also to knock down CD91 and CRT in peripheral 
blood T cells in a transient manner. Both the transiently modified cells and the stable 
cell lines will be used to study the roles of CRT, TSP-1, CD91, CD47 and the interplay 
among them in T cell adhesion and migration.   
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